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Luminescent silica nanoparticles are frequently employed for biotechnology applications mainly because of their easy
functionalization, photo-stability, and biocompatibility. Bifunctional silica nanoparticles (BSNPs) are described here as
new efficient tools for investigating complex biological systems such as biofilms. Photoluminescence is brought about
by the incorporation of a silylated ruthenium(Il) complex. The surface properties of the silica particles were designed by
reaction with amino-organosilanes, quaternary ammonium-organosilanes, carboxylate-organosilanes and hexamethyldisi-
lazane. BSNPs were characterized extensively by DRIFT, 13C and 2°Si solid state NMR, XPS, and photoluminescence.
Zeta potential and contact angle measurements exhibited various surface properties (hydrophilic/hydrophobic balance
and electric charge) according to the functional groups. Confocal laser scanning microscopy (CLSM) measurements
showed that the spatial distribution of these nanoparticles inside a biofilm of Pseudomonas aeruginosa PAO1 depends
more on their hydrophilic/hydrophobic characteristics than on their size. CLSM observations using two nanosized parti-
cles (25 and 68 nm) suggest that narrow diffusion paths exist through the extracellular polymeric substances matrix.
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Introduction

A biofilm can be described as a community of microor-
ganisms adhering to a surface and generally entrapped in
a self-produced matrix of extracellular polymeric sub-
stances (EPS) (Costerton et al. 1995). The formation of
biofilms is a widespread phenomenon with a major eco-
nomic impact in industrial (Little et al. 2008; Lau et al.
2009), medical (Hall-Stoodley & Stoodley 2005; Huq
et al. 2008), and environmental fields (Singh et al. 2006;
Wahl et al. 2012). In the medical field, bacterial biofilms
play an important role in nosocomial infections, around
65% of which are due to the contamination of medical
devices (eg implants or catheters). Life-threatening infec-
tions caused by biofilms of Pseudomonas aeruginosa in
patients with cystic fibrosis is also a well-known exam-
ple (Doggett et al. 1966).

A distinctive feature of biofilms is their high resis-
tance towards antibiotic and disinfectant agents, which is
greater than that of planktonic cells (Brooun et al. 2000;
Mah & O’Toole 2001; White & McDermott 2001).
Besides the modification of genomic expression leading
to cellular phenotypic resistance (Brooun et al. 2000),
the resistance exhibited by a biofilm can be linked to its
complex 3D structure which includes channels, microcol-
onies, and mushroom-like protrusions (Lawrence et al.

1991; Mah & O’Toole 2001) and to the presence of a
matrix of EPS composed of polysaccharides, proteins,
and DNA (Wingender et al. 1999; Mah & O’Toole
2001). Therefore, understanding the role of the 3D struc-
ture and of the EPS would provide invaluable informa-
tion into the control and/or the eradication of biofilms.
The development of imaging techniques, in particular
fluorescence microscopy coupled with functionalized
nanoprobes, allows in situ investigations of the 3D struc-
ture of biofilms with submicron resolution. For nearly
two decades, luminescent latex nanoparticles combined
with confocal laser scanning microscopy (CLSM) have
been intensively employed for the investigation of mass
transport, particle spatial distribution, and diffusion
inside biofilms. De Beer, Stoodley, Roe et al. (1994), de
Beer, Stoodley, Lewandowski et al. (1994) and Stoodley
et al. (1994) clearly showed the presence of convective
flows in channels within the biofilm using fluorescent
latex particles of 1 pum and 0.28 pm diameters, respec-
tively. Drury, Characklis, et al. (1993), Drury, Stewart,
et al. (1993) and Okabe et al. (1997) described the pene-
tration of luminescent micrometric latex particles in both
biofilms of P. aeruginosa and a mixed biofilm. In addi-
tion to this, evidence of the uptake and release of parti-
cles has been shown due to the heterogeneities of mixed
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biofilms. More recently, Tripathi et al. (2012) examined
the transport behavior of luminescent latex particles in
sand coated with a biofilm of P. aeruginosa. The effect
of particle size was investigated, notably by using nano-
sized (20nm) sulfate-functionalized latex particles. Fluo-
rescence correlation  spectroscopy associated = with
confocal microscopy allowed the diffusion of lumines-
cent latex particles inside biofilms to be investigated with
respect to the size and surface charge of the particles.
These studies revealed the heterogencous diffusion of
particles inside biofilms (Guiot et al. 2002; Morrow
et al. 2010; Habimana et al. 2011; Forier et al. 2012).

Among the variety of available probes such as
organic molecules, transition metal complexes or quan-
tum dots (QD), luminescent silica nanoparticles (LSNPs)
have been of scientific interest due to their applications
in biological and medical fields; such as the rapid and
hypersensitive detection of pathogenic bacteria (Zhao
et al. 2004; Wang et al. 2010, 2011), cancer cell detec-
tion (Santra et al. 2001; Herr et al. 2006), and cell imag-
ing (Voisin et al. 2007; Yang et al. 2008). However,
silica nanoparticles are still not widely used in the explo-
ration of biofilms. Hidalgo et al. (2009) investigated the
pH microenvironment of biofilms of Escherichia coli
using pH-sensitive LSNPs with diameters of 70, 30, and
10 nm. Ratiometric core-shell silica nanoparticle sensors
were used; Cy5 (insensitive dye) was localized in the sil-
ica core while fluorescein (pH sensitive dye) was local-
ized on the silica surface. Using these particles in
conjunction with CLSM observations allowed tomo-
graphic imaging of the pH.

Compared to latex nanoparticles, silica nanoparticles
are amenable to chemical modification because of the
presence of silanol groups at the silica surface which allow
covalent grafting of different functional groups. Further-
more, appropriate dye can be covalently bound in the core
of the silica matrix. For biological applications, covalent
anchoring is favored as it prevents dye release, non-
specific labeling, and loss of fluorescence signal intensity.
Several compounds are described as displaying lumines-
cent properties when covalently incorporated into silica
nanoparticles, such as modified QDs (Qian et al. 2010),
organic dyes (Yang et al. 2003; Kumar et al. 2008), or
transition metal complexes (d or f) (Jiang et al. 2010).
Similar to tris(2,2'-dipyridyl)ruthenium(II) chloride, which
is one of the most popular dyes, the synthesis of several
silylated ruthenium(Il) complexes incorporated into the
core or grafted onto the surface of silica nanoparticles has
been recently described. These ruthenium(II)-silica nano-
hybrids display advantages, in particular by exhibiting
very interesting photoluminescence properties (Cousinie
et al. 2012).

The aim of this study was to evaluate the effect of
the surface functionalization of nanoparticles on their
spatial distribution in bacterial biofilms. In this work,

bifunctional silica nanoparticles (BSNPs) are designed as
a luminescent exploration tool. Standard functional
groups were chosen to cover the surface of the BSNPs
with a functionalized monolayer. Extensive characteriza-
tion of the synthesized nanoparticles, in both the solid
state and in aqueous solutions, was conducted. 3-Amino-
propyltriethoxysilane (A), trimethyl(3-trimethoxysilylpro-
pyl)ammonium chloride (B), N-(trimethoxysilylpropyl)
ethylenediamine triacetic acid trisodium salt (C), and
hexamethyldisilazane (D) were chosen as functional
groups to amend the surface properties of BSNPs. The
molecular structures of the organosilanes and the lumi-
nescent ruthenium(Il) complex used in this study are
detailed in Scheme 1. Interest in these organic functional
groups is multiple. Amino- and carboxylate-functions
have been widely used for biolabeling thanks to possible
bioconjugation with proteins and DNA through peptide
bonds (Liu & Han 2005; Shi et al. 2009). The choice of
ammonium groups is justified by their ability to change
the surface charge of the nanoparticles and because of
their reactivity towards bacterial membranes. Hydropho-
bic functionalization is brought about by the introduction
of methyl groups. In this work, BSNPs were prepared by
incorporating a silylated ruthenium(Il) complex [Ru
(bpy)2(bpy-Si)]Cl, in silica nanoparticles with two parti-
cle sizes, and by modifying the surface of LSNPs with
four silanes. After checking that LSNPs were non-toxic
to P. aeruginosa, the effects of surface modification on
the penetration and the distribution of BSNPs in biofilms
of that species were investigated in detail.

Materials and methods
Synthesis of BSNPs

Synthesis of LSNPs using a quaternary reverse
microemulsion

Silica particles were synthesized using the Stdber method
in reverse microemulsion. Luminescent characteristics
were obtained by incorporating the silylated [Ru
(bpy)a(bpy-Si)]Cl, dye. Cyclohexane (60 cm?, 555 mmol),
n-hexanol (14.4cm® 114mmol), and triton X-100
(14.2 cm®, 23 mmol) were mixed and shaken vigorously.
The complex [Ru(bpy),(bpy-Si)]Cl, (50mg, 0.05 mmol)
was then dissolved in ultrapure water (4 cm®, 222 mmol)
and added to the mixture. A clear and stable reverse
microemulsion was obtained after stirring for 15min.
TEOS (0.80cm®, 3.58mmol) and drops of aqueous
ammonia (0.48cm’, 8 mmol) were then introduced at
intervals of 15min. The microemulsion was stirred for
24h and then broken by adding acetone (150cm?).
LSNPs were recuperated by centrifugation and several
subsequent washing procedures were performed with
water, ethanol, and diethyl ether in order to remove sur-
factants and excess free dye. The isolated powder 130 mg
(95%) was dried under vacuum for 2 h.
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Scheme 1. Molecular structure of the organosilanes and the ruthenium complex [Ru(bpy).(bpy-Si)|Cl, used to obtain BSNPs. A=3-
Aminopropyltriethoxysilane, B =trimethyl(3-trimethoxysilylpropyl)ammonium chloride, C=N-(trimethoxysilylpropyl)ethylenediamine

triacetic acid trisodium salt, D =hexamethyldisilazane.

Synthesis of LSNPs using a ternary reverse
microemulsion

Cyclohexane (60cm®, 555mmol) and Igepal CO 520
(3cm®, 6mmol) were shaken vigorously. The complex
[Ru(bpy),(bpy-Si)]Cl, (13 mg, 0.01 mmol) was then dis-
solved in ultrapure water (0.54 cm3, 30 mmol) added to
the mixture and stirred for 15min in order to obtain a
clear and stable microemulsion. TEOS (0.48 cm’,
2mmol) and aqueous ammonia (0.36 cm>, 5 mmol) were
introduced dropwise at intervals of 15min. The micro-
emulsion was stirred for 24h. The post-treatment was
the same as for the quaternary reverse microemulsion.
The powder isolated (85mg, 66%) was dried under
vacuum for 2 h.

Surface functionalization of LSNPs

LSNPs were activated by mild thermal treatment at
50°C in a vacuum for 30min to remove physisorbed
water. LSNPs (100mg) were dispersed in anhydrous
acetonitrile (20 cm®) and different organosilanes bearing
functional groups were introduced. Typically, 0.047 cm®
of A (0.2mmol), 0.168 cm® of B (0.2 mmol), 0.168 cm®
of C (0.2mmol), or 0.042cm® of D (0.2mmol) were
used. The mixture was allowed to reflux for 24h.
BSNPs were purified by cycles of centrifugation,
washed with ethanol and diethyl ether and then dried
under vacuum for 2 h.

BSNPs are denoted Ru@Si-X where Ru@Si
represents LSNPs and X=A, B, C, or D, the grafted
organosilanes as indicated above.

Chemical characterization of BSNPs
2Si and "> C solid-state NMR spectroscopy

13C and ?°Si solid-state NMR spectra were recorded on
Bruker Avance 400WB equipment using dipolar
decoupling in combination with cross-polarization (CP)
and magic angle spinning (MAS) (100.356 and
79.391 MHz for "*C and °Si, respectively).

Photoluminescence

Photoluminescence excitation and emission spectra of
BSNPs were recorded at room temperature with a Jobin
Yvon, Fluorolog-3 spectrophotometer model FL3-22.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements
were carried out at a pressure of <10 ®Pa using a com-
mercial spectrometer (UNI-SPECS UHV). The MgKa
line was used (hv=1253.6eV) and the analyzer pass
energy was set at 10eV. The inelastic background of the
C 1s, O Is, N 1s, Si 2p, and Ru 3d electron core-level
spectra was subtracted using Shirley’s method. The
composition of the near-surface region was determined



with an accuracy of 10% from the ratio of the relative
peak areas corrected by Scofield’s sensitivity factors of
the corresponding elements.

Transmission electron microscopy

Transmission electron microscopy (TEM) analyses were
carried out on a JEOL 2010 (200kV). A drop of sol was
diluted in ethanol. A carbon-coated grid was dipped in
the solution and allowed to air-dry at room temperature.

Hydrodynamic diameter and zeta potential of BSNPs

Zeta potential ({) and dynamic light scattering measure-
ments were carried out on a Malvern nanosizer ZS90
equipped with a red laser (633 nm). The hydrodynamic
diameter was determined by DLA measurements.

Hydrophilic/hydrophobic balance of BSNPs

Contact angle measurements were made on pellets pre-
pared from the BSNPs. Using a motor driven syringe, a
4 % 103 cm?® drop of water was released onto the pellets,
and contact angle was recorded using a CDD camera.

Preparation of P. aeruginosa PAO1 biofilms and label-
ing with BSNPs

Biofilms of P. aeruginosa PAO1 were grown for three
days under pseudo-static conditions in modified biofilm
broth (MBB) to obtain a structured biofilm, rich in EPS
(Figure S3, Supplementary information) [Supplementary
material is available via a multimedia link on the online
article webpage.]. These conditions formally optimized
by Khalilzadeh et al. (2010), favor the multiplication of
bacteria initially adherent to the microplate rather than
the growth of planktonic cells. Bacterial biofilms were
grown at 37°C in 24-well (toxicity evaluation) or 6-well
(toxicity evaluation and biofilm penetration) microplates
containing 2 or 6 cm® of MBB, respectively. After an ini-
tial inoculation with a bacterial suspension containing
10> CFUcm™ of P aeruginosa PAO1, the medium was
renewed after 2, 4, 6, 20, 24, and 48 h. Cells of P. aeru-
ginosa PAOI, attached to the well plates, were rinsed
gently (x2) with sterilized distilled water (DW; 2 or
6cm3), before the addition of fresh media. Biofilms were
grown for 3 days. After the period of growth, the wells
were rinsed and 2 or 6cm’® of an aqueous suspension of
BSNPs, at a concentration of 0.5 or 0.05mg cm 3, were
added. Before addition, the aqueous suspension of
BSNPs was filtered through Millipore membranes
(0.2 um pore size) in order to sterilize it and filter out
large aggregates of BSNPs. Particles were allowed 16h
(or 24h for toxicity evaluation) to diffuse through the
biofilms before observations were made with confocal
microscopy.

Toxicity of LSNPs

The toxicity of LSNPs in contact with the biofilms was
evaluated by counting CFU (24-well microplates), as well
as by bacterial viability staining using LIVE/DEAD®
Baclight™ (6-well microplates; Molecular Probe, Invitro-
gen, France). Particles obtained using ternary and quater-
nary reverse microemulsions methods were tested, and
contact time was fixed for a period of 24 h. After 24 h of
contact between the biofilms and LSNPs, two successive
rinses with 2cm® of sterilized DW were performed in
order to eliminate planktonic bacteria. 1 cm® of sterilized
DW was then introduced and bacteria were gathered using
a sterilized spatula for a period of 1 min. In order to count
the biomass of the biofilm of P. aeruginosa PAOI1, sam-
ples were dispersed, serially diluted (10-fold dilutions)
and 1 cm’® of each dilution was placed on a trypticase soy
agar plate and incubated for 2 days at 37 °C. The LIVE/
DEAD®™ Baclight'™ bacterial viability kit allows the
double-labeling of bacteria with SYTO9® (Jexo =488 nm/
Aem =498-533 nm), which is a DNA-stain, and propidium
iodide (PI; Aeye=543 nm/A.,,=575-700 nm), which is an
intercalating nucleic acid dye. PI only stains cells with
damaged membranes, whereas SYTO9® stains damaged
and intact cells. Consequently, labeled cells appear green
when intact and orange or red when damage has occurred
to the cell membrane. Six-well microplates were used
for CLSM. Because PI emits in the red region, silica
nanoparticles were synthesized without the silylated dye
[Ru(bpy),(bpy-Si)]Cl,, which also emits in the red region.
For both quantification methods, a reference well without
LSNPs served as a null control and was used in order to
compare the results. Experiments were repeated twice and
average values are presented.

Observations with CLSM

Once the MBB medium was removed, a 0.05mgcm™
aqueous suspension of BSNPs, Ru@Si, Ru@Si-A,
Ru@Si-B, Ru@Si-C, or Ru@Si-D, was introduced to the
biofilm and left in contact for 16 h. Immediately prior to
observation by CLSM, unbound BSNPs were removed
by two rinses with DW. All images of the biofilms (tox-
icity evaluation and biofilm penetration) were captured
and recorded with a Leica SP2 confocal laser scanning
system equipped with an upright microscope and differ-
ent laser sources. All of the experiments were performed
at room temperature. In order to observe the biofilms
directly, a water-immersion objective was used (40 x 0.8
numerical aperture). Image stacks were recorded in the
z-direction with an increment of 0.4 um between focal
planes. All the acquisitions were obtained in the
sequential mode in order to avoid bleed-through.

The EPS matrix was labeled with the lectin ConA-
Alexa Fluor®488 (Molecular Probe, Invitrogen, France).
After the removal of the MBB medium, 1cm’® of
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ConA-Alexa Fluor®488 (100 ugem > in NaHCO; solu-
tion at 0.1 M) was added to the wells. The microplate
was placed in the dark for 20min. Free ConA-Alexa
Fluor®488 was subsequently removed with a micropi-
pette and the wells were washed twice with 2cm® of
DW prior to being filled with 6cm® of DW. Bacteria
were labeled with a DNA-stain, SYTO45* (Molecular
Probe, Invitrogen, France). A 5x 10 *cm® volume of
SYTO45® (5mM in DMSO) was added to the wells.
ConA-Alexa Fluor®488 was excited with an argon laser
(at 10% power output, Aex.=488nm) and the fluores-
cence was collected within the spectral window 498—
533nm. SYTO45® was excited with an argon laser (at
10% power output, Aex.=458nm) and the fluorescence
collected in the 468—488 nm region. Finally, BSNPs were
excited with a GreNe laser (at 50% power output,
Aexe =543 nm) and the fluorescence was collected in the
600—700 nm region. The images recorded were processed
with the software Image J version 1.42i developed by
Wayne Rasband. Z-project, an Image J plug-in, was used
to study the penetration profile of BSNPs through bio-
films of P. aeruginosa PAOL, by tracing the lumines-
cence intensity as a function of biofilm thickness. A
region of interest (ROI) inside the biofilm was defined as
a cylinder whose area remained the same in all experi-
ments but whose height depends on the thickness of the
biofilm.

Results and discussion
Synthesis and characterizations of BSNPs
Luminescent silica nanoparticles

Obtaining LSNPs was the first stage in preparing the
BSNPs. LSNPs were synthesized according to Stdber’s
method in water-in-oil microemulsion. In order to evalu-
ate the effect of size on the ability of BSNPs to penetrate
biofilms, two synthesis methods, which yield particles
with varying size distributions, were used; a ternary
(cyclohexane/Igepal CO 520/water) microemulsion (Jin
et al. 2008) and a quaternary (cyclohexane/hexanol/triton
X-100/water) microemulsion (Lian et al. 2004; Cousinie
et al. 2012). Figure 1 shows the TEM image of LSNPs
prepared with both microemulsions. All nanoparticles
appeared spherical and monodisperse in size: their mean
diameters were 25+5nm for the ternary microemulsion
(Figure 1I) and 68 +2nm for the quaternary microemul-
sion (Figure 11I). The average size was determined from
~80 particles.

Different techniques were used to characterize LSNPs
(DRIFT and the results of elemental analysis are given
in the Supplementary information; Table S1). The incor-
poration ratio of ruthenium complex (zg,) expressed in
mmol of complexes g~ ! silica in LSNPs was determined
using the nitrogen content obtained by elemental analy-
sis. For LSNPs resulting from ternary and quaternary

microemulsions, 7z, values were calculated as 0.09 and
0.21 mmol gfl, respectively. NMR, XPS, DRIFT, and
zeta potential analyses were the same irrespective of the
size of the LSNPs. The presence of different atoms in
the LSNPs was confirmed by XPS analyses. Figure 2
shows the survey spectrum in which Si 2p at 103.5¢eV,
Si 2s at 154.3¢V, Ru 3d C 1s at 285.0eV, N Is at
398.6eV, Ru 3p at 484.9¢eV, and O 1Is 532.0eV photo-
emission peaks were identified for LSNPs. The assign-
ments are in line with previous data (Moulder et al.
1992), exhibiting the presence of silica and the ruthe-
nium complex.

The chemical integrity of the incorporated complex
was confirmed using '*C CP MAS NMR spectroscopy.
The signals of the carbon atoms of the ruthenium(II)
complex incorporated in the silica matrix appear at 124,
139, 150, and 157 ppm (Figure 3la) and were assigned
to the carbon atoms of the pyridine ligands, Ci—Cy, Crys
Cy1, and Cy, respectively. The carbon atoms of the pro-
pyl chain of the silylated-dye appear with low intensity
at 10, 21, and 53 ppm (Cousinie et al. 2012). ?°Si CP
MAS NMR provided information about the silicon atom
environment. The presence of the complex was revealed
by a weak T peak at —67 ppm indicating covalent bond-
ing and complete condensation of the alkoxysilyl groups
with the silica matrix (Brinker & Scherer 1990; Cousinie
et al. 2012). The spectrum of LSNPs (Figure 31la) exhib-
its three characteristic peaks at —92, —101, and
—110 ppm assigned to the silanol (Q?, Q?) and siloxane
(Q*) groups of the silica matrix, respectively (Maciel &
Sindorf 1980; Sindorf & Maciel 1983). The presence of
Q? and Q® peaks, ie silanol groups at the silica surface
indicates that surface functionalization is possible after
the incorporation of the ruthenium(Il) complex.

Figure 4 shows the excitation and emission spectra
of LSNPs in aqueous media. In the excitation spectrum,
an intense absorption band in the UV region, assigned to
ligand-centered 7 — 7 transitions is observed at 286 nm
(Lytle & Hercules 1969). The band observed at 456 nm
has been assigned to spin-allowed metal ligand charge
transfer (MLCT) d(Ru) — z* transitions. In the emission
spectrum, a broad band spreading from 610 to 765 nm
characteristic of the ruthenium(Il) complex is observed.

Bifunctional silica nanoparticles

Surface modification of LSNPs was performed by graft-
ing organosilanes onto the silica particles. The grafting
reaction is a nucleophilic substitution (Sutra et al. 1999)
between the silanol groups and silicon atoms of the dif-
ferent organosilanes used. The grafting reaction took
place in anhydrous acetonitrile and 2 mmol of organosi-
lane g~' silica. These conditions were used for several
reasons the most important of which is that by refluxing
in anhydrous organic solvents the hydrolysis and
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polymerization of organosilanes is prevented, leading to
a monolayer of organosilanes being grafted onto the
silica surface. Secondly, organosilanes are more soluble

in organic solvents, giving rise to a homogeneous
reaction mixture for grafting. Two nanosized LSNPs
were functionalized with the four selected organosilanes.
These sets of BSNPs were characterized extensively.

The grafting ratios of organosilanes (zy) expressed in
mmol of grafted organosilanes g~' silica were deter-
mined by elemental analysis. The values are reported in
Table 1. Based on previous work (Cousinie et al. 2007),
a monolayer coverage was ascertained when the grafting
ratio was below Immolg ' indicating that materials
with controlled surface modifications have been synthe-
sized. This limit value was derived by taking into
account the specific surface area of the LSNPs and the
average area occupied by one organic molecule.

2°Si CP MAS NMR (Figure 3II) is a powerful tool,
highlighting the formation of covalent bonds between
the organosilanes and the silica matrix in the presence of
T type silicon atoms. All spectra were recorded in the
same conditions and, in the lower field range, significant
increases of the T (-67 ppm) and T? (—57 ppm) signals
relative to the signal observed for the starting LSNPs
were observed. As shown in Figure 31Ib—d, this increase
was assigned to the covalent grafting of organosilanes on
the silica surface. Spectra of Ru@Si-D (Figure 3lle)
exhibit M'-type grafted silicon atoms at 12ppm corre-
sponding to Si(CH3); moieties (Sindorf & Maciel 1981).
The chemical integrity of the functionalized nanoparticles
was confirmed by '*C CP MAS NMR measurements
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and the assignment of carbon atoms to each functional
group is shown in detail in the representation of the car-
bon atom numbering (Figure 31). In all spectra, signals
in the range 110—160 ppm were assigned to carbon atoms
of the dipyridine moiety of the ruthenium complex. In
the spectra obtained for BSNPs, more intense peaks can
be observed in the high field range corresponding to the
carbon atoms of the organosilanes grafted at the surface
of the nanoparticles (Figure 31b—e).

In regard to Ru@Si-A (Figure 31b), peaks at 10, 21 and
43 ppm were assigned to the three carbon atoms of the pro-
pyl chain of organosilane 4. The carbon atoms of the car-
boxylate functions in Ru@Si-B are located at 180 ppm
(Figure 3Ic) and the carbon atoms of the alkyl chains
appear as a broad peak in the range 10-20 ppm and 50—
60ppm. The Ru@Si-C spectrum (Figure 3Id) exhibits
characteristic signals at 53 and 68 ppm corresponding to —
N'(CH3); and -N'CH, groups, respectively. Trimethyl-
silyl groups in Ru@§Si-D appear as an intense signal at
0.3 ppm (Figure 3Ie). These data, exhibiting the presence
of functional groups at the surface of the luminescent par-
ticles, are in accordance with data collected with the XPS



Table 1. Grafting ratios of BSNPs determined by elementary
analysis.

Grafting ratio (zy (mmol g~ "))

Size Ru@sSi-A Ru@Si-B Ru@Si-C Ru@Si-D
25nm 0.93 0.18 1.00 0.31
68 nm 1.00 0.18 0.37 0.56

technique, which allows the characterization of the outer-
most surface (Supplementary information).

Stable aqueous colloidal sols are required for reliable
biological tests. The zeta potential ({) is an important
physico-chemical parameter since it indicates the degree
of repulsion between charged particles in dispersion and
thus can be used to evaluate the stability of colloidal sus-
pensions. In accordance with the charge conferred by the
organosilanes, the value of the zeta potential varies. The
zeta potential of Ru@Si-A (0.9+5mV) is higher than that
of Ru@Si (-39+5mV) because the dissociation constant
(pKa) of the amino group in organosilane A is ~10.6 at
298K thus, in water at pH 6.5, the —-RNH;" acid form
predominates, causing an increase of the zeta potential.
On the other hand, the { value decreases for Ru@Si-B
(—47+9mV) because of the contribution of three nega-
tively charged carboxylates at pH 6.5. As expected, the
addition of a quaternary ammonium salt to the silica sur-
face makes the zeta potential largely positive, increasing
from —39mV (Ru@Si) to+43 mV (Ru@Si-C). The zeta
potential of the LSNPs is very slightly modified when
neutral functional groups have been grafted as in Ru@.Si-
D (—32+5mV). This can be explained by the fact that
the number of available SiO~ sites decreased after the
grafting reactions leading to a slight increase of zeta
potential in comparison with LSNPs. These results con-
firm the stability of the nanomaterials in solution, with
the exception of Ru@Si-A, which has a value near 0 mV
and thus will tend to aggregate.

In order to understand the nature of the interactions
between BSNPs and biofilms of P aeruginosa PAOL,
the hydrophilic/hydrophobic nature of the BSNPs was
determined with contact angle measurements. The larger
the angle (0) formed by the water drop the greater the
hydrophobic character of the material. Figure 5 shows
the images of drops formed in contact with the pellets of
BSNPs. Ru@Si, Ru@Si-A, Ru@Si-B, and Ru@Si-C are
hydrophilic with contact angles between 31° and 38°,
whereas Ru@sSi-D appears very hydrophobic with a con-
tact angle >90°.

After organosilane grafting, luminescence properties
of the BSNPs were retained, and no changes were
observed compared to Ru@sSi. The spectra of the BSNPs
and the LNSPs recorded in the same conditions (concen-
tration 0.5mgcm >, excitation wavelength, instrumental
parameters) are quantitatively comparable (Figure S2).

0=35x4°

Ru@si

0=33%2°

Rui t_l\‘Sl-.-'

0=38%3°

Ru@sSi-B
0=31+£2°

)

Ru@Si-C
0=93+8°

Ru@Si-D

Figure 5. Hydrophilic/hydrophobic balance of BSNPs
determined with contact angle measurements. n=3, error bars
are SD.

The difference in intensity between the Ru@Si-D suspen-
sion and the others is due to the fact that at this concen-
tration (10x the concentration used for biofilm
exploration), the suspension of hydrophobic nanoparti-
cles is not stable and some aggregates of Ru@Si-D parti-
cles are observed at the air—water interface. In addition
to this and in accordance with the units of the y-axis, the
intensity of the luminescence displayed by the Ru@Si-D
suspension remains suitable for observation.

Evaluation of the toxicity of LSNPs

Biocompatibility tests of LSNPs on human (Jin et al.
2008) or animal (Kim et al. 2006) cells have already



been performed. However, no known toxicity study has
been performed for the bacteria P. aeruginosa and there-
fore, the toxicity of LSNPs towards biofilms of PAOLI
was evaluated. It provided information about the effects
of the size and the mass concentration of the particles.

First, bacterial CFU were enumerated in the presence
of 68nm LSNPs with mass concentrations between
0.005 and 5mgcm . Figure 6 shows the log CFU per
em’® vs the concentration of LSNPs, and reveals that at a
mass concentration of <0.5mgcm ° particles have no
toxic effects on bacteria. However, at a mass concentra-
tion of >0.5mgem >, the number of bacteria decreases
by 8%.

To confirm these results, bacterial viability was eval-
uated in the presence of 25 and 68 nm silica nanoparti-
cles using a LIVE/DEAD®™ Baclight™ bacterial viability
kit with the authorized maximum mass concentration of
0.5mgcem . The LIVE/DEAD® labeling made it possi-
ble to evaluate qualitatively the ratio of damaged to via-
ble bacteria. Figure 7 shows the evaluation of the
toxicity of LSNPs with diameters of 25 and 68 nm, and
a mass concentration of 0.5mgcm . The reference bio-
film (Figure 71), ie that without LSNPs, showed very
few damaged cells localized throughout the biofilm, but
this tendency was greater inside the biofilm where the
bacteria are more numerous. When 25 or 68§ nm LSNPs
are introduced (Figure 7II-III), the proportion of
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Figure 6. Histogram of bacterial numbers expressed in log
CFU cm ™ after exposure to 68nm LNSP for 24 h. n=3, error
bars are SE.

damaged bacteria was similar to that observed in the
reference. These results demonstrate that LSNPs with a
size range of 25-68nm at 0.5mgcem > mass concentra-
tion were not toxic towards biofilms of P aeruginosa
PAOI1. These results are in agreement with CFU data
and suggest that the maximum concentration of LSNPs
should be limited to <0.5mgcm > in order to avoid any
antibacterial effect.

40 um

Reference
Biofilm without LSNPs

Biofilm + 25 nm LSNPs

Biofilm + 68 nm LSNPs

Figure 7. Determination of the toxicity of the LSNPs (0.5mgcm ™). (I) Biofilm of P. aeruginosa PAO1 without LSNPs (reference);
(I) with 25 nm particles; and (IIT) with 68 nm particles. Live bacteria, labeled with SYTO9® appear green (Jex, =488 nm; ey =498—
533 nm) and damaged bacteria labeled with propidium iodine appear red (Aex. =543 nm; Aep, =575-700 nm).



Spatial distribution of BSNPs through biofilms

In order to visualize bacteria (SYTO45®), EPS (ConA-
Alexa Fluor®488) and BSNPs simultaneously, a
triple-labeling method, described in the “Materials and
methods” section, was chosen to investigate the spatial
distribution of BSNPs of different surface properties and
sizes in the biofilm.

25 nm BSNPs

Hydrophilic particles Ru@sSi, Ru@Si-A, Ru@Si-B, and
Ru@Si-C were able to penetrate through the biofilm
regardless of surface charge. In Figure 8I, the 2D image
visualizes simultaneously the luminescence of bacteria
and Ru@Si-C BSNPs, whereas the 2D image in Fig-
ure 8II visualizes only the Ru@Si-C BSNPs. Labeling
the bacteria in blue (Figure 8I) allows the morphology of
the biofilm to be visualized and Figure 8II indicates, in
red, the presence of the Ru@Si-C over the whole area of
the biofilm. This observation was confirmed with the 3-
dimensional representation of Ru@Si-C (Figure S8III).
The same 2-dimensional images were taken using hydro-
phobic Ru@Si-D nanoparticles; the results are shown in
Figure 9I-II. The behavior of Ru@Si-D differed from
that of the hydrophilic nanoparticles; they were observed
to aggregate around the biofilm. To evaluate the penetra-
tion of the BSNPs through the biofilm, a ROI inside the
biofilm was selected to compare the luminescence inten-
sity of different stacks from the bottom to the top of the
biofilm. Figure 10 shows the luminescence intensity of
the different 25 nm BSNPs as a function of the normal-
ized thickness. As the thicknesses of the biofilms were
similar to each other (25-34pm for the five experi-
ments), it can be argued that the penetration ability of
each kind of particle in the different biofilms can be
compared directly. For hydrophobic nanoparticles

(Ru@Si-D), the luminescence intensity differed from

zero only in the upper part of the biofilm (0.85-1.0),
whereas the luminescence intensity of the hydrophilic
particles was observed throughout the entire thickness
and was always minimal at the normalized thickness of
1. So in pseudo-static conditions and with a contact time
of 16, it is proposed that hydrophilic nanoparticles pen-
etrated the whole biofilm whereas the hydrophobic
Ru@Si-D particles remained at the top and on the edge
of the biofilm.

68 nm BSNPs

Figure 11 shows the penetration curves of the 68 nm and
25nm Ru@Si-C (Figure 111) and Ru@Si-D (Figure 111I)
BSNPs containing ammonium and trimethylsilyl groups,
respectively. For both hydrophobic and hydrophilic
BSNPs the images and the penetration curves showed a
significant decrease in the intensity with increasing parti-
cle size indicating deeper penetration of the smaller
hydrophilic particles. The penetration curves of all
hydrophilic nanoparticles Ru@Si, Ru@Si-A, Ru@Si-B,
and Ru@Si-C exhibited a similar behavior (Figure S4).
The hydrophobic Ru@Si-D particles behaved similarly to
each other whatever their size. It is likely that the pene-
tration of Ru@Si-D particles through the biofilm was
underestimated, nevertheless these particles were clearly
visualized at the top (Figure 111I) and at the edge of the
biofilm down its entire height (Figure S5).

CLSM observations show that hydrophilic nanoparti-
cles were distributed throughout the whole biofilm,
which is not surprising in aggregates of microorganisms
composed of up to 90% water (Flemming & Wingender
2010). A transfer limitation was also noted for the parti-
cles on the upper part of the biofilm (from 60% of the
thickness) even after 16h of contact, as mentioned by
Drury, Characklis et al. (1993) and Drury, Stewart et al.
(1993) for mature biofilms of P. aeruginosa. In contrast

Figure 8. 2D images of Ru@sSi-C particles in a biofilm of P. aeruginosa (I) and (I); 3D image of Ru@Si-C particles in a biofilm of
P aeruginosa (I1I). Bacterial DNA is labeled with SYTO45® and appears blue (Aexe=458 nm; Ao, =468—488nm) and Ru@Si-C

particles appear red (lexe =543 nm; A¢, =600—-700 nm).



Figure 9. 2D images of Ru@Si-D particles in a biofilm of P. aeruginosa (I) and (II). Bacterial DNA is labeled with SYTO45® and
appears blue (Aexe =458 nm; Ao, =468—488 nm) and Ru@Si-D particles appear red (Aexe =543 nm; Aoy, = 600—700 nm).
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Figure 10. Penetration curves of 25nm BSNPs. Emission
intensity as a function of the normalized thickness of the biofilm.

with  hydrophilic  particles, hydrophobic particles
appeared at the edge of the biofilm of P aeruginosa
PAOI1, forming some aggregates as shown in Figure 9
without visible penetration of 25 nm Ru@JSi-D inside the

biofilm. This was confirmed by examining the optical
sections of biofilm at mid-height, and by comparing the
behavior of hydrophilic and hydrophobic BSNPs
(Figure S6) since Ru@Si-D were localized all around the
biofilm (Figure S6IIla and b) whereas no such crown
was observed in the case of hydrophilic Ru@Si-C (Fig-
ure S6I and Ila and b). If hydrophobic BSNPs were able
to penetrate the biofilm they should have been seen in
the optical sections. This result is in agreement with
Chan et al. (2005) and Kuo et al. (2007) who identified
hydrophobic interactions between cationic antimicrobial
peptides (having a hydrophobic sequence) and alginates
of biofilms of P. aeruginosa. Recently, Aldeek et al.
(2011) labeled hydrophobic microdomains in biofilms of
Shewanella oneidensis using hydrophobic QD. These
particles concentrated in clusters, suggesting their con-
finement in a more hydrophobic environment. Turakhia
et al. (1983) and more recently Flemming and Wingen-
der (2010) showed that the cohesion and the mainte-
nance of biofilms were facilitated by the presence of
hydrophobic microdomains and the cross-linking of diva-
lent cations (Ca”* and Mg®") which ensured the forma-
tion of a stable network.

All hydrophilic nanoparticles (cationic and anionic)
penetrated the entire biofilm, but the overall penetration
of nanoparticles with a grafted quaternary ammonium,
Ru@Si-C, (e=+43mV) appeared greater although their
hydrophilic balance was similar (Figure 10). Hydrophi-
licity alone cannot explain the difference in behavior of
these BSNPs. While physico-chemical interactions could
be proposed between BSNPs and the EPS matrix and/or
the membrane cells, which are globally negatively
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Figure 11.

normalized thickness of the biofilm.

charged (May & Chakrabarty 1994; Friedman & Kolter
2004), complementary studies will have to be performed
to ascertain the specific nature of the interactions.

Although the quaternary ammonium compounds are
known to act as a biocide (Campanac et al. 2002),
Ru@Si-C particles did not affect the viability or structure
of the biofilm even after 16 h of contact, probably due to
a very low concentration of the ammonium moiety, less
than 5 x 10™® molcm™ according to the grafting ratio
of these BSNPs.

Finally, a size effect has been highlighted using two
nanosized BSNPs. Such behavior could indicate that nar-
row diffusion paths exist throughout the biofilm.

Conclusions

In this work, luminescent particles were prepared in large
quantities and with a controlled size and intense photolu-
minescence emission. The surfaces of the particles can
be chemically modified. These particles were character-
ized extensively using different techniques (DRIFT, '3C
and 2°Si solid state NMR, XPS, elementary analysis,
photoluminescence, and zeta potential). Before the explo-
ration of biofilms of P. aeruginosa PAO1 with BSNPs, a
preliminary study showed that LSNPs are not toxic until
their mass concentration reached 0.5mgcem >. Using
CLSM, these novel BSNPs were visualized in a biofilm
of P. aeruginosa for the first time. The difference in

Intensity (a.u.)

Ru@ Si-D 68 nm

= = Ru@S$i-D 25 nm

L] L] v
0.0 0.2 0.4 0.6 0.8 1.0
Normalized thickness (a.u.)

Penetration curves of 68 and 25nm BSNPs (I) Ru@Si-C and (II) Ru@Si-D. Emission intensity as a function of the

penetration of particles through the biofilm as a function
of the size and the surface functionalization was demon-
strated, although the exact localization of the silica
nanoparticles cannot be ascertained. The present study
shows that the hydrophilic particles penetrate throughout
the biofilm regardless of the size, but a steric effect was
observed, the smaller particles diffusing in greater num-
ber than the larger ones. For hydrophobic nanoparticles,
an accumulation at the periphery of the biofilm was
observed regardless of the particle size. This observation
suggests that the functionalization of the particles could
be a key factor in the penetration of particles in the
biofilm. The effect of size also has to be carefully
considered. These results emphasize that BSNPs are
powerful and innovative tools for the study of bacterial
biofilms. In contrast to latex particles, silica has the
advantage of displaying a wide variety of functional
surface groups.
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