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Laser interferometry is a measurement technique used
in physical sciences, with a potential for new applica-
tions in microbiology. Our previously studies, focused on
the quantitative analysis of antibiotics diffusion through
membranes or their releasing from gel structure, in-
dicate that this method might be useful in analysis of
substances diffusion across the bacterial biofilms. As
antibiotic — biofilm interaction model, we tested above
method for determination of ciprofloxacin or gentamicin
diffusion through Proteus mirabilis 018 biofilm. Laser in-
terferometry analysis of antibiotics diffusion showed that
the amount of ciprofloxacin transported through ma-
ture biofilm is 1.9 times higher than gentamicin. It was
correlated with lower level of gentamicin in compare to
the level of ciprofloxacin in biofilm, which amounts were
predicted in biofilm during diffusion process by laser
interferometry method. We suggest that the analysis of
antibiotic diffusion in biofilm might by helpful in evalua-
tion of effectiveness of antibacterial agents.
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INTRODUCTION

Bacterial biofilms formed on the surfaces of tissues
and biomaterials, play a key role in persistent infections.
It is observed that the resistance of biofilms to antibiot-
ics is increased 10-100 times compared with planktonic
cells (Mah & O’Toole, 2001). Actually, bacteria grow-
ing in a biofilm definitely develops increased resistance
to antimicrobial agents. It has been suggested that drug
resistance in biofilm might be associated with changing
profiles of outer membrane proteins (OMP), increasing
expression of multiple drug resistance pumps, induc-
tion 7poS-dependent process, or preventing the access
of antibiotics to the bacterial cell by exopolysaccharide
matrix or glycocalyx structure (Mah & O’Toole, 2001).
Biophysical properties of biofilm structure (exopolysac-
charide matrix) associated with reduced susceptibility
to antibiotics limits the effective eradication of bacteria
forming biofilm (Stewart, 2003). It is suggested that only
the surface layers of biofilm are exposed to a lethal dose
of the antibiotic due to a reaction-diffusion barrier that
prevents transport of the antibiotic into the biofilm. The
quantitative evaluation of antibiotics diffusion within
biofilm structure might play a crucial role in the analy-
sis of predicted bacterial drug resistance. Bacteria, which
do not have known genetic basis for resistance, might
be protected against antibiotics in biofilm in contrast

to planktonic cells, like a B-lactamase-negative strain of
Klebsiella pnenmoniae against ampicillin (Stewart & Coster-
ton, 2001; Andrel ez al., 2000).

The biggest concern regarding drug penetration
though biofilm structure is the lack of precise technique
enabling quantitative and dynamics analysis of this pro-
cess. Actually, studies of diffusion in biofilms have been
limited to indirect measurements, such as CFU determi-
nation bioassay using antibiotic release from disc to mi-
croporous polycarbonate membrane covered with a bio-
film (Andrel ez al, 2000). Moreover, measurements based
on substance indicators might change mass, structure or
hydrophilic properties in comparision to native form of
substances, for example, fluor-conjugated dextrans used
in confocal laser microscopy (Lawrence e al, 1994).
Taking into consideration above limitations, we present
the application of the laser interferometry method as
a novel technique for quantitative analysis of antibiot-
ics diffusion/accumulation in biofilm. We tested above
method for determination of ciprofloxacin or gentamicin
diffusion through Profens mirabilis O18 biofilm as antibi-
otic—biofilm interaction model.

MATERIAL AND METHODS

Bacteria growth, membrane and chemicals. Proteus
mirabilis O18 (PtK 34/57) were obtained from the Czech
National Collection of Type Cultures (Institute of Ep-
idemiology and Microbiology, Prague). P. mirabilis O18
strain expressing constitutively DsRed2 protein an ampi-
cillin-sensitive was obtained by electroporation of P. wmira-
bilis O18 with a pDsRed2 prokaryotic expression vector
that encodes DsRed2 containing pUC plasmid replica-
tion origin (Clontech). The transformants were screened
on Luria-Bertani (LB) agar with ampicillin (Stankowska ez
al., 2012). P. mirabilis strain was cultivated under aerobic
conditions in LB medium (37°C, pH 7.4-7.06).

Polymeric nuclear track membrane (nucleopore) with
pores diameter 0.9 um was purchased from Joint Insti-
tute for Nuclear Research in Dubna, Russia. Ciproflox-
acin was purchased from Krka (Nove Mesto, Slovenia).
Gentamicin was purchased from Sigma Aldrich (St. Lou-
is, MO, USA).

Analysis of P. mirabilis biofilm formation by im-
age] software. Biofilm of P. mirabilis was formed in LB
medium for 24-96 h in stationary conditions at 37°C on
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sterile nucleopore membrane with pores diameter 0.9
pum and area size 7X10° m? as a element of membrane
system from laser interferometry equipment. After bacte-
ria growth, nucleopore membranes with formed biofilm
(after 24 h, 48 h, 72 h or 96 h) were washed 3 times
by 2 ml of 0.9% NaCl using manual pipette and were
stained by crystal violet (0.4%) for 15 min. or analyzed
by fluorescence microscopy. The microscopy images
were collected (nine images of different areas from one
membrane), converted to grey-scale digital images and
saved in a tif file format. The images were imported to
an Image] computer imaging software program (Schnei-
der ez al, 2012) to estimate the percentage degree of
membrane covered by biofilm (i) and the mean of the
greys from nine images for each membrane (ii). The val-
ue 1 denotes black colour and value 256 denotes white
colour. Moreover, the membrane probes stained by CV
were incubated with 30% acetate acid to release crystal
violet from biofilm, and the level of the stain in super-
natants was determined at 531 nm by Microplate Reader
TECAN Infinite 200 PRO (Tecan Group Ltd., Switzer-
land) (Stefanovic ez al, 2000). All tests were repeated 3
times.

Laser interferometry. The measutements of antibi-
otics diffusion through P. mirabilis O18 biofilm, as well
as presence in biofilm structure, were measured by laser
interferometry system. The system consists of a Mach-
Zehnder interferometer with a He-Ne laser, a membrane
system (place of biofilm formation), a TV-CCD camera,
and a computer with a system for the acquisition and
processing of interference images (Arabski e al, 2007,
2009a, 2009b; Wasik ez al., 2010). The laser light is spa-
tially filtered and is transformed by the beam expander
into a parallel beam about 80 mm wide and then split
into two beams. The first beam goes through the inves-
tigated membrane with formed biofilm system, while the
second goes directly through the compensation plate to
the light detection system. As a consequence of the su-
perimposition of these beams, respective interference im-
ages are generated. The images (interferograms) depend
on the refraction coefficient of the solute, which in turn
depends on the antibiotic concentration. When the sol-
ute is uniform the interference fringes are straight, and
they bend when a concentration gradient appears. The
concentration profile C(x,/) is determined by the devia-
tion of the fringes from a straight course. Since the con-
centration C and the refraction coefficient are assumed
to be linear, we have:

~ ]

C(x,r):C[,+az\'—d—h(—ﬂ

where C; is the initial antibiotic (ciprofloxacin or gen-
tamicin) concentration (1.5 mmol/L), « is the propot-
tionality constant between the concentration and the
refraction index (4=6.60X10> mol/m?> and 9.47x103
mol/m? for the ciprofloxacin and gentamicin aqueous
solution, respectively), A is the wavelength of the laser
light, 4 is the distance between the fringes in the field
where they are straight lines, and f is the thickness of
the solution layer in the measurement cuvette. The CBL
thickness was defined as the distance from the mem-
brane with formed biofilm-water interface to the point
where the deviation 4 of the interference fringe from
its straight line run is 10% of the fringe thickness. The
interferograms are recorded from 120 to 2400 s with
a time interval of Az = 120 s and the profiles for sub-
stance are reconstructed. Such profiles were used to cal-
culate the amount of antibiotic in function of time (IN(2))

transported through biofilm P. mirabilis O18 formed for
96 h. Additionally, we calculated the amount of antibi-
otic into biofilm structure during diffusion of antibiotic
for 40 min. The amount of antibiotic inside the biofilm
after time 7 was calculated according to:

1
N®=5[C,(xtdx,
0

where § and / denote the surface (7.0X10° m?), respec-
tively, and thickness of membrane with biofilm, C (x.9)
is the concentration profile inside the membrane with
formed biofilm. We assumed the linear concentration
distribution (Hoogervorst e al., 1978):

- Cz(l,t)_Cl(Ost)x

C,(x,1) 7

)

where C,(0,), C,(4) are the concentration values on
both sutfaces of biofilm membrane. C,(0,9), C,(4) and /
were determined interferometrically.

Moreover, the thickness of biofilm was measured by
laser interferometry method. The resolution of camera
(element of laser interferometer system) determined the
measuring accuracy: in our conditions 1 pixel = 0.019
mm.

Data analysis. The data were analysed using the
Statistica version 10 (StatSoft, Tulsa, OK, USA) soft-
ware package. The values of grey level determined by
image] software and absorbance are expressed as the
mean *£S.D. from three independent experiments. P
values less than 0.05 were considered statistically sig-
nificant. The differences were compared by the ANO-
VA test and post-hoc (Tukey) test.

RESULTS

Analysis of P. mirabilis biofilm formation

Figure 1A shows the examples of nucleopore mem-
branes images with formed biofilm in LB medium at
37°C, stained by crystal violet and converted to grey-
scale. Analysis of nine microscopy images for each
membrane with formed biofilm for 24-96 h by image]
software (Fig. 1B), as well as spectrometrically deter-
mination of crystal violet total released from whole
membranes (Fig. 1C), indicate that P. mirabilis O18
formed statistically significant biofilm after 72 h/96 h
(ANOVA and Tukey tests analyses). For laser inter-
ferometry analysis, we used biofilm formed for 96 h
in LB medium at 37°C. Moreover, image] analysis of
the percentage degree of membrane covered by bio-
film shows that nucleopore membrane is covered in
78.55%£8.17% by biofilm P. mirabilis O18 after 96 h in
LB medium at 37°C. Figure 2 shows the example of
biofilm image analysis by image] in different time in-
tervals of incubation (24, 48, 72 and 96 h). Figure 3
shows the examples of membrane images obtained by
fluorescence microscopy. Analysis of expressing con-
stitutively DsRed2 protein in biofilm formed bacterial
cells shows that membrane is covered in 72.3526.22%
by biofilm P. mirabilis O18 after 96 h in LB medium
at 37°C. The thickness of biofilm was ca. 0.057 mm
on nucleopore membrane calculated by a laser inter-
ferometry method.
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Figure 1. The examples of nucleopore membranes images with formed P. mirabilis 018 biofilm in LB medium for 24-96 h in station-
ary conditions at 37°C stained by crystal violet (Panel A). Panel B shows the means of grey levels of nine images of different areas
for each membrane (time of biofilm growth) determined by imageJ software. Panel C shows the levels of released crystal violet from
membranes with biofilm formed for 24-96 h determined spectrometrically at 531 nm.
The results of ANOVA and Tukey tests analyses are marked (DM — difference in means).

Analysis of ciprofloxacin distribution in biofilm using
laser interferometry

Figure 4 shows the amount of antibiotics transport-
ed through biofilm P. wirabilis O18 formed on nucleo-
pore membrane for 96 h at the initial concentrations
1.5 mmol/L. We observed that the amount of trans-
ported ciprofloxacin and gentamicin were 4.55X10-8
mol and 2.44X10% mol after 40 min., respectively.
Additionally, laser interferometry method was used to
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calculate the amount of antibiotics present in the bio-
film during diffusion. Figure 4 shows that the amount
of ciprofloxacin increased from 1.28X10-% mol to
1.86X10-% mol at 2 min and 40 min, respectively af-
ter antibiotic exposition. It indicated that the amount
of ciprofloxacin maintained in biofilm was about
1.57x10-% mol during diffusion process (40 min). For
gentamicin, we observed that the amount of antibiotic
in biofilm during diffusion is lower and rather con-
stant (ca. 5.82X10-1° mol). The kinetics of two anti-
biotics diffusion through P. wirabilis O18 biofilm dif-
fers significantly. Ciprofloxacin diffuses in constant
manner contrary to gentamicin, which after 10 min.
reaches constant value. It was about 50% less than
ciprofloxacin after 40 min.

Figure 2. Histograms of imageJ software analysis (percentage
degree of membrane covered by biofilm) of representative
biofilm images for each membrane formed in LB medium for
24-96 h in stationary conditions at 37°C and stained by crystal
violet.

Grey line presents cut-off point in which 61240 pixels from total
analyzed 63540 have the grey level lower than 81. The value 81 is
the most grey level determined for control membrane by imageJ.
Percentage of membrane covering by biofilm formed for 96 h is
presented.
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Figure 3. The examples (Panels A and B) of nucleopore membranes images with formed P. mirabilis 018 biofilm in LB medium for 96
h in stationary conditions at 37°C obtained by fluorescence microscopy. Panels C and D shows the surface plots of images A and B,

respectively, by imageJ software.

The biofilm thickness measured by laser interferometry method is indicated.

DISCUSSION

Laser interferometry is a measurement technique used
in physical sciences, with a potential for new applications
in microbiology. This method, based on the phenome-
non of wave interference, enables quantitative substance
assays by means of measurement of the difference be-

tween light refractive indexes for the studied and con-
trol substances. This technique was previously used for
physical research of diffusion process, like characteristics
of membrane permeability and analysis of concentration
layer evolution in near-membrane fields, anomalous sub-
stance diffusion in gel structure, or assessment of hydro-
dynamic instabilities on the effectiveness of a diffusion

process (Dworecki ¢ al, 1995, 1997,
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2003, 2005, 2006). At present, the lit-
erature data pertaining to applications
of laser interferometry in biological
sciences is scarce. Until now, this kind
of analysis was used in microbiology
for the analysis of metabolic activity
of Mycobacteria (Machado ef al., 2008),
lipopolysaccharide (LPS) interaction
with biologically active compounds
(Arabski ez al., 2007, 2009a, 2009b),
analysis of antibiotic and liposomes
diffusion across membranes (Arabski
et al, 2012b) or hydrophobicity as-
sessment of LPS isolates in order to
optimise the ELISA method (Arabski
et al., 2012a). Generally, above appli-
cations of laser interferometry tech-
nique in quantitative analysis of anti-
biotics diffusion through membranes,
or their releasing from gel structure

2 4 6 8 10 12 14 16
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Figure 4. The amount of ciprofloxacin or gentamicin transported through P. mirabilis
018 biofilm or predicted in its structure by laser interferometry method.
Biofilm was formed for 96 h in LB medium in stationary conditions at 37°C.

18 20 22 24 26 28 30 32 34 36 38 40

indicate that this method might be
useful in analysis of substances diffu-
sion across the bacterial biofilms.

The first step of our investigation
was optimization of P. wirabilis O18
tight biofilm formation on nucleopore
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membrane with pore diameter 0.9 pm as a “scaffolding”
for formed biofilm. On the basis of image] software
analyses of CV staining biofilm (Figs. 1, 2) and fluores-
cence of DsRed2 protein expressing in biofilm formed
bacterial cells (Fig. 3), we observed that P. mirabilis O18
formed statistically significant (p<0.05) tight biofilm
(thickness 0.057 mm) after 96 h and covered membrane
in about 76%. Laser interferometry analysis of antibiotics
diffusion (Fig. 4) showed that the amount of ciproflox-
acin transported through mature biofilm is 1.9 times hi-
gher than gentamicin (4.55X10-° mol/2.44X10-* mol). It
was correlated with lower level of gentamicin in compate
to the level of ciprofloxacin in biofilm, which amounts
were predicted in biofilm during diffusion process by the
laser interferometry method. It indicated that the worse
penetration of gentamicin in contrast to ciprofloxacin
in biofilm might be positively correlated with antibiotic
susceptibility patterns observed for clinical strains: 90%
bacterial strains were resistant to gentamicin and 30%
for ciprofloxacin (Christopher e al, 2013) or in another
study, 70% strains isolated from urinary tract infection
were resistant to gentamicin and 50.5% for ciprofloxacin
(Otajevwo, 2013).

In conclusion, laser interferometry method might be a
useful technique in analysis of the biophysical properties
of bacterial biofilms, important from the clinical point of
view. The characteristic of antibiotic diffusion in biofilm
might by helpful in evaluation of effectiveness of the an-
tibacterial agents.
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