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A B S T R A C T

Quartz-crystal microbalance with dissipation (QCM-D) experiments show that green-fluorescent protein labelled 
Staphylococcus aureus adsorption to a gold QCM electrode is similar for a certain incubation period (here, 6 h) in 
the presence and absence of the quorum sensing inhibitor, savirin. After this period, cells continue to adsorb in 
the absence of savirin, but in its presence biofilm formation is severely compromised, with significant changes in 
the viscoelastic properties of the layer being observed.

1. Introduction

Biofilms are the epitome of how bacteria manifest their ability to 
exist in a high-density environment regulated by quorum sensing. The 
importance of biofilms in our everyday lives has been broadly discussed 
in the context, due to its detrimental effects, of healthcare environments; 
e.g., in medical devices (e.g., prosthetic joints), where conditions may be 
created for bacterial infection that are connected with biofilm formation 
[1]. Biofilms can also be found elsewhere in the body, for example, in the 
upper respiratory tract, on the teeth, on colonic mucosa, or in the car-
diovascular system [2]. Healthcare is just one example, but biofilms are 
also responsible for the bacterial build up in water towers as well as in 
natural aquatic systems [3].

Biofilm formation comprises multiple stages [4]. In a first stage, in-
dividual cells move towards a surface on which their initial adsorption is 
reversible. At this stage it is common to treat the bacteria as colloidal 
systems interacting with the surface through mechanisms described by 
DLVO theory [5]. Adhesion subsequently becomes irreversible before, 
finally, the cell wall undergoes physical changes as extracellular poly-
meric substances are produced to form a stabilizing matrix for the 
emergent biofilm [4,6].

In forming a biofilm, quorum sensing enables cells to coordinate 
their collective behaviour [7–9]. This ability operates via the secretion 
and detection of autoinducer molecules, which accumulate in a cell 

density-dependent manner [10]. Reaching a certain level of those mol-
ecules can cause the cell to start expressing, for example, specific bio-
polymers to build an extracellular polymer matrix, which would benefit 
the bacteria, depending on the presence or absence of neighbouring 
microorganisms.

Staphylococcus aureus is an opportunistic pathogen that is responsible 
for a significant number of chronic infections due to its ability to form 
biofilms on tissue and medical instruments [11,12]. Biofilms provide a 
first line of defence for the bacteria against antibiotic treatments as well 
as other mitigations. Their stability and ability to withstand otherwise 
deleterious environments mean that preventing biofilm formation is 
preferable to developing a means of their elimination. The accessory 
gene regulator (agr) is a central regulator in S. aureus pathogenicity. 
Studies have shown that agr up-regulates the production of many exo-
proteins, and down-regulates the synthesis of cell wall associated pro-
teins during post-exponential and stationary growth phases [13,14].

Impairment of quorum sensing systems, via the use of quorum- 
sensing inhibitors, has been shown to reduce bacterial deposition and 
attachment to substrates [15]. There are a number of quorum sensing 
inhibitors that have been shown to disrupt the Staphylococcus aureus agr 
[16–19], although other regulators have been targeted [20]. There are 
four agr groups divided into amino acid polymorphs (AgrA, AgrB, AgrC, 
and AgrD), with binding to the AgrA site having been demonstrated with 
two related small molecule inhibitors [16,18]. Savirin (S. aureus 
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virulence inhibitor, Fig. 1) is a small molecule inhibitor which disrupts 
agr-mediated quorum sensing by targeting AgrA [18].

In order to investigate the role of quorum sensing in biofilm forma-
tion, an experiment which aims to disrupt the signalling mechanism is 
presented here. Savirin, in particular, is known to target biofilm for-
mation. Recent experiments have shown that savirin does inhibit biofilm 
formation in microtiter well plates [21]. In this work, savirin is used to 
interfere with biofilm growth in a green fluorescent protein (GFP) 
S. aureus biofilm on a gold quartz crystal microbalance electrode. To 
ensure that the microorganisms (GFP S. aureus) preserve their vitality 
during the experiment, a concentration well below the minimum 
biocidal concentration for savirin was chosen. It is shown that in the 
early stages of adsorption, adhesion is similar, but after ~6 h of growth, 
S. aureus adsorption behaviour diverges, with significant bacterial 
adsorption to the growing biofilm only occurring in the absence of 
savirin.

The detection of the cell threshold concentration at which the 
quorum sensing initiates is not a trivial task and to measure it one needs 
a technique with the sensitivity of a quartz crystal microbalance with 
dissipation (QCM-D) apparatus. Its ng/cm2 resolution makes it a very 
attractive option for detecting the build-up of such networks of micro-
organisms surrounded by a polymer matrix. The method relies on 
gravimetrically measuring the mass of attached bacteria onto a gold 
crystal.

2. Experimental section

Protocol for bacterial growth. Green-fluorescent protein-labelled 
S. aureus (SH1000 GFP [22]) and a non-fluorescence control (American 
Type Culture Collection, ATCC 6538™ [23]) samples were kept as 

glycerol stocks at −80 ◦C. The bacteria were streaked on TSA (tryptone 
soy agar) plates and incubated for approximately 16 h at 37 ◦C. Single 
colonies from the plates were used to inoculate 3 mL of TSB (tryptone 
soy broth) and grown overnight (~16 h at 37 ◦C) under continuous 
shaking (200 rpm). The overnight cultures were then adjusted to an 
optical density, OD600 = 0.5 before use, using the corresponding media 
which was used in the initial growth step. SH1000 GFP includes a gene 
conferring resistance to the antibiotic tetracycline, 2 μg/mL of which 
was added to both the agar and broths used for GFP-labelled S. aureus 
growth. Savirin was stored at −80 ◦C at 500 μg/mL in DMSO before 
being added to the bacterial culture after the culture was diluted to 
OD600 = 0.5. Savirin was at a final concentration of 5 μg/mL, which is 
sufficiently dilute to retain the viability of the bacteria [21].

Quartz crystal microbalance with dissipation (QCM-D). Quartz 
crystal sensors (open QCM, Novaetech) with a fundamental frequency of 
5 MHz were used in all QCM experiments. The electrodes consisted of 
200 nm Au on 10 nm Ti substrate. The electrode diameter was 12 mm. 
The crystal cleaning procedure began with UV/ozone treatment (10 
min). A 5:1:1 mixture of milliQ water, ammonia (25 %), and hydrogen 
peroxide (30 %) was heated to 75 ◦C in a fume hood. The sensor was 
placed in the solution and the temperature was maintained for 15 min. 
The sensor was rinsed with milliQ water immediately after removal from 
the solution. It was then dried using nitrogen gas and UV/ozone treated 
once more for 10 min. The sensors were used in experiments no later 
than 2 h following this cleaning protocol.

QCM experiments were conducted using the Q-Sense D300 (QSense, 
Biolin Scientific) system. The acquisition software, QSoft 301, and the 
analysing software, QTools, were used. The cleaning procedure began 
by inserting a designated cleaning sensor crystal into the chamber. Then, 
2 % sodium dodecyl sulfate (SDS) was flowed through the loop and the 
chamber (30 mL flowed through each). The temperature of the system 
was increased to 40 ◦C and the SDS solution was left to sit in the chamber 
for 30 min to aid the cleaning process. Deionized (DI) water (40 mL) was 
then flushed through, followed by EtOH (30 mL) and finally DI water 
(10 mL). This three-step flushing procedure was then repeated. Residual 
DI water was removed from the system using nitrogen gas flow, then the 
cleaning crystal was removed, and the chamber area was dried. This 
cleaning protocol was conducted before and after each experiment.

Cleaned crystals were mounted into the QCM-D chamber, and the 
temperature set to 25 ◦C. Experiments began with loading the QCM with 
TSB for 20 min which allows for the stabilisation of the frequency and 
dissipation signals. Next, the overnight bacterial culture in TSB, adjusted 
to an OD at 600 nm of 0.5, was added to the chamber, displacing the 
liquid media. Both resonant frequency and dissipation values were 
recorded in real time. Data were collected for 24 h from the introduction 
of the bacteria into the system. After 24 h the buffer was flushed through 
the system, and data were recorded for a further 30 min. Three sets of 

Fig. 1. Chemical structure of savirin.

Fig. 2. Normalized Δf (a) and ΔD (b) response of gold coated QCM sensor to GFP S. aureus in the presence and absence of savirin (5 μm/mL) in TSB. Bacteria are 
injected at 20 min, following a media-only background period. The dotted line at 30 min preceding the end of the experiment represents a PBS wash step. The legend 
in (a) applies also to the data in (b).
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QCM experiments were each performed on GFP S. aureus in the presence 
of and without savirin, as well as on ATCC6538 S. aureus. All experi-
ments demonstrated reproducibility, although one of the nine failed. 
Because a single channel QCM was used, these experiments were 
necessarily performed in series, which therefore required fresh bacterial 
cultures for each experiment, because the experimental time frame of 
>24 h is too long to use the same culture. This therefore offers further 
evidence of the robustness of the results and conclusions presented in 
this work. All of the QCM data are included in the supplementary 
material.

3. Results and discussion

Fig. 2 shows the results of two experiments: one in the presence of 
savirin, and one in its absence. In the first hour of cell adhesion the data 
show little difference with and without savirin (Fig. 2), which is un-
surprising given that the low cell densities in this initial stage are un-
likely to be sufficient for quorum sensing to be induced. The frequency 
data show two distinct QCM-D responses. Both plots show a peak in Δf 
within the first 5–7 h, but when savirin is absent, the frequency mono-
tonically decreases, corresponding to increased bacterial adhesion. The 
experiment in the presence of savirin, in contrast, shows only small 
changes in frequency with time, which is expected to be due to the in-
hibition of quorum sensing upon reaching the cell density threshold 
level at about 6 h. The final Δf values reached at the end of the exper-
iment differ by more than 60 Hz and reflect the role of the quorum 
sensing inhibitor in regulating the expression of extracellular polymeric 
substances. It has been shown elsewhere that S. aureus takes between 4 
and 8 h before a biofilm forms and grows [24].

The dissipation data (Fig. 2b) for the samples with and without 
savirin are similar for the smallest overtone, n = 3, which typically in-
dicates a similar level of viscoelasticity. However, the larger overtones 
do reveal a difference between the systems with and without savirin. 
These overtones are probing a shorter depth than that at n = 3 and 
suggest that the sample with savirin is more rigid than that without, 
which is consistent with the frequency shift data. The wash step at the 
end of the experiments shows similar effects in both data sets, with ΔD 
and the magnitude of Δf decreasing, indicating that adsorbed bacteria 
have been removed from the surface.

Although the frequency data (Fig. 2a) show clear differences with 
and without savirin, the differences for the dissipation data are harder to 
ascertain. With this in mind, adhesion fingerprints (plots of ΔD as a 
function of Δf) for the two situations are plotted in Fig. 3. In Fig. 3, the 
data for GFP S. aureus without savarin exhibit a slow increase in dissi-
pation with increasing Δf, after the biofilm formation stage begins (6 h 
in Fig. 2a). This indicates cell spreading [25,26], which is complete 
towards the end of the experiment, corresponding to the largest Δf. 
When savirin is introduced to the medium, there are numerous changes 
in the stiffness of the cells (obtained from the slope of the adhesion 
fingerprint [26]), which indicates significant cytoskeletal organization 

within the experimental timeframe. The initial stages of biofilm for-
mation are similar in these adhesion footprints, which indicates that 
savirin is ineffective until a critical point is reached in the coating of the 
gold electrode. Whilst there are significant differences in the data for 
GFP S. aureus in the presence and absence of savirin, these are much less 
pronounced when comparing GFP S. aureus to an ATCC 6538 S. aureus 
control, both in the absence of savirin.

The initial stage of bacterial adsorption is marked by decrease in (the 
absolute value of) Δf with time, which usually indicates a decrease in 
adsorbed mass. However, this conclusion does require that the Sauer-
brey equation (describing adsorption in the QCM) holds, which, in turn, 
requires rigid adsorption. At the early stages of bacterial adsorption to a 
surface, adhesion is reversible and so this conclusion may not apply.

4. Conclusion

In this short communication, a study is presented covering the ability 
of GFP S. aureus to form a biofilm onto a molecularly smooth gold sur-
face by means of QCM-D. It is observed that biofilm formation initiates 
between 5 and 7 h after the cells were introduced. It is believed that this 
is the time required to accumulate enough living cells for quorum 
sensing to be operative. The QCM-D data are reproducible and show the 
effect of savirin, a quorum sensing inhibitor specific for S. aureus. After 
~6 h, attachment in the presence of savirin is severely compromised 
compared to the case when no savirin is present. More insight is ob-
tained from adhesion fingerprint plots, which showed that the stiffness 
of the biofilm in the absence of savirin was largely constant, but that the 
behaviour of the nascent biofilm was characterized by a series of stages, 
which indicate a series of viscoelastic changes. These experiments show 
the sensitivity of QCM to quorum inhibition and indicate that quorum 
inhibition in GFP S. aureus is not significant in the early stages of bac-
terial adsorption.
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Fig. 3. Plots of Δf as a function of ΔD for the data shown in Fig. 2 (a) and a different data set (b). In (c) a different GFP S. aureus sample is compared with non- 
fluorescence ATCC6538 S. aureus, both in the absence of savarin. In all of these plots, the final wash and the initial bacterial injection periods are not shown. 
The legend included in (a) applies also to (b) and (c).
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