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S U M M A R Y

Background: Medical devices face the challenge of microbial biofilm attached to the sur-
face. Ultimately, this may jeopardize the function of the device and increase the patient’s
risk of infection. However, reliable methods to prevent biofilm are lacking.
Aim: To investigate the effect of silicone oil-coated polypropylene plastic, used in a new
automatic urinometer, on biofilm formation; furthermore, to explore the impact of silicone
oil viscosity and compare polypropylenewith polystyrene, another commonmedical plastic.
Methods: Common pathogens, including extended-spectrum beta lactamase (ESBL) -pro-
ducing and multi-drug-resistant bacteria, as well as Candida albicans, were investigated.
Isogenic Escherichia coli strains deficient in the important biofilm forming factors curli,
cellulose and type 1 fimbriae (fim D) were used to determine the possible mode of action
by silicone oil. Clear flat-bottomed polypropylene or polystyrene wells were pretreated
with either low- or medium-viscosity silicone oil and microbes were added. After 72 h,
biofilm formation was quantified using crystal violet assay.
Findings: Silicone oil-coated polypropylene plastic surfaces, regardless of the oil viscosity,
significantly inhibited biofilm formation of all tested Gram-negative and Gram-positive
bacteria, including ESBL-producing and multi-drug resistant strains, as well as
C. albicans. Silicone oil did not affect bacterial or candida growth and curli fimbriae were
found to be the main target of silicone oil. Polypropylene plastic itself without oil had a
better effect in preventing biofilm formation than polystyrene.
Conclusion: These findings suggest a new strategy to decrease microbial biofilm for-
mation, which may reduce hospital-acquired infections and prevent dysfunction of med-
ical devices.
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Introduction

Automatic urinometers have recently been introduced in
intensive care units (ICUs) to facilitate hourly diuresis meas-
urement [1]. As for all medical devices, however, the function
and safety of these devices may be jeopardized by microbial
biofilm [2]. The biofilm may negatively impact the function of
the device, with consequences for the patient. In the case of
the automatic urinometer, it may lead to misreading or com-
plete shutdown. In addition, patients also run an increased risk
of infection, originating from the biofilm. Consequently, find-
ing new methods to decrease the formation of biofilm is of
increasing clinical importance.

Most bacteria and candida [3] can form biofilm, an assem-
blage of micro-organisms irreversibly attached to a surface,
limiting their removal. Micro-organisms are enclosed in a self-
produced matrix primarily made of polysaccharide material
[4]. If released from the biofilm, micro-organisms may cause
serious and often life-threatening infections requiring long
hospital stays. Biofilm can be formed on both cells and abiotic
surfaces, e.g., medical devices and urinary catheters. The
expression of biofilm is promoted by different virulence factors.

Curli fimbriae are amyloid fibrils mediating cellular adhesion
like type 1 fimbriae, which are encoded by a set of fim genes
arranged in an operon. Cellulose, on the other hand, promotes
delayed bacterial clearance. Antimicrobial therapy is less
effective against bacteria covered by biofilm due to difficulties
of drugs to penetrate the biofilm. Moreover, micro-organisms
are often in an inactive stage and there is a risk of horizontal
gene transfer between bacteria in biofilm. Taken together, this
promotes increased antimicrobial resistance [5]. Research has
therefore focused on preventing or reducing the formation of
biofilm to facilitate antimicrobial effectiveness. Examples of
suchmethods, of which none has proven to be themagic bullet,
include the use of cellobiose dehydrogenase/amylase [6],
hydrogels [7], silver nanoparticles [8], honey [9] and more
complex methods involving interaction with the signalling
pathway between bacteria [10].

Interestingly, studies have shown that silicone oil effec-
tively reduces biofouling [11,12]. Silicone oil is a liquid poly-
merized siloxane with organic side chains, the polymer
backbone consisting of alternating silicon and oxygen atoms
(.SieOeSieOeSi.) and the most common form is poly-
dimethylsiloxane (PDMS). Silicone oil has been shown to have
low toxicity and a low risk for adverse effects in safety studies
[13,14] and is widely used in medicine, e.g., in vitreous fluid
substitutes and in breast implants. Furthermore, no bacter-
icidal effect of silicone oil has been observed on different
common micro-organisms [15].

Recently, silicone oil of medium viscosity has been incor-
porated in a capacitance-based automatic urinometer to coat
the measuring chamber, located in front of the reading mem-
brane, and made of polypropylene plastic. The silicone oil is
enclosed within a capsule, which dissolves upon contact with
urine, after which the oil coats the chamber. A capacitance
sensor registers the height of a column of urine in the meas-
uring chamber and the volume is continuously registered. When
the urine volume reaches 16e18 mL it is emptied via a siphon
into the collection bag.

In this study, we investigated whether this silicone oil/pol-
ypropylene interface may reduce early microbial biofilm
formation and whether the viscosity of the silicone oil has an
impact. We also compared our findings with polystyrene,
another commonly used plastic in medical devices. Finally, to
identify the tentative silicone oil target, we used an Escher-
ichia coli strain equipped with curli, cellulose and type 1 fim-
briae and the isogenic mutants, deficient of one or more of
these virulence factors.

Material and methods

Bacteria and candida strains

The uropathogenic Gram-negative bacteria E. coli #12, from
a child with acute pyelonephritis, E. coli strain CFT073, from a
patient with acute pyelonephritis, extended spectrum beta
lactamase (ESBL)-producing E. coli (CCUG 55971), Proteus
mirabilis (ATCC 29245), Klebsiella pneumoniae (ATCC 13883)
and multi-drug-resistant (MDR) Klebsiella pneumoniae (CCUG
58547), Pseudomonas aeruginosa (ATCC 27853) and the Gram-
positive bacteria Enterococcus faecalis (ATCC 29212) and
Staphylococcus aureus (ATCC 29213) and Candida albicans
(CAC4) were included in the study.

E. coli #12, wild-type strain, is equipped with curli, cellulose
and type 1 fimbriae, all important for biofilm formation. To
evaluate possible silicone oil targets, we used isogenic
mutants, deficient in one or more of these virulence genes. The
set of E. coli strains, described previously [16], included the
wildtype strain #12 (curliþ/celluloseþ/type 1 fimbriaeþ) and
its isogenic mutants WE1bcsA (curliþ/cellulose-/type 1
fimbriaeþ), WE11csgBA (curli-/celluloseþ/type 1 fimbriaeþ)
and WE16csgBA bscA (curli-/cellulose-/type 1 fimbriaeþ)
[16,17]. Production of type 1 fimbriae under the culture con-
ditions used was confirmed by yeast agglutination. To confirm
the specific effect of the silicone oil on type 1 fimbriae, we
constructed a fim D deficient strain (WKfimD) by the l-Red
mediated homologous recombination method [17,18].

Preparation of bacteria and C. albicans

E. coli #12 and its isogenic mutants were cultured on LB agar
plates without salt for at least 24 h to promote biofilm for-
mation, whereas other bacterial strains were cultured over-
night at 37�C on blood agar plates. Single bacterial colonies
were used for bacterial suspension preparation in 1 �
phosphate-buffered saline. To avoid bacterial aggregates, the
suspension was centrifuged at 1000 rpm for 5 min and optical
density of the suspension was measured at 600 nm using
spectrophotometry and adjusted to a final concentration of 106

cfu/mL in LB broth without salt. The bacterial concentration
was confirmed by viable count. C. albicans was cultured in YPD
(yeast peptone dextrose) following the same protocol as
bacteria.

Biofilm formation on polypropylene and polystyrene
plastic

To investigate the amount of biofilm formed on poly-
propylene plastic without oil compared with another commonly
used plastic, polystyrene, we added E. coli #12 to wells in these
plastics and left them for 72 h, whereafter biofilm was
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Figure 1. Polypropylene plastic had a better effect in preventing the formation of biofilm than polystyrene and the viscosity of silicone
oil had no impact on the capability to prevent biofilm. The effect of polypropylene compared with polystyrene was analysed on the effect
of biofilm formation for Escherichia coli #12 (a) and Candida albicans (b). Low- and medium-viscosity silicone oils had similar effects on
E. coli #12 biofilm formation (c). L, low viscosity; M, medium viscosity.
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quantified using the crystal violet assay described below. The
polypropylene plastic was chosen as it makes up the meas-
urement chamber of the automatic urinometer (Sippi; Observe
Medical, Gothenburg, Sweden).

Silicone oil

A low-viscosity silicone oil (viscosity 100 mm2/s) and a
medium-viscosity silicone oil (viscosity 350 mm2/s) (Silbione�,
oils 70047, V100 and V350, Elkem, Oslo, Norway) were used.
These oils are linear polydimethylsiloxanes, chemically inert,
heat-resistant, non-toxic and have low surface tension [19].
The medium-viscosity silicone oil is used within the measure-
ment chamber of the automatic urinometer.

Pretreatment of microtiter plate with silicone oil

Ninety-six-well clear flat-bottom polypropylene microtitre
plates (Sigma, USA) were pre-treated with 300 mL of low-
viscosity silicone oil and medium-viscosity silicone oil for 5
min, followed by immediate careful removal of the oil, leaving
only a thin layer of silicone oil.

Measurement of biofilm formation

Bacterial suspension was prepared as described before [16]
and biofilm formation was studied. In brief, 50 mL of 106 cfu/mL
of bacterial suspension in LB broth without salt was added
along with 150 mL of LB broth without salt to a total volume of
200 mL in polypropylene wells with and without pre-treatment
with the low- and medium-viscosity silicone oils. Microtitre
plates were incubated at 37�C without shaking for 72 h. After
incubation, planktonic cells were removed and washed twice
with 1� phosphate-buffered saline and air dried. The effect of
silicone oil on biofilm formation was investigated using the
crystal violet assay as previously described [20]. Each well was
stained with 220 mL of 0.3% crystal violet for 5 min, destained
with 250 mL of 20% acetone and 80% ethanol. The optical den-
sity of dissolved crystal violet was measured at 570 nm. All
bacterial strains included in this study, as well as C. albicans,
were investigated using the same protocol. Silicone-oil-treated
wells were compared with the untreated controls. To evaluate
the viability within biofilm, selected micro-organisms, E. coli
#12, P. aeruginosa, S. aureus and C. albicans, were allowed to
grow and form biofilm for 72 h.

Effect of silicone oil on bacterial/fungal growth

To exclude a direct bactericidal or fungicidal effect of the
medium-viscosity silicone oil, we performed growth curves of
E. coli #12, S. aureus and C. albicans. Fifty-millilitre poly-
propylene Falcon tubes were coated with medium-viscosity
silicone oil for 5 min, followed by incubation of E. coli #12 or
S. aureus in LB broth at 37�C for 15 h, C. albicans in YPD broth
at 30�C for 24 h. Viable count was performed after 3, 6, 9 and
15 h for E. coli #12 and S. aureus, and at 3, 6, 9, 12 and 24 h for
C. albicans post incubation with and without oil after serial
dilution on blood agar.

Effect of silicone oil on C. albicans hyphae

C. albicans staining was performed from overnight grown
culture in yeastepeptoneedextrose (YPD) broth cultured with
and without oil at 30

�
C at 100 rpm. A thin smear was formed on

the glass slide using an inoculation loop. Slides were allowed to
dry for 30 min at 55�C. One drop of blankophor p was added to
the smear and the slides were immediately observed under
ultraviolet light with an Olympus microscope with 20�
objective.

Statistical analysis

Statistical analysis was performed with GraphPad Prism
version 5.02 (GraphPad Software, San Diego, CA, USA). One-



E. coli CFT073
1.5

1

**

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

S. aureus
1.5

1

***

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

K. pneumoniae
1.5

1

***

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

P. aeruginosa
1.5

1

**

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

E. faecalis
1.5

1

***

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

E. coli ESBL
1.5

1

***

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

P. mirabilis
1.5

1

***

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

C. albicans
1.5

1

*

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

MDR K. pneumoniae
1.5

1

****

B
io

fi
lm

 A
5
7
0
 (

fo
ld

 c
h
an

g
e)

0.5

0
Control Silicone oil (M)

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

Figure 2. Medium silicone oil showed a significant reduction of biofilm from common pathogens. This effect was confirmed on Escherichia
coli CFT073 (a), Pseudomonas aeruginosa (b), Proteus mirabilis (c), Klebsiella pneumoniae (d), extended-spectrum beta lactamase-
producing E. coli (e), multi-drug resistant K. pneumoniae (f), Staphylococcus aureus (g), Enterococcus faecalis (h) and Candida albi-
cans (i). M, medium viscosity.
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way analysis of variance with Bonferroni post hoc test was used
to compare multiple groups. Differences with P<0.05 were
considered significant.

Results

Significantly less biofilm formed on polypropylene
compared with polystyrene plastic

To evaluate whether the plastic itself had impact on the
biofilm formation, we investigated the effect of polypropylene
plastic, used in the automatic urinometer, with polystyrene.
We demonstrate that the wild type E. coli #12 strain as well as
C. albicans produced significantly less biofilm when cultured on
the polypropylene compared with the polystyrene plastic
(Figure 1a, b; P<0.05 and P<0.01).

Viscosity of silicone oil did not affect prevention of
biofilm

Both low- and medium-viscosity silicone oil prevented bio-
film formation to the same extent, as shown for E. coli #12
(Figure 1c; P<0.0001). As medium-viscosity silicone oil is used
within themeasurement chamber of the automatic urinometer,
we chose to focus on this oil. However, all bacteria and
C. albicans were tested with both medium- and low-viscosity
silicone oil, revealing similar results (Supplementary
Figures S1 and S2).
Medium-viscosity silicone oil reduced biofilm
formation

To investigate whether silicone oil may prevent the for-
mation of new biofilm by pathogens, we tested the Gram-
negative bacteria E. coli CFT073, P. aeruginosa, Prot. mir-
abilis and K. pneumoniae, known to form biofilm [21e23]. We
confirmed a significant inhibition of biofilm formation by all the
tested bacteria, using medium-viscosity silicone oil
(Figure 2aed; P<0.01 and P<0.001). Moreover, the silicone oil
also showed anti-biofilm effect for an ESBL-producing E. coli
strain (Figure 2e; P<0.001) and an MDR K. pneumoniae strain
(Figure 2f; P<0.0001), providing further evidence that silicone
oil induces a general inhibition of biofilm formation. We also
included two Gram-positive bacteria, S. aureus and Ent. fae-
calis. For both strains a significant inhibition of biofilm was
observed by the silicone oil (Figure 2g; P<0.001 and Figure 2h,
P<0.001). Finally, silicone oil showed a significant inhibitory
effect on biofilm expressed by C. albicans (Figure 2I, P<0.05).
Curli fimbriae are a major target for biofilm
formation by Gram-negative bacteria

To investigate to what extent different bacterial virulence
factors contributed to biofilm formation on polypropylene
plastic, we tested the isogenic mutants of E. coli #12 lacking
curli, cellulose or type 1 fimbriae (fim D). The combination of
all three virulence factors formed most new biofilm, while the
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lack of type 1 fimbriae significantly inhibited the newly formed
biofilm. E. coli expressing type 1 fimbriae with or without
cellulose only contributed to a low extent to new biofilm
(Figure 3).

Silicone oil did not influence the growth rate of E. coli #12,
S. aureus nor Candida albicans (Supplementary Figure S3). We
therefore hypothesized that silicone oil has a direct effect on
one or more of the major biofilm components [16]. When
treating the curli-expressing E. coli strains with silicone oil, we
observed a significant reduction of biofilm (Figure 3;
P<0,0001), which was not observed in isogenic curli deficient
strains. Moreover, no effect of silicone oil was seen on type 1
fimbriae or cellulose.

Altogether, our findings indicate that silicone oil targeted
curli fimbriae and was able to decrease the newly formed
biofilm.

Mature biofilm induces less P. aeruginosa adhesion

We did not observe any difference of viable count (cfu/mL)
for E. coli #12, S. aureus and C. albicans in mature biofilm
(Supplementary Figure S4). P. aeruginosa, however, adhered
less to the polypropylene surface (P<0.05) (Supplementary
Figure S4).

Morphology of C. albicans hyphae remains unchanged
after exposure to silicone oil

We did not observe any difference with respect to
C. albicans hyphae after overnight exposure to medium silicone
oil. Budding cells and septum were clearly visible in both
control and silicone oil-treated conditions (Supplementary
Figure S4).

Discussion

Biofilm is a growing problem affecting both temporary
medical devices, e.g., urinary and central venous catheters,
and implants, such as pacemakers and prosthetic heart valves
[24]. However, efficient methods to prevent biofilm, are lack-
ing. We here demonstrate that different plastic materials
influenced the amount of newly formed biofilm. The lowest
amount of biofilm was formed when bacteria were grown on
polypropylene plastic coated with silicone oil. Moreover, we
identified curli fimbriae as the main target of silicone oil.

Polypropylene plastic is used in a new automatic urinometer
where it is combined with silicone oil in the measuring cham-
ber. We found that polypropylene plastic by itself, without
silicone oil, reduced biofilm formation by E. coli #12 and
C. albicans when compared with polystyrene, another common
plastic used in medical devices. This effect has been attributed
to the relatively slippery surface of polypropylene [12,25].
Because polypropylene is non-polar and hydrophobic, silicone
oil will tend to aggregate on its surface, most likely in droplet
form. Clinical observations, as well as analysis of capacitance
curves extracted from the device, have indicated that adding
silicone oil to the polypropylene plastic surface prolongs the
time the measurement membrane stays clear of biofilm and/or
protein build-up, which is a prerequisite for the automatic
urinometer to function properly. Our results are in line with
these clinical observations. The exact distribution of oil in the
measurement chamber and the change of oil thickness over
time, however, remain to be studied.

A medium-viscosity silicone oil is used in the measurement
chamber of the automatic urinometer, whereas a low-viscosity
silicone oil could be added at the proximal end coating the
tubing downwards towards the urinometer, providing addi-
tional beneficial effect. Adding more silicone oil would allow
recoating of the surface. Both low- and medium-viscosity sili-
cone oils prevented the formation of new biofilm by common
pathogens to the same extent. This suggests that viscosity of
the oil is not significant for the effect on biofilm.

Because silicone oil did not impact bacterial growth, we
conclude that it exerts a direct effect on biofilm formation.
More specifically, silicone oil seems to target the biofilm pro-
moting structure curli but had limited or no effect on type 1
fimbriae or cellulose. Analyses of viable count supports that the
reduction of biofilm results in inhibition of extracellular matrix
production, probably through curli.

Apart from bacteria, fungi such as candida, of which
C. albicans is the most prevalent, may also express biofilm and
cause lower-urinary-tract infections [3]. It has previously been
demonstrated that 22% of critically ill patients with an ICU stay
for more than 7 days had candiduria which was significantly
associated with increased mortality [26]. Thus, our observation
that polypropylene and silicone oil showed a significant inhib-
ition of biofilm expressed by C. albicans is of particular inter-
est. However, fungal hyphae did not change upon exposure of
silicone oil.

There are a few limitations of this study. First, the exact
thickness of the silicone oil layer and its distribution in the
wells used is not known. It is reasonable to believe that the
bottom of the well contained more oil than the walls, as oil will
be accumulated at the bottom. This is in line with the obser-
vation that more biofilm was formed on the walls than on the
bottom, but this may also be due to the nature of biofilm for-
mation [27]. However, the amount of oil on the walls was likely
similar between the wells. A second limitation is the unknown
effect of silicone oil for longer periods. The follow-up time
point in this study was set at 72 h, as most patients in car-
diothoracic ICUs will likely only use the automatic urinometer
within this period. Also, we showed that the biofilm formation
had reached its plateau phase by that time.

Biofilm is known to play a key role in many infections. It
impairs the penetration of antimicrobial drugs and hampers the
innate immune system response [28,29]. Hence, there is an
urgent need to find new methods to decrease biofilm
formation.

The new automatic urinometer incorporates a capsule of
silicone oil, which is dissolved by urine and then coats the
measurement chamber consisting of polypropylene plastic.
Interestingly, this plasticeoil interface significantly reduced
biofilm by common pathogens, thus improving the function of
the device and potentially decreasing the infection risk of the
patient. Extrapolating these data may help to develop new
surfaces with anti-biofilm properties. Future research will be
required to determine the duration of the effect of silicone oil
and whether this translates into a clinical benefit of the new
automatic urinometer.

We conclude that a silicone oil-coated polypropylene plastic
surface, as used in an automatic urinometer, significantly
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decreases early biofilm formation by pathogenic bacteria,
including ESBL-producing and MDR strains, as well as
C. albicans. Curli fimbriae appeared to be the main biofilm
promoting factor and addition of silicone oil led to a 50%
reduction in biofilm formation in curli-positive strains. No
additional reduction in biofilm formation could be measured
when adding silicone oil to curli-deficient strains. These find-
ings may suggest a new strategy to reduce microbial biofilm
build-up and has the potential to reduce the risk of hospital-
acquired infections.
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