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Bacterial biofilms are integrated, single- or multi-species com-
munities of cells that play profound roles in human health and
disease. The formation of biofilms requires interactions be-
tween bacteria and the surfaces they colonize, and the surface
can specifically impact the structure, function, and composition
of these communities. Investigating biofilm formation in situ,
their assembly kinetics, and particularly identifying substances
that could interfere with or inhibit biofilm growth is thus
a major scientific and practical goal. It is shown that thin dip-
coated films comprising a transparent sol-gel framework and
polydiacetylene, a unique conjugated polymer that can under-
go color and fluorescence transitions, both promote rapid

Introduction

Bacterial biofilms are integrated communities of cells consist-
ing of one or more species joined together in an extracellular
polymeric matrix, enabling them to efficiently adhere to surfa-
ces" These multicellular constructs are marked by a high
degree of chemical communication and are fundamental to
the ecology and biology of most bacterial strains. Owing to
the impregnable nature of biofilm frameworks, these matrices
result in protection of the embedded bacterial cells and thus
high resistance against antibacterial agents.”’ Indeed, not only
do biofilms adversely affect human health and promote dis-
ease progression, they also play important roles in seemingly
unrelated fields of energy generation and environmental deg-
radation.*

Biofilms exhibit a wide diversity of structures and molecular
compositions, depending on the bacterial species and environ-
mental aspects. A central parameter affecting biofilm forma-
tion mechanisms and properties is the adsorption and interac-
tions between the bacterial cells and the surfaces they colo-
nize, and both microbe and surface can impact the structure,
architecture, function, and composition of these communities.
Bacteria in biofilms exhibit a surprisingly sophisticated level of
social behavior, both cooperative and competitive, made possi-
ble by their cell biology and chemical communication among
cells. As such, biofilm formation is governed by hierarchically
organized processes shaped by complex physical and chemical
interactions.

Identification of biofilm assemblies is usually carried out
through ex situ methods, generally utilizing dyes such as crys-
tal violet to stain the bacteria that remain after washing away
the non-adherent bacteria.” Other approaches of biofilm anal-
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growth of bacterial biofilms as well as allow colorimetric and
fluorescence detection of biofilm formation. Microscopy data
demonstrate that the bacterial cells and resultant biofilm spe-
cifically target the polydiacetylene domains embedded within
the silica-gel matrix, consequently inducing dramatic colori-
metric and fluorescence transitions. The mesoporous silica/pol-
ydiacetylene matrix can further host other chemical substances
allowing evaluation of their biofilm inhibitory effects through
simple chromatic screening. Overall, the polydiacetylene/sol-
gel films constitute a novel generic platform for promoting
bacterial biofilms and their in situ analysis.

ysis employ scanning electron microscopy (SEM), confocal fluo-
rescence microscopy,["’] atomic force microscopy (AFM), and
polymerized chain reaction (PCR) for detection of biofilm-asso-
ciated genetic markers.”’ Development of biofilm detection
schemes using specific adherent substrates, such as borosili-
cate tubes® or polystyrene surfaces® have been demonstrat-
ed. Simple, easily implemented in situ biofilm screening meth-
ods, however, are rare, mostly as a result of the complexity of
biofilm structures and molecular compositions and the difficul-
ties of assessing biofilm architecture using simple analytical
tools."™ This deficiency imposes a significant limitation for in-
vestigating the factors affecting biofilm development, and in
particular the identification of possible inhibitors through high-
throughput screening techniques.

Herein, we describe detection and analysis of biofilm forma-
tion through the use of thin films produced through dip-coat-
ing techniques employing silicon dioxide (silica) sol-gel and
polydiacetylene (PDA). Polydiacetylene is a conjugated ene-
yne polymer assembly produced upon ultraviolet irradiation of
ordered diacetylene monomers."” Since their introduction in
the early 1970s, PDA systems, primarily vesicles and thin films,
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Biofilms

have attracted significant scientific and technological interest
due to their unique chromatic properties.'>¥ Specifically, PDA
matrixes were shown to undergo dramatic visible colorimetric
and fluorescence transformations induced by diverse biological
and chemical molecules and environmental stimuli, thus
making PDA a powerful constituent in sensing platforms.'>™®
Our research group has recently shown that PDA can be uti-
lized for bacterial sensing.'”? Particularly important, PDA can
be coupled to varied scaffolding materials, thus producing sen-
sors exhibiting diverse configurations and properties.?"??

We recently demonstrated the formation of chromatic films
comprising PDA derivatives and hexagonal silica through self-
assembly at the air/water interface.”” Herein, we show that
sol-gel/PDA films assembled through dip-coating constitute
a highly effective substance for initiation and growth of bacte-
rial biofilms, and particularly importantly, allow biofilm analysis
in situ through monitoring the chromatic properties of the
PDA embedded in the films.

Results and Discussion

Figure 1A presents a schematic depiction for preparation of
silica sol-gel/PDA thin films through the dip-coating tech-
nique.?**! Briefly, the monomeric constituents (both tetraor-
thosilicate and diacetylene, respectively) were dissolved in an
organic solvent; insertion and slow lifting of the hydrophilic
substrate (e.g. glass) resulted in condensation of a silica-gel
thin film which also encapsulated diacetylene domains. Ultra-
violet irradiation (at 254 nm) of the glass-supported film in-

Figure 1. Formation of dip-coated sol-gel/polydiacetylene films. A) schemat-
ic showing silica sol-gel/PDA preparation. Gray balls represent the silica
monomers, while the blue tailed-balls represent the diacetylene monomer.
The dark blue domains on the right drawing correspond to the gel-embed-
ded diacetylene domains. B) SEM image of the sol-gel/PDA surface; the
insert highlights the PDA domains comprising the oriented polymer. Scale
bars correspond to 50 um (left) and 0.5 um (insert on the right).
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duced polymerization of the diacetylene units, giving rise to
blue PDA. Figure 1B shows scanning electron microscopy
(SEM) images highlighting the film morphology. Specifically,
the SEM image in Figure 1B indicates that abundant PDA do-
mains displaying the typical lamellar-oriented polymeric struc-
tures®?” were distributed within the sol-gel matrix, protrud-
ing at the gel surface.

The dip-coated sol-gel/PDA films were employed in this
study as a platform for initiation and analysis of bacterial bio-
films and substances involved in biofilm inhibition (Figure 2-
Figure 5). Figure 2 A depicts the color properties of the sol-gel/
PDA films following incubation with bacterial solutions. Specifi-
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Figure 2. Bacterially induced chromatic transformations in sol-gel/PDA films.
A) Images of glass-supported sol-gel/PDA films incubated for 6 hours with
Pseudomonas aeruginosa (ii), bacterial growth medium (control; i), and Sal-
monella typhimurium (ji). B) Fluorescence microscopy images (excitation
470 to 490 nm, emission > 520 nm) of sol-gel/PDA films incubated in differ-
ent bacterial suspensions and recorded at the indicated times. All images
correspond to 100 umx100 pm areas.

cally, Figure 2A shows the dramatic blue-red transformation
occurring following immersion of the sol-gel/PDA film for
a few hours in a medium solution containing Pseudomonas
aeruginosa, an opportunistic pathogen known as a prolific bio-
film producer®® (Figure 2 Aii). Interestingly, incubation of the
silica sol-gel/PDA film with a suspension of the bacterium Sal-
monella typhimurium, which does not readily form biofilms,
hardly altered the blue color of the film (Figure 2 Aiii).

Beside the colorimetric transformations of PDA, one can also
exploit the concurrent fluorescence properties of the conjugat-
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ed polymer for analysis of bacterially induced chromatic trans-
formations within the sol-gel/PDA matrix. Figure 2B depicts
fluorescence microscopy images recorded with a desktop mi-
croscope at different times after initiating bacterial growth.
Figure 2B shows appearance of fluorescent PDA domains
within four hours of co-incubation of the silica sol-gel/PDA
films with P ageruginosa, and highly fluorescent PDA patches
were apparent six hour after the beginning of incubation with
this bacterial species. In contrast to the Pseudomonas-induced
PDA fluorescence and consistent with the colorimetric data in
Figure 2 A, significantly less and fainter fluorescent areas were
observed when the sol-gel/PDA film was incubated with Sal-
monella typhimurium (Figure 2B). Independent measurements
confirmed that both bacterial species prolife-rated in the pres-
ence of the sol-gel/PDA films (with Salmonella growing even
faster than Pseudomonas, Figure 1 in the Supporting Informa-
tion).

Even though Figure 2 establishes a clear correlation between
the chromatic transformations of PDA and proliferation of
P. aeruginosa, further experimental evidence is required to
demonstrate that the formation of bacterial biofilms is in fact
the cause of color/fluorescence changes. In the experiments
presented in Figure 3 we stained both bacterially incubated
sol-gel/diacetylene film and sol-gel film (not containing PDA),
respectively, with crystal violet—a fluorescent marker common-
ly employed for staining biofilms and surface-immobilized bac-
terial cells.”’ Indeed, as the fluorescence microscopy images in
Figure 3A-C show, a significant increase in crystal-violet emis-
sion following incubation of the films with P. aeruginosa indi-
cates that biofilms were indeed deposited over broad surface
areas, becoming more abundant in greater incubation times.

Importantly, the crystal violet fluorescence microscopy data
and corresponding bright-field images in Figure 3 A-C demon-
strate that the biofilms appear to specifically develop upon the
PDA domains embedded in the silica sol-gel/PDA matrix (note
that the PDA domains appear darker than the sol-gel back-
ground in the bright field microscopy images). The significance
of the PDA domains in promoting biofilm formation is particu-
larly apparent in Figure 3D, which depicts an experiment in
which a pure silica-gel dip-coated film was prepared, incubat-
ed with P aeruginosa, and subsequently dyed with crystal
violet. The fluorescence microscopy image in Figure 3D indi-
cates the occurrence of some adsorption of P. aeruginosa bac-
terial cells onto the film surface, but essentially no biofilm dep-
osition was observed. It should be emphasized that chromatic
phenomena similar to Figure 2 and Figure 3 were observed for
other biofilm-forming bacterial strains (Figure 3, see the Sup-
porting Information), thus underscoring the generality of the
sol-gel/PDA system as a biofilm sensor.

The SEM images in Figure 4 provide dramatic visual evi-
dence for the direct association of the bacterial biofilms with
the film-embedded PDA domains. The SEM analysis, carried
out using a silica-gel/PDA film incubated for 4 hours in a solu-
tion of P. aeruginosa, shows that the bacterial cells specifically
accumulate upon the PDA domains protruding from the silica-
gel surface, and that a biofilm network emerges upon the ag-
gregated bacteria, apparent as the fibrous structures extended
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Figure 3. Biofilm formation on sol-gel/PDA films. Left panels: confocal fluo-
rescence microscopy images (excitation 568 nm) of films stained with crys-
tal-violet and incubated with P. aeruginosa. Right panels: corresponding
bright field images. A) sol-gel/PDA film incubated with P. aeruginosa for

2 hours. B) sol-gel/PDA film incubated with P. aeruginosa for 6 hours. C) sol-
gel/PDA film incubated with P. aeruginosa for 8 hours. D) sol-gel film (not
containing PDA) incubated with P. aeruginosa for 8 hours. Scale bars for all
images: 20 um.

Figure 4. P. aeruginosa biofilms formed on the polydiacetylene domains.
SEM images showing cell aggregation and biofilm formation upon PDA do-
mains embedded within the sol-gel film matrix. Scale bars: right image

10 pm, left image (inset) 1 pm.

between the cells. Note that the SEM images in Figure 4 indi-
cate that hardly any bacterial cells appear attached to the
smooth silica surface. The apparent “capture” of bacterial cells
by the PDA domains, resulting in initiation of biofilm forma-
tion, might correspond to non-specific cell adhesion to the hy-
drophobic PDA moieties protruding from the silica gel surface
and the rough surface features of the PDA domains.*”

The pronounced biofilm-induced color and fluorescence
transformations within dip-coated sol-gel/PDA films point to
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Figure 5. Sol-gel/PDA films for screening biofilm inhibitors. A) Kinetic curves
of PDA fluorescence emitted from sol-gel/PDA films incubated with:

(—) P. aeruginosa, (——) silver-doped sol-gel/PDA films incubated with P.
aeruginosa, and (——) P. aeruginosa with iron chloride. B) Bacterial cell popu-
lations of P. aeruginosa: (——) P. aeruginosa with iron chloride, (——) control
(no inhibitor), and (——) silver-doped sol-gel/PDA films incubated with

P. aeruginosa.

the potential use of this platform for screening chemical sub-
stances exhibiting putative biofilm inhibitory effects. Figure 5
depicts experiments in which the silica sol-gel/PDA films were
employed to probe the activity of two distinct bacterial- and
biofilm-inhibitors, specifically silver colloids®” embedded
within the sol-gel matrix, and FeCl;®" which was added to the
bacterial growth medium. The silver salt was co-dissolved in
the silica/diacetylene monomer mixture. Subsequently, sol-gel
encapsulated colloidal silver was prepared through in situ re-
duction, resulting in a random distribution of 10-50 nm colloi-
dal silver particles throughout the silica gel matrix.

The incorporation of the silver colloids in the sol-gel/PDA
framework points to the feasibility of using the silica-gel/PDA
films as a “host matrix” for chemical substances that could be
subsequently screened for their antibacterial or antibiofilm ac-
tivities. The fluorescence kinetic graph in Figure 5A, recorded
in a multi-well microplate (excitation 544 nm, emission
620 nm) underscores the dramatic impact of the inhibitors on
biofilm-induced PDA fluorescence. The control curve (—— in
Figure 5A) shows the gradually increasing fluorescence of
a sol-gel/PDA film incubated in a P aeruginosa suspension
without inhibitors added. However, in case of both the sol-
gel/PDA film suspended in a bacterial solution to which FeCl,
had been added (—— in Figure 5A) or the sol-gel PDA matrix
that contained silver colloids (—— in Figure 5A), a significant
reduction in PDA fluorescence was observed. Similar differen-
ces in fluorescence response were apparent in fluorescence mi-
croscopy experiments (Figure 2 in the Supporting Information).
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Although the fluorescence spectroscopy results in Figure 5A
clearly demonstrate the inhibitory effects of the added chemi-
cal substances on biofilm-induced PDA fluorescence, we fur-
ther aimed to determine the consequences of their addition
on the overall bacterial populations in the culture (Figure 5B).
Figure 5B presents the number of bacterial cells in the culture
calculated through conventional light absorption at 600 nm.
Indeed, the bacterial counts depicted in Figure 5B clearly show
that the presence of film-embedded Ag colloids not only elimi-
nated biofilm formation, but significantly reduced the number
of bacterial cells in the solution (—— in Figure 5B). In contrast,
FeCl; did not affect the population of P. aeruginosa in the solu-
tion (—— in Figure 5B), but specifically inhibited formation of
the surface-deposited biofilms, likely through interference with
quorum sensing pathways. Indeed, while Greenberg and co-
workers have shown the importance of available iron for bio-
film growth in P aeruginosa,®® Hergenrother and co-workers
have reported an inhibitory effect on biofilm growth of P. aeru-
ginosa for high concentrations of iron salts.®

Conclusion

We present an intriguing biomimetic system in which silica
sol-gel/polydiacetylene thin films, prepared through a dip-
coating technique, promote rapid formation of bacterial bio-
films, and furthermore allows visual and microscopic investiga-
tion of both biofilm proliferation as well as biofilm inhibition.
Each of the two film components has distinct roles in affecting
the unique chemical and microbiological properties of the
films. The sol-gel matrix stabilizes the film and constitutes
a framework for embedding organized PDA domains. The con-
jugated PDA units have dual roles—promoting biofilm forma-
tion on the one hand, and on the other hand constitute a sen-
sitive platform to follow biofilm deposition and identify potent
biofilm inhibitors.

The spectroscopy and microscopy data demonstrate that
the sol-gel/PDA thin films form a simple, easily applied, and ef-
fective platform for in situ kinetic and structural analysis of bio-
film formation. The system can be also employed for analysis
and for high-throughput screening of biofilm inhibitors.
Indeed, the mesoporous structure of the sol-gel matrix allows
incorporation of guest substances, such as the silver colloids
(Figure 5), thus facilitating examination of their impact on bio-
film development. Importantly, through monitoring the PDA
fluorescence one can obtain specific information regarding the
production of biofilm matrices, rather than bacterial prolifera-
tion in general. Accordingly, the technology allows differentiat-
ing between substances affecting bacterial growth and those
that interfere with biofilm formation.

Experimental Section
Materials

The diacetylene monomer 10,12-tricosadiynoic acid was purchased
from Alfa Aesar, tetraethyl orthosilicate (TEOS) at 98% purity,
sodium borohydride (NaBH,), and FeCl;:6H,0 (97%) were pur-
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chased from Sigma-Aldrich. Tetrahydrofuran (THF) and nitric acid
(HNO,) were purchased from Frutarom Ltd. Silver nitrate (AgNO,)
was purchased from Metalor Technologies UK Ltd. Water was
doubly distilled by a Barnstead D7382 water purification system
(Barnstead Thermolyne Corporation, Dubuque, IA), producing
water having 18.3 MQ cm resistivity. Glass slides were purchased
from Menzel Glasser (Germany). The bacterial strains used in the
experiments were Salmonella serovar typhimurium (strain CS093) 1a
(provided by A. Porgador, Ben Gurion University) and Pseudomonas
aeruginosa PAO1 wild-type strain.

Film preparation

The thin films were prepared through the sol-gel based dip-coat-
ing technique on glass supports, following the method described
by Yang et al.?” Briefly, solutions of precursor were synthesized
from TEOS, the diacetylene monomer, and HNO; catalyst prepared
in a THF/water solvent at room temperature. The final reactant
mole ratios were 1:9:312:0.13:40 (diacetylene/TEOS/THF/HNO,/
H,0). After one day aging at ambient temperature, the sol solution
was filtered through 0.45 pm nylon and kept at —20°C between
the experiments. For deposition on glass substrates the slide was
dipped in silica/PDA sol and kept immersed for 1 minute. After
this, the substrate was pulled out at withdrawal speed of approxi-
mately 35 mms™'. After air-drying, uniform thin films were irradiat-
ed with ultraviolet light (254 nm) for 1 minute to produce the
blue-phase polydiacetylene domains.

For silver-doped sol-gel films, silver nitrate salt was added to the
dip-coating solution at a concentration of 5mgmL~". After the
coating, the prepared slides were dipped in a freshly prepared
sodium borohydride/water solution (15 mgmL™") for 15 seconds
each to induce silver reduction.

Bacterial growth

Bacteria were grown aerobically at 37°C in a sterilized solid Luria
Bertani (LB) medium composed of 13.5% yeast extract, 27 % pep-
tone, 27 % NaCl, and 32.5% agar at pH 7.4. After overnight growth,
a colony from each bacterial strain was taken and added to 10 mL
of sterilized LB growth medium. Bacterial concentrations in the sol-
utions were measured by UV/Vis spectroscopy (600 nm).

Fluorescence microscopy (desktop and confocal)

Fluorescence images of the PDA domains into silica/PDA thin films
were obtained on an Olympus IX70 microscope (Japan) with an
UPlanFL20x/0.50 objective. Excitation was from 470 to 490 nm, and
emission was at a wavelength greater than 520 nm. Prior to imag-
ing, films were incubated in a 48-well sterile microplate with 1 mL
added bacteria solution (3-10” cellsmL™") at 37°C for different time
intervals (2-8 h). After suspension, the films were washed with dis-
tilled-deionized water (DDW) and examined on the microscope.

Confocal observations of a bacteria adhered to the films were ac-
quired using PerkinElmer UltraVIEW system (PerkinElmer Life Scien-
ces Inc., MA, USA) equipped with Axiovert-200 m (Zeiss, Germany)
microscope and an Plan-Neofluar 63 x/1.4 oil objective. The excita-
tion wavelength at 568 nm was produced by an argon/krypton
laser. Emitted light was passed through a barrier filter (580-
700 nm). For this assay the unpolymerized films were incubated in
the multi-well sterile microplate with bacteria solution as described
previously, after which the washed plate wells with the films were
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filled with 0.1% crystal violet in water and gently shaken for
25 min at 37°C. The stained films were washed ten times with
DDW before the imaging.

Fluorescence spectroscopy

In the fluorescence kinetic experiments Thermo Scientific Fluoros-
kan Ascent FL (Thermo Fisher Scientific Inc., USA) was used, excita-
tion was at 544 nm and emission was recorded at 620 nm. Samples
for fluorescence kinetic measurements were prepared by adding
1 mL bacterial solutions (3-10” cellsmL™") to the wells of 48-well mi-
croplates (Grainer Bio-one) containing polymerized (blue-phase)
sol-gel/PDA films. Fluorescent chromatic responses of the films
were recorded every hour during the incubation period. In order
to analyze biofilm inhibition affects, P. aeruginosa PAO1 was grown
in LB medium supplemented with 5 pL FeCl; solution (25 mm), or
placed in medium upon silver-doped sol-gel/PDA films.

Scanning electron microscopy

Samples for SEM analysis were fixed in 2% glutardialdehyde and
2% paraformaldehyde buffered with 0.1m buffer cacodilate
(pH 7.2-7.4) at 4°C for 8 hours. Fixation was followed by a five-
step dehydration with an ethanol/water gradient (30-100%) and
by immersion in hexamethyldisilazane (HMDS)/ethanol gradient so-
lution (30-100%) at room temperature. This process was repeated
seven times. After air-drying until full evaporation of HMDS, the de-
hydrated specimens were further desiccated at 25°C for 24 hours
and gold-coated in a sputtering device EMITECH K575x (Emitech
Ltd, UK). SEM images were recorded using a Jeol JSM-7400F Scan-
ning electron microscope (JEOL LTD, Tokyo, Japan) operated and
analyzed using the instrument software.
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