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The dirt and biofilm on materials was related in various meanings, even though the truth has not been well
known so clearly. In this study, some nano-composite coating based on silane compound were proposed and shown to
resist the formation of dirt on them. As substrate, the glass samples were chosen, since it does not corrode nor change
chemically during the biofilm formation. In this experiment, biofilm was formed artificially, measured, analyzed and
evaluated then. To make biofilm artificially, a special laboratory biofilm reactor (LBR) was used. And the biofilm
formed on samples was analyzed by 3D light microscopy and UV-VIS qualitatively and quantitatively. The results
indicate that organic compounds of silver, copper, titanium and tin dispersed in silane compound films could control
biofilm formation and dirt effectively.
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Introduction

Generally, the dirt on materials surfaces has some relations to
biofilm, even though the important truth has not been well known
so far. Biofilm is defined as a film-like inhomogeneous matter
formed on various materials by bacterial activities. They tend to
form on any materials due to a reason. That is obviously one of the
dirt for materials in a broad meaning. However, there are many
kinds of dirt in addition of that. And pretty much parts of it are
composed of inorganic substances. So why does it have some
relations to biofilm? The question should be answered from the
viewpoint of biofilm formation mechanism. In most of the cases,
fogging of glasses would cause negative effects on the original
purposes. Basically, the dirt on materials surfaces is usually
composed of inorganic contaminations or organic ones, such as
silicate or calcium carbonate deriving from water in atmosphere or
environments, or various organic matters. Those inorganic and
organic matters are removed easily by natural rain shower,
coincident contacts by other substances or by simple wiping.
However, they are stuck to the substrate surface in a relatively very
long time or eternally, and sometimes difficult to be removed,
when bacteria form biofilms on the material surfaces™®.

Bacteria generally like to attach to materials surfaces, since the
carbon compounds as their nutrition exist there stably. After the
detachment and reattachment process, the number of bacteria
increases gradually. When it reaches a critical mass, bacteria
simultaneously excrete a polysaccharide the result of which is a
sticky matter, commonly known as biofilm. The sticky matter
plays a role as adhesive agent between the contaminants and
substrate to increase the dirt on materials in addition to that caused
by the existence of itself .

In this study, various composite films composed of dispersed
metal organic compounds in silane compound films were proposed
to control the biofilm formation. Biofilm was formed artificially

by a novel laboratory biofilm reactor (LBR) and evaluated by a 3D
light microscopy and UV-VIS properly.

Experimental

Specimens and Coating

Commercial glasses (general float glasses) were used as
substrate. Before the coating, all glass samples were cleaned in an
ultrasonic bath filled with tap water including surface active
agents. Then they were rinsed by distilled water to remove tiny
glass butt and/or oil contaminants. After the cleaning process, they
were immersed into a solution composed of equivolume hydrogen
peroxide solution and ammonium water at 110 degrees Celsius,
which made the glass surface hydrophilic. Then the hydrophilic
surface of glass specimen was painted and coated by various silane
compound films. The thickness of film was about 7.5 pm - 10
pmwhich was confirmed by a light reflection microscope in
advance. In the silane matrix, some organic metals and nano metal
powders were dispersed finely. The nano metal powders were
titanium, silver, copper, tin and nickel. And the organic
compounds including those metals were also used as dispersed
component, respectively. Regarding the organic compounds,
organic titanium and copper were alkoxide basically. On the other
hand, organic silver, tin and nickel were acetate. These silane
films were hardened by the moisture in the air to produce good
adhesive surface films'®*2. The surface roughness by the coating
was in advance adjusted to the thickness in submicron order
(several hundred nanometers), so that the bacterial attachment
would not affect the results. Previous studies show that the surface
roughness would affect the biofilm formation®. Therefore, the
surface roughness was checked by a surface roughness tester
(Surfcoder SE-17000, Kosaka Laboratory). Other factors, for
example, surface tension, contact angles etc. are generally involved
into the biofilm formation®. However, they were not measured in
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this current paper, so that the phenomenon should be simplified as
much as possible.

Laboratory Biofilm Reactor (LBR) and the Procedure for Biofilm
Formation'**®

Figurel shows the schematic illustration for the biofilm
formation®. It enables biofilm to be formed by planktonic germs
in ambient air mainly. The apparatus is basically composed of a
column, water tank, pump ad pipes connecting those units by PVC.
All of them constituted a cyclic water system. The column was
made of transparent acryl cylinder. The clean water was
accumulated at the lower tank. Then it was pumped up through the
pipe to the upper column. The water was flown into the column
and out to the pipe at the other end. In the column, those glasses of
10 x 20mm (The thickness: 1.2mm-1.5mm) were placed with a
supporter. The flow direction in the column was parallel to the
specimen’s surface and specimens could occupy the upper and
lower positions. The water flowing out of the column was
introduced into the tank. However, a plate was placed just above
the tank and the water was designed to run down on it before it was
poured down into the tank. A fan was also set above the plate and
the ambient air was designed to blow down on it from the fan. On
the intermediate plate, air including planktonic germs was mixed
into the water and the mixed water was circulated. The cycle was
repeated during the test. The test term was within 10 days. The
specimen after the exposure was taken out of the system properly
and served for the following some observations and analyses.

specimen Acryl column
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Figure 1: A laboratory biofilm reactor used in this experiment.

Evaluations and Analyses for Biofilm

Biofilm was observed and confirmed by the two methods. One
of them was the optical microscopic observation®. The
contaminants attached to glasses were composed of silicate
complexes, calcium carbonate, organic matters and biofilm itself
usually. However, the contaminants were stuck to the glass
surface persistently due to the existence of biofilm, since it
produced sticky EPS (exoplymeric substances). Therefore, the
existence of biofilm could be recognized easily as fouling and dirt
on glasses after the test by the LBR shown in Fig.1. The light
reflection microscopy used for the measurement was Keyence VH-
Z100R). The image was obtained by bright field illumination
basically. The light was irradiated from the right angle to the
specimen put on the stage of light scope. Then the reflecting light
was analyzed. Usually, the transparent glass was hard to be
observed. However, the microscope could move the focus very
slightly with its automation function. Therefore, it was easily
detected and decided correctly which side of glass samples were
observed. Particularly in this study, the specimen surface after the
immersion into the LBR was stained by crystal violet and the

biofilm was dyed in blue color, since the crystal violet could stain
particularly gram-positive bacteria as well as extracellular DNA.
The stained surface of the specimen could be easily observed and
told from contaminants without biofilm.

In addition to the microscopic observation, the biofilm was
observed and evaluated by transmissivity of glasses after the
immersion into the LBR. The evaluation was based on our
previous experiments that biofilm growth observed by Giemsa
stain had a certain correlation with the decrease of transmissivity
for glasses™. The measurement for transmissivity of glasses was
carried out by an ultraviolet-visible spectroscopy (UV-VIS, JEOL
V-670). The wavelength used for the measurement ranged from
250 to 1000nm most of which belonged to the visible range. All of
the specimens before the immersion into the LBR and after that
were served for the measurement.

Results and Discussion
Design principle for nano composite filmsand the effects

Figure 2 shows the optical microscopic photos for the glasses
coated only by silane compound film before (Fig.2-1) and after
immersion (Fig.2-2). Before the immersion, biofilm was not
observed on the surface, even though the surface’s asperity was
increased from the original glass one. Therefore, the transmissivity
decreased, being compared than the original substrate glass. The
high asperity gave the appearance as shown in Fig.2-2. As a result,
only silane compound film could not control the biofilm, since
high asperity accelerated to produce form very easily’®?
However, the silane compound is pretty stable under the ultraviolet
light from the sun. In addition to that, the adhesive force of the
film is relatively high, since the silane compound is condensed and
hardened with the moisture in the air. To control biofilm
formation, antibacterial metals were deposited on glasses by
sputtering in our previous study®®. Biofilm could be controlled
well, while the original transmissivity decreased with sputtering
drastically. And the dissolution of antibacterial metal films (Silver
etc.) could not be controlled well and the film consumption due to
the dissolution was too much to maintain the coating film in a very
long time.
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Figure 2: Optical microscopic observation of surfaces for the silane
compound films on glasses (a) Before the immersion (b) After the
immersion

Therefore, As shown in Fig.3-1 schematically, the silane
compound films with dispersed nano metallic powders were
designed firstly. If the dispersed metals in the silane compound
would dissolve on the wet glass surfaces as metallic ions properly,
they might work well to suppress the biofilm growth with their
antibacterial properties. However, high transmissivity, one of the
requirements for the purpose of our current study, tended to
decrease remarkably for the nano powder dispersion silane
compound film. Then the antibacterial metals were incorporated
as a part of organic compounds and scattered into the silane
compound film, schematically shown in Fig.3-2. In this way, the
antibacterial effect to control biofilm formation would be
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maintained in the silane film, while the transmissivity was
expected to be kept relatively high after the dispersion.

Silane compounds
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Figure 3: The design concept for nano-composite films in this study.

Figure 4 shows the transmissivity of all silane compound films
with and without dispersed antibacterial metal powders or organic
metals before the immersion test. Fortunately, the transmissivity
was improved drastically, when the organic metals were dispersed
in the silane films (more than 80% in all cases). On the other hand,
the silane compound films with dispersed nano metal powders
showed relatively low transmissivity, even though they were
improved to some extent than that of the original silane compound
film.  Nano copper powder dispersed silane film was only an
exception and it showed relatively higher transmissivity like
organic metal dispersed ones. Even though the copper nano metal
powder was an exception, the general tendency was that the
dispersion of organic metals was more favorable than that of
metals themselves from the viewpoint of transmissivity. It
suggests that the dispersion was more uniform and homogeneous
for organic metals. Therefore, we focused on the silane compound
film specimens with dispersed organic metals and investigated the
biofilm formation behaviors in the following section.
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Figure 4: Initial transimissivity for silane compound films with dispersed
nano metal powders and organic metals.

Silane compound films with dispersed antibacterial organic
metals

Figure 5, Fig.6, Fig.7 and Fig.8 show the optical microscopic
photos for glasses coated by silane film with dispersed organic
titanium, silver, tin and copper. For all of those specimens, the
biofilm formation was suppressed and well controlled even after
the immersion in LBR, as shown in these photos. On the other
hand, the silane compound film with dispersed organic nickel did
not suppress biofilm formation on its surface at all, as shown in

Fig.9. For all of those specimens, the transmissivity was measured
by UV-VIS. Figure 10 — Fig.15 show these results. Each figure
indicates respectively how the transmissivity (the vertical axis)
changed with wavelength (the horizontal axis) almost in the visible
light range (250 nanometers to 1000 nanometers).
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Figure 5: Optical microscopic observation for silane compound films with
dispersed organic titanium before and after 14 days long immersion (a)
before immersion (b) after immersion

100. 00pm 100. 00pm

Figure 6: Optical microscopic observation for silane compound films with
dispersed organic silver before and after 14 days long immersion (a) before
immersion (b) after immersion.
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Figure 7: Optical microscopic observation for silane compound films with
dispersed organic tin before and after 14 days long immersion (a) before
immersion (b) after immersion.
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Figure 8: Optical microscopic observation for silane compound films with

dispersed organic copper before and after 14 days long immersion (a) before

immersion (b) after immersion.

Figure 10 shows the result for the silane compound film
specimen without any dispersion components. As shown in Fig. 2
and Fig.4, the original transmissivity of silane compound film
specimen was relatively low (35% at most even before the
immersion). Correspondingly, the transmissivity for both
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specimens in Fig.10 was kept low as a whole, being compared with
other specimens, since the specimen after the immersion decreased
the transmissivity further. It could be attributed to the promotion
of biofilm formation and growth on silane compound films. Fig.11
shows the change of transmissivity with wavelength by UV-VIS
for thesilane compound film with dispersed organic titanium
before and after the immersion into the LBR. For this specimen,
the original transmissivity was relatively high and even after the
immersion in LBR, the specimen’s transmissivity did not decrease
so much and was kept almost at 80%. The tendencies for those
with dispersed organic silver, tin, and copper, even though the
extents differed from specimen to specimen. However, the
transmissivity decreased drastically after the immersion for the
silane compound film with dispersed organic nickel (Fig.12).

—_—
100. 00um

Figure 9: Optical microscopic observation for silane compound films with
dispersed organic nickel before and after 14 days long immersion (a) before
immersion (b) after immersion
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Figure 10: Transmissivity of silane compound films before and after the
immersion.
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Figure 11: Transmissivity of silane compound films with dispersed organic
titanium before and after the immersion.
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Figure 12: Transmissivity of silane compound films with dispersed organic
nickel before and after the immersion

Fortunately, the transmissivity curve in the range was relatively
stable and constant. Particularly, the tendency was remarkable in the
relatively higher wave length range, Therefore, the transmissivity
value at 800 nm was selected for all of these specimens and
compared each other. The results were shown in Fig.13. The silane
film without dispersed components showed pretty lower
transmissivity and it decreased after the immersion in the LBR. For
the specimens with dispersed organic titanium, tin, silver and copper,
the transmissivity was relatively high and it did not decrease so much
after the immersion. It suggests that the effective suppression of
biofilm formation. However, the decrease of transmissivity was
remarkable for the silane film with dispersed organic nickel. As
shown in Fig.9, the film did not show any positive effect to control
biofilm formation.

100

90

Transmissivity (%)
= [ [ B v (=1 ~ co
o (=] (=] (=] o o o o o
] 1]
< = o
I a
(=% o
o -l

Figure 13: Transmissivity changes for various silane compound films before
and after the immersion.

For the silane film with dispersed organic titanium,tin, silver and
copper, biofilm formation was well controlled, as shown in these
results. Many possibilities for the reason could be mentioned,
since biofouling (the process related to biofilm formation and
growth) is composed of multi-steps and complicated. However,
the antibacterial effect should be one of the main factors to control
biofilm formation and growth?®.  Antifouling/antibacterial
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materials surfaces should be the one where the increase of bacterial
number would be inhibited and well controlled. For the silane film
with dispersed silver and copper, antibacterial effect by the
dissociation and dissolution of these metals worked well to control
biofilm formation obviously.  Usually, the metallic element
dissolves too easily, when the metallic film forms on the substrate.
However in this case, the metal existed in the compound dispersing
in the substrate film. Therefore, the dissolution and dissociation
process of metals did not affect the entire film so seriously. On the
other hand, silver and copper ions need low concentration to
control the bacterial growth generally?*. Therefore, the silane films
with dispersed organic silver and copper worked well to control
biofilm formation. As for the film with dispersed organic titanium
and tin, the mechanism for the mediation of biofilm formation
should be still considered. Titanium have shown antibacterial
effect so far’®. However, in the most cases, the reason should be
attributed to its photocatalytic effect and the ionic effect by its
correlation with the outer membrane of bacterial cells has not been
confirmed precisely. And also for the silane compound film with
dispersed organic tin, the mechanism has not been clear yet. Since
tin ion does not show antibacterial effect at all generally, we must
seek for another reason for their anti-biofouling effect®®. Biofilm
formation is composed of multi-step processes, as shown in Fig.14
Generally, the conditioning film forms on a solid substrate initially,
then bacteria approach to it, repeat
attachment/detachment/reattachment processes, biofilm formation
and grow after that. When only the antibacterial effect would be
focused, the bacterial formation and grow on the coated film might
be involved. However, organic tin might affect other steps due to
some unknown reasons at this point. From the viewpoint, the
ineffectiveness for the silane film with dispersed organic nickel
should be also explained.

Planktonic bacteria
Orglamcmattev ; . { EPS
i "’ ¥ atachient % @ W
i C
Mialiu:mn Bb biof
Formla‘f'lor? of . Attachment Increase of bacteria ) Biofim growth
Conditioning film of bacteria on surface and EPS

Figure 14: Schematic illustration for the mechanism of biofilm formation
and growth on material surfaces.

The researchers have dealt with the same or similar problems
relating to dirt on materials in the past. However, all of their
investigations were carried out from the viewpoint of water
repellency and hydrophobicity. In this study, we developed silane
based composite film with some metals and their organic
compounds and confirmed the effectiveness of the films against
dirt on glasses. It was available by paying attention to the role of
biofilm for dirt on materials®",

Conclusions

Some nano composite films based on silane compound film with
dispersed organic metals and metal powders were investigated to
control and mediate biofilm formation and growth. The substrate
material was glasses applicable to solar power generation. The
biofilm formation was evaluated by an optical microscope
observation as well as transmissivity.

The latter was evaluated by an UV- visible spectrophotometric
analysis. Since the potential application for the composite films
was the glass mirror of solar power generation apparatuses, the

transmissivity had the double importance and meanings in this
study. The following results were obtained.

1. The silane compound film was vulnerable to biofilm
formation and growth, even though it had high adhesiveness
and stable under ultraviolet light. In addition, it decreased
with remarkable biofilm formation and growth after
immersion.

2. The silane film with dispersed nano metal powders such as
copper, silver etc. might control biofilm formation.
However, the initial transmissivity for the primary potential
application was insufficient for all of specimens. Therefore,
organic metals were used as dispersion agent.

3. The silane films with dispersed organic metals such as
titanium, silver, tin and copper worked well to control or to
mediate biofilm formation and growth.

4. The silane films with dispersed organic nickel could not
suppress biofilm formation and growth at all.

5. The cause to control biofilm formation and growth by the
silane compound films with dispersed organic metal would
be attributed to the ions free from the compounds and films
themselves and their correlation with proteins on bacterial
cells. For organic silver and copper, the mechanism could be
explained by their strong antibacterial effects. However,
more detailed investigations will be needed further to clarify
the reasons for organic titanium and tin which don’t have any
remarkable antibacterial effects.
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