World J Urol (2000) 18: 422426

© Springer-Verlag 2000

FREE PAPER

Martine M. C. Velraeds - Betsy van de Belt-Gritter
Henk J. Busscher - Gregor Reid - Henny C. van der Mei

Inhibition of uropathogenic biofilm growth on silicone rubber
in human urine by lactobacilli — a teleologic approach

Abstract The ability of three Lactobacillus strains to
inhibit the adhesion and growth of naturally occurring
uropathogens on silicone rubber was investigated in
human urine. The importance of biosurfactant produc-
tion by Lactobacillus in discouraging uropathogen
growth was determined in relation to the binding affin-
ities of the lactobacilli for silicone rubber. L. fermentum
B54 markedly inhibited uropathogen growth on the sil-
icone rubber disks after 8 days for all five men included
in the study, albeit to various extents ranging from 77%
to 100%. In urine from women, however, this inhibition
was less clear, as it was absent for two of the four women
participating in this study. L. casei rhamnosus 36 com-
pletely discouraged uropathogen growth on the disks
after 8 days for three of the four women, whereas its
effect in urine from men was less pronounced (inhibition
ranged from 48% to 100% and was absent for one man).
L. casei rhamnosus ATCC 7469" was the least inhibitory
Lactobacillus strain tested and inhibition was absent for
a number of both male and female participants, possibly
as a result of the low binding affinity of this strain for
silicone rubber and of its inability to release biosurfac-
tants. We conclude that the inhibition of uropathogen
growth is dependent on the Lactobacillus strain in-
volved, and for L. fermentum B54 it was demonstrated
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to be sex-related. Hence, inhibition must be considered a
multifactorial process.

Upon insertion of a urinary catheter, infection of the
device with microorganisms colonizing the periurethral
skin readily occurs. The risk of urinary tract infection is
proportional to the time over which the catheter remains
in the body, and all patients eventually become infected
if catheterized long enough [20]. Whereas patients on
short-term catheterization usually become bacteriuric
with a single species, chronically catheterized patients
suffer from polymicrobial bacteriuria involving mainly
Gram-negative nosocomial s 5pecies each being present in
high concentration [>3 X 10° colony-forming units (cfu)/
ml] [20]. Partlcularly the persistent polymicrobial infec-
tions are characterized by a poor response to antibiotic
therapy, recurrence of infection, and, ultimately, the
selection of resistant pathogens [20]. These problems in
the management of catheter-associated urinary tract
infection have prompted research into more preventive
measures against the disease, especially because scenar-
ios in modern medicine predict that ““...the era of anti-
biotics will soon come to an end as a result of emerging
microbial resistance”’.

A new approach to the treatment and prevention of
infectious diseases is the use of probiotics. Over the
years the term probiotic has expanded to include not
only live organisms and substances (with the exception
of antibiotics) that contribute to intestinal microbial
balance but also those beneficial to the host in general
[5]. Some clinicians have attempted to treat persistent or
recurrent urogenital infections by restoring the healthy
microflora of the female urogenital tract through the use
of probiotic lactobacilli, the major indigenous organ-
isms, or through the use of estrogen to stimulate the
reappearance of these bacteria. Oral estrogen adminis-
tration or topical application of an intravaginal estriol
cream in postmenopausal women suffering from recur-
rent urinary tract infections, for instance, led to an



increase in the number of women harboring vaginal
lactobacilli and a decrease in the number colonized with
Enterobacteriaceae, possibly due to a lowering of the
vaginal pH [11]. Several studies have shown that
intravaginal instillation with viable lactobacilli can be
effective in preventing recurrent urinary tract infections
in women [15].

To date, clinical trials have not explained the thera-
peutic action of lactobacilli, but in vitro studies have
suggested some possible mechanisms by which these
probiotic bacteria may interfere with uropathogen ad-
hesion. Lactobacilli can displace adhering uropathogens
from catheter materials such as silicone rubber [9] and
can block the adhesion of uropathogenic bacteria to
uroepithelial cells [4] and polymer substrata [6]. Fur-
thermore, lactobacilli are capable of coaggregating with
uropathogenic bacteria [13], which, in combination with
inhibitor production, might lead to elimination of the
pathogens [8]. Lactobacilli can produce various meta-
bolic by-products with antimicrobial activity, including
lactic acid, hydrogen peroxide, and bacteriocins [1].
Recently, the production of antiadhesive biosurfactants
(surface active microbial compounds) by lactobacilli has
been described [17]. These biosurfactants were shown to
inhibit the initial adhesion of uropathogens to hydro-
phobic and hydrophilic substrata when suspended in
phosphate-buffered saline or urine as studied in a par-
allel-plate flow chamber [17, 19].

The aim of this study was to determine the signifi-
cance of the binding affinity of lactobacilli for silicone
rubber in relation to the production of the antiadhesive
biosurfactant in discouraging uropathogen growth on a
catheter material. To achieve this goal we selected
three Lactobacillus strains with an appropriate combi-
nation of biosurfactant-releasing properties and bind-
ing affinities for silicone rubber. The influence of each
of these strains on the adhesion and growth of natu-
rally occurring uropathogens was investigated on sili-
cone-rubber disks in nonpooled specimens of human
urine.

Materials and methods

Strains and culture conditions

The Lactobacillus strains used in this study comprised L. fermentum
B54, a poultry isolate [14]; L. casei rhamnosus 36, an isolate from a
woman with a history of urogenital infection [14]; and L. casei
rhamnosus ATCC 74697 (type strain), obtained from the American
Type Culture Collection. L. fermentum B54 is a strong producer of
an antiadhesive, proteinaceous biosurfactant, which has been
shown to inhibit the initial adhesion of Enterococcus faecalis and
various other uropathogens to silicone rubber and glass substrata
[17, 19]. L. casei rhamnosus ATCC 7469T and 36, on the other
hand, do not release this antiadhesive biosurfactant [17, 18].

All strains were stored at —60 °C in MRS broth (Lactobacillus
broth described by De Man, Rogosa, and Sharpe; number 1.10661,
Merck, Darmstadt, Germany) containing 7% (v/v) dimethylsulf-
oxide. Precultures were prepared by inoculation of 10 ml of MRS
broth with 10 pl of frozen stock followed by incubation at 37 °C in
an atmosphere containing 5% CO, for 24 h. Stationary cultures
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were obtained by incubation of 250 ml of MRS broth with 1 ml of
a preculture under the same conditions for 18 h.

For the Lactobacillus adhesion assay, stationary cells were
harvested by centrifugation and washed twice in demineralized
water (10,000 g, 5 min, 10 °C). The cells were sonicated three times
on ice for 10 s at 30 W with a Vibra Cell 375 device (Sonics and
Materials, Danbury, Conn.) to break the aggregates and chains.
The lactobacilli were counted in a Biirker-Tiirk counting chamber
and then diluted in filter-sterilized, pooled samples of human urine
(see Velraeds et al. [19] for details) to a final density of
3 x 10® cells/ml.

For the biofilm experiments, stationary Lactobacillus cells were
harvested by centrifugation (10,000 g, 5 min, 10 °C), and the cell
pellet was resuspended in 4 ml of sterilized phosphate-buffered
saline (10 mM KH,PO,4/K,HPO,4 and 150 mM NaCl, with the pH
adjusted to 7.0). After the counting process the lactobacilli were
diluted in human urine to a final density of 10'° cells/ml. The
collection of the urine is described below.

Lactobacillus adhesion assay

For determination of the affinity of the Lactobacillus strains for
silicone rubber, adhesion assays were performed in a parallel-plate
flow-chamber system. This system allows in situ observation of
microbial adhesion to a substratum surface by automated image
analysis over a field of view covering 0.011 mm? [17].

The bottom plate of the flow chamber consisted of a silicone-
rubber substratum measuring 5.5 x 3.8 cm (Silastic medical-grade
silicone rubber Q7-4750, Nusil, Belgium), which was fixed to a
polymethyl methacrylate plate to make its surface more rigid. The
silicone-rubber surface was separated from a glass upper plate of
equal dimensions by two Teflon spacers measuring 0.06 cm in
thickness. Bottom and upper plates were cleaned as described
elsewhere [17].

A Lactobacillus suspension of 3 x 10% cells/ml in filter-sterilized,
pooled specimens of human urine was flowed through the flow
chamber at room temperature. A pulse-free flow (0.034 ml/s) was
created by hydrostatic pressure, and the suspension was recircu-
lated by a Multiperpex 2115 peristaltic pump (Pharmacia LKB
Biotechnology, Uppsala, Sweden) that maintained a constant shear
rate of 15/s. Based on estimated daily urine production and internal
catheter diameter, this shear rate is similar to that found at the
luminal surface of a urinary catheter and corresponds to a Rey-
nolds number of 1, well within the laminar flow regimen. Images
were grabbed during the experiment and stored in the computer.

From the initial, linear increase in the number of adhering bac-
teria per unit area with time, the initial deposition rate was calculated
by a linear least-squares fitting procedure. The number of lactoba-
cilli adhering to the silicone rubber after 3 h was also determined.

Urine

Fresh urine containing urethral bacteria acted as the test system for
a better simulation of the in vivo situation in men and women.
Healthy volunteers of both sexes (age 20-48 years) were requested
to clean the periurethral area with water and to collect their mid-
stream morning urine in a sterile container. Fresh urine samples
were brought into the laboratory daily over the course of the ex-
periment except for Saturday and Sunday, which were days 5 and
6, respectively. The urine was left untreated and used directly in the
biofilm experiments.

Setup of biofilm experiments

The influence of each of the three Lactobacillus strains on uro-
pathogenic biofilm formation was investigated in urine specimens
from nine test subjects, including five men and four women. On
day 0 of the experiment, two sterile screw-cap containers, each
holding two autoclaved silicone-rubber disks of 0.6-cm diameter
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and 0.1-cm thickness (Silastic medical-grade silicone rubber Q7-
4750, Nusil, Belgium), were prepared for each test subject. One
container was filled with 25 ml of urine and designated as the
control. To the second container, 25 ml of urine supplemented with
a Lactobacillus strain (10' cells/ml) was added. Subsequently, the
containers were incubated with the caps slightly opened at 37 °C in
an atmosphere containing 5% CO, to stimulate Lactobacillus
growth. On every day except days 5 and 6 the old urine was re-
moved and replaced with fresh midstream morning urine and
freshly cultured lactobacilli. On days 4 and 8, one disk was asep-
tically isolated from each system: the control urine and the Lac-
tobacillus-supplemented urine. Each disk was taken twice through
an air-liquid interface at low speed in a test tube containing 1 ml of
phosphate-buffered saline, was transferred to a second test tube
with 1 ml of phosphate-buffered saline, and was then sonicated for
1 min to remove the adhering microorganisms. The sonicated
samples were dilution-plated on blood-agar plates (aerobic, 37 °C)
and MRS-agar plates (5% CO,, 37 °C) for the culture of uro-
pathogenic microorganisms and lactobacilli, respectively. After
incubation for 1 or 2 days, the numbers of colony-forming units
per square centimeter of silicone rubber were calculated for the
control and Lactobacillus-treated disks. The types of microorgan-
isms were determined by microscopic evaluation.

This teleologic approach [16], which utilizes naturally occurring
uropathogens instead of working with single isolated, pure cultures
of uropathogens (a reductionistic approach), was chosen because it
more closely resembles the clinical situation, where it is not known
a priori which naturally occurring bacteria will cause infection.
Although both reductionistic and teleologic approaches have their
drawbacks in microbiology, a teleologic approach circumvents the
need for decisions as to which uropathogens should be used and
how many isolates would be required for a conclusion to be drawn,
among others.

Results

Table 1 presents the binding affinities of the three Lac-
tobacillus strains for silicone rubber in terms of the ini-
tial deposition and the numbers of adhering bacteria as
measured in a parallel-plate flow chamber in the pres-
ence of urine. L. casei rhamnosus 36 and L. fermentum
B54 showed comparably high initial deposition rates and
adhesion numbers after 3 h, whereas L. casei rhamnosus
ATCC 74697 did not adhere to the silicone-rubber
substratum at all.

In the biofilm experiments the naturally occurring
pathogens in the urine specimens from the test subjects
grew to an average density of 5 x 10° cells/ml on days 4
and 8. Of these, many organisms adhered to the silicone-
rubber disks placed in the containers, resulting in uro-
pathogen counts ranging from 10* to 10° cfu/cm? on the

Table 1 Initial deposition rates and numbers of adhering lacto-
bacilli after 3 h of incubation on silicone rubber in urine as studied
in a parallel-plate flow chamber

Lactobacillus strain Initial deposition Adhesion

rate after 3 h
L. fermentum B54* 466 cm™ - s 1.0 x 10 cm™
L. casei rhamnosus 36° 306 cm™2 - s 1.1 x 10® cm™2
L. casei rhamnosus 0 0

ATCC 7469™

#Data from Millsap et al. [10]
Experiments were performed in duplicate with separately grown
cultures at a shear rate of 15/s and the results coincided within 20%

control disks and from 0 to 10° cfu/cm” on the Lacto-
bacillus-treated disks on day 8. The types of uropatho-
genic microorganisms that were cultured from the disks
were similar for urine samples from men and women and
comprised cocci, streptococci, staphylococci, and rod-
shaped bacteria. Occasionally a few yeast cells were
spotted among the bacteria, but their proportion was
negligible as compared with the bacterial counts.

Lactobacilli were solely found on silicone-rubber
disks incubated in Lactobacillus-supplemented urine,
and they grew as well in urine from men as in that from
women. On day 8 the average Lactobacillus counts on
the disks amounted to 1.1 x 10® and 1.4 x 10° cfu/cm?
for L. casei rhamnosus 36 and 7469", respectively. For
some reason the average numbers of L. fermentum B54
on day 8 were higher on disks incubated in urine from
men (1.3 x 10° cfu/cm?) as opposed to that from women
(2.6 x 10* cfu/ecm?).

In Tables 2—4 the abilities of the lactobacilli to reduce
uropathogen growth on silicone-rubber disks incubated
in urine are presented as percentages of inhibition. Ac-
cording to Table 2, L. fermentum BS54 inhibited the
numbers of uropathogens isolated from the disks after
8 days of incubation in urine from all five male test
subjects, albeit to various extents. A complete inhibition
of uropathogen growth was seen in two cases (M1 and
M?2), whereas in the other three cases this inhibition was
partial. For the women participating in the study the
effect of L. fermentum BS54 on the development of a
uropathogenic biofilm on silicone rubber in urine was
less clear. Whereas a decrease in the numbers of uro-
pathogens on the Lactobacillus-treated disks was seen in
cases F2 and F3 on day 8, no inhibition was observed
for cases F1 and F4.

From Table 3 it can be concluded that L. casei
rhamnosus 36 was capable of completely discouraging
uropathogenic biofilm growth on the silicone-rubber
disks after 8 days of incubation in urine from three of
the four women. For the remaining woman (F3) the
number of uropathogens was not reduced on the Lac-
tobacillus-treated disk on day 8. L. casei rhamnosus 36
also suppressed the growth of uropathogens on silicone

Table 2 Percentage of inhibition of uropathogenic biofilm growth
on silicone-rubber disks after 4 and 8 days of incubation in urine
from healthy men (M) and women (F) as induced by supplemented
Lactobacillus fermentum B54 (10'° cells/ml)

Test person
MJF (age, years)

Inhibition of uropathogen growth (%)

Day 4 Day 8
MI1 (22) 0 100
M2 (33) 100 100
M3 (37) 100 97
M4 (38) 88 91
MS5 (23) 0 77
F1 (20) 99 0
F2 (48) 89 78
F3 (21) 100 71
F4 (22) 0 0




Table 3 Percentage of inhibition of uropathogenic biofilm growth
on silicone-rubber disks after 4 and 8 days of incubation in urine
from healthy men (M) and women (F) as induced by supplemented
L. casei rhamnosus 36 (10'° cells/ml)

Test person
MJF (age, years)

Inhibition of uropathogen growth (%)

Day 4 Day 8
M1 (27) 93 48
M2 (25) 0 87
M3 (39) 63 56
M4 (24) 100 100
MS (27) 59 0
F1 (30) 93 100
F2 (39) 100 100
F3 (27) 77 0
F4 (44) 84 100

Table 4 Percentage of inhibition of uropathogenic biofilm growth
on silicone-rubber disks after 4 and 8 days of incubation in urine
from healthy men (M) and women (F) as induced by supplemented
L. casei rhamnosus ATCC 74697 (10 cells/ml)

Test person
M/F (age, years)

Inhibition of uropathogen growth (%)

Day 4 Day 8
M1 (31) 96 0
M2 (25) 53 0
M3 (39) 88 92
M4 (41) 96 99
M5 (24) 0 99
F1 (20) 24 53
F2 (41) 100 100
F3 (27) 0 0
F4 (44) 90 0

rubber after 8 days for four of the five men, but this
inhibition was generally weaker than that observed for
the female test subjects. Additionally, a similar experi-
ment with this Lactobacillus strain was carried out for
test subject M4, whereby an Escherichia coli strain was
added daily to the control urine and the Lactobacillus-
supplemented urine to a final density of 10° cells/ml. On
day 8 the number of E. coli on the Lactobacillus-treated
disk was 50 times (or 98%) lower than that on the
control disk.

L. casei rhamnosus ATCC 7469" strongly inhibited
uropathogen growth on silicone rubber after 8 days of
incubation in urine from three of the five male test
subjects (Table 4). Its effect in urine from women,
however, was less pronounced.

No net increase was observed in the inhibition of
uropathogenic biofilm formation with time for any of
the three Lactobacillus strains, and the inhibition gen-
erally did not correlate with the Lactobacillus counts on
the silicone-rubber disks.

Discussion

The abilities of three Lactobacillus strains to inhibit the
adhesion and growth of naturally occurring uropatho-
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gens were investigated in a teleologic approach mim-
icking the presence of a silicone-rubber urinary catheter
in the urethra. A teleologic approach has proven merits
for oral [16] and oropharyngeal [7] biofilm formation.
The lactobacilli were capable of discouraging, in some
instances completely, the formation of a uropathogenic
biofilm, but the degree of inhibition depended on the
Lactobacillus strain involved. Furthermore, inhibition
appeared to occur more often, but not always more
strongly, in men than in women. L. fermentum BS54
showed the strongest inhibition of uropathogen growth
on disks incubated in urine from men, whereas L. casei
rhamnosus 36 was the most inhibitory strain in urine
from women. The observed differences between “‘male”
and “female” urine specimens to support uropathogen
interference were found to be statistically significant
only for L. fermentum B54 (P <0.025, Student’s -test).

Altogether, both L. fermentum B54 and L. casei
rhamnosus 36 induced inhibition in seven of nine test
subjects and, on average, this inhibition was evenly
strong (see Tables 2, 3). The two strains had relatively
high binding affinities, in contrast to L. casei rhamnosus
ATCC 7469T. However, L. casei rhamnosus 36 does not
release the antiadhesive biosurfactant inhibitory for
uropathogen adhesion, whereas L. fermentum B54 does.
L. casei rhamnosus ATCC 7469 was capable of inhib-
iting uropathogenic biofilm growth in five of nine urine
specimens. This Lactobacillus did not adhere to silicone
rubber in the parallel-plate flow chamber after 3 h, yet it
was isolated from the disks in the urine experiments.
This discrepancy might be explained by the presence of
other bacteria in the urine, which could influence the
adhesion of L. casei rhamnosus ATCC 7469" to the
disks. In addition, L. casei rhamnosus ATCC 7469" also
does not produce the antiadhesive biosurfactant. This
means that besides biosurfactant production and bind-
ing affinity for the catheter material, other factors
probably also play a role in the interference with uro-
pathogenic biofilm growth, such as the ability of a
Lactobacillus to survive and to multiply in urine or to
coadhere with adhering uropathogens. Furthermore,
these findings indicate that strains for possible clinical
application should be carefully selected.

Higher binding affinities were not always associated
with higher Lactobacillus counts on the silicone-rubber
disks. The numbers of lactobacilli on the disks incubated
in urine from female subjects that had been supple-
mented with L. fermentum B54, for instance, were rela-
tively low. This observation might be attributable to
accidental variations in the consistency of the urine. Due
to the occurrence of hormonal changes during the var-
ious stages of a woman'’s life and to variations over the
course of the menstrual cycle, the hormonal consistency
of women’s urine is not as constant as that of men’s
urine. Estrogen levels in urine differ over the menstrual
cycle in a way that can alter Lactobacillus and uro-
pathogen adhesion [2, 3, 12].

In summary, these data show that L. fermentum B54,
L. casei rhamnosus 36, and L. casei rhamnosus ATCC
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7469" have the ability to inhibit the growth of a uro-
pathogenic biofilm on silicone rubber for at least 8 days.
The degree of inhibition depended on the Lactobacillus
strain involved, and for L. fermentum B54 the inhibition
was demonstrated to be sex-related. It appeared that
several factors were involved in the discouragement of
uropathogen growth, such as binding affinity and pro-
duction of the antiadhesive biosurfactant, but the sur-
vival and growth of lactobacilli in urine and their ability
to coadhere with adhering uropathogens may have
played a role as well.
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