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ABSTRACT: As colonizers of medical-device surfaces,
Pseudomonas aeruginosa strains present a serious source of
infection and are of major concern. In this study, we fabricated
films with porous surfaces by breath figures that disturb
mergence by bacterial attachment, thereby impeding biofilm
development. Previous studies have shown that micro-
topography prevents the development of P. aeruginosa
biofilms. Accordingly we indented surfaces with patterns of
micrometer-sized pores using breath figures at ordinary
temperatures and pressures. The antimicrobial effect of surface
figures was experimentally investigated by controlling the
surface structure. The results suggested that pores of 5−11 μm in diameter effectively inhibit bacterial activity. It appears that
biofilm development is precluded by the decreased contact area between the films and bacteria.
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■ INTRODUCTION

With increasing emphasis on human hygiene, the removal of
microorganisms that threaten human health has gained
considerable attention in recent years.1−5 These concerns are
particularly urgent in the medical fields because widely used
medical equipment, such as T-shape stopcocks, is readily
colonized by microorganisms.6,7 Inhibition of bacterial
settlement or growth is necessary to prevent the spread of
deadly diseases by contact and aerial infection.8,9 Such
prohibitive measures must target biofilms, which promote
microbial aggregation and growth.10,11 One promising prophy-
laxis approach is antibacterial coating.12,13

Antibacterial films may be fabricated in two ways. Surfaces
may be coated with antimicrobial chemicals14,15 or imprinted
with an indented pattern that discourages bacterial adhe-
sion.16,17 Although the former approach generally exerts a
significant antibacterial effect, it not only requires costly drugs
or materials (such as Ag particles) but also encourages the
emergence of drug-resistant mutations, with potentially
devastating effect on human health.18,19 Conversely, because
the latter approach erects a physical rather than a chemical
barrier, it should not induce genetic changes that lead to
resistant strains.20 The geometric approach is especially
promising for species such as Pseudomonas aeruginosa, which
exhibits excellent drug tolerance.21−23

The disadvantage of the geometric approach is the high
energy and cost of manipulating the etching equipment in a
vacuum. At present, vacuum application is required to realize
the high precision necessary for microstructural control of the
surface. In addition, previously fabricated geometric antimicro-

bial films encouraged bacterial cohesion and growth in the
micropillars formed on the bottom surfaces of the substrate. As
a matter of course, it was confirmed that the smooth surface
cannot inhibit bacterial adhesion.24,25 To our knowledge, few
studies have used the geometric approach to inhibit P.
aeruginosa proliferation by limiting the organic substance traces
through which the cells coordinate their movements.
Therefore, we aimed to fabricate antibacterial thin films at

reduced energy and cost by introducing separated pores that
preclude bacterial cohesion. Such films can readily accom-
modate a variety of features and are flexible in their use. The
films were fabricated by breath figures, a method of generating
porous structures at room temperature and normal pres-
sure.26−29

Micrometer-sized 3D textured structures can be fabricated
from nanometer-sized units by self-assembly and self-
organization of macromolecules.30−32 Representative examples
are the Langmuir−Blodgett (LB) method,33−35 the layer-by-
layer (LbL) method,36−38 microphase-separated block copoly-
mer structures,39−41 and mesoporous materials.42−44 These
self-assembling technologies use chemical processes to create a
novel functional interface. The breath figure method casts
polymer solution onto the substrate in a high-humidity
environment, coating it with a highly ordered porous polymer
film. The deposited film is characterized by regular arrays and
uniform pore size, controlled from the nanometer to the
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micrometer scale by tuning the humidity, polymer concen-
tration, polymer type, and molecular weight.45−47

Among the diverse potential applications of films fabricated
by breath figures are cell culture substratum,48 optical film,49

and substance separation filter.50

Here, we report the first use of a porous thin film fabricated
by breath figures as an antimicrobial agent. The target organism
was P. aeruginosa, a notorious source of hospital infection.51

The experimental results of this study demonstrate the
efficacy of antibacterial films with a micropatterned indented
surface generated by breath figures. Furthermore, we establish
the pore diameters that yield the strongest antibacterial effect
and investigate their antimicrobial actions.

■ EXPERIMENTAL SECTION
Materials. The materials used in this experiment were selected

from the viewpoint of compatibility between the polymer and organic
solvent.52 Polystyrene (PS, Mw = 200 000) as solute was purchased
from Wako Pure Chemical Industries, Ltd. Tetrahydrofuran (THF,
purity GC: min. 99.5 %) as solvent was purchased from Kanto
Chemical Co., Ltd. Glass substrate (76 × 26 mm2, thickness 1.0 mm)
was purchased from Matsunami Glass Ind., Ltd., and PS substrate (40
mm diameter × 13 mm height) was purchased from Asahi Glass Co.,
Ltd (Science Products Dept., Iwaki). The bacterial fixative was
glutaraldehyde (10%), purchased from Wako. Bacteria were cultured
in trypticase soy broth (44011), purchased from bioMerieux SA.
Film Formation. The thin films were fabricated by breath figures, a

method that exploits polymer self-assembly behavior to fabricate
porous polymer thin films characterized by arrays of uniform pore size.
The method is controlled by dropwise condensation in a high-
humidity environment at ordinary temperatures and pressures.26−28

To obtain the solution, THF was mixed with PS at three different
concentrations: 1, 3, and 5 wt %. The polymer thin films were
fabricated by 1 mm3/mm2 cast-coating on the glass substrate at room
temperature or cooled to 0 °C by cooling equipment (CPS-30, AS
ONE Corporation) without the cover for samples A−D in Table 1 or
with the cover for samples E−K in Table 1, and the coated substrates
were set in a 23 °C thermo-hygrostat (PR-1KP, ESPEC Corp.) for 1 h
(Figure 1). The humidity conditions of the equipment were set to 30,
50, 70, and 90%.
Structural Analysis. The surface structures were observed by a

color 3D laser scanning microscope (VK-9710, Keyence) and a
scanning electron microscope (SEM, S4700, Hitachi). The pore
diameters were analyzed by the image analysis software Image-J
(NIHimage).

Bacterial Cultivation Test. The films were assessed for bacterial
cultivation of P. aeruginosa (Figure 2), a suspected leading cause of
hospital infection. First, the films (10 × 15 mm2) were immersed in 15
mL of culture media containing P. aeruginosa in a petri dish (38 mm
diameter) and incubated for 1 week at 30−37 °C. Organisms were
cultured in trypticase soy broth (44011) according to the
manufacturer’s instructions. The culture medium was then discarded,
and weakly attached bacteria were removed by thrice rinsing with pure
water. The bacteria adhered to the films were immobilized by
glutaraldehyde for 1 day, washed, and observed under SEM. The area
of film occupied by bacteria was estimated by Image-J processing of
the SEM images.

■ RESULTS AND DISCUSSION

Microstructures of the Films Fabricated by Breath
Figures. Figure 3 illustrates how the porous structure is altered
with PS concentration. As reported by Billon et al.,53 the pore
diameter reduces as the solution concentration increases.54−56

This result is attributable to two phenomena. First, because the
viscosity of the solution increases at high PS concentration,
water droplets condensing on the surface are largely prevented
from sinking into the solution. Second, because the thermal
conductivity of PS is lower than that of THF, the water droplets
condensing on the surface become smaller with increasing PS
concentration.
The pore size of the films fabricated by breath figures also

depends on relative humidity, as demonstrated by Brown et
al.57,58 According to Figure 4, the pore size increases as relative
humidity increases. In addition, the depth to which water
droplets sink into the solution depends on only the PS
concentration and is independent of film structure. At higher
humidity, larger water droplets condense on the cooled surface
above the saturated water-vapor density. Larger water droplets
readily sink into the film, generating a large-pore structure.

Bacterial Proliferative Properties. On the basis of the
above results, we constructed films of various pore diameters by
varying the concentration and humidity conditions (Table 1).
Thereafter, samples for evaluating bacterial colonization were
prepared under each experimental condition. Once the
proliferative test was complete, the area covered by the bacteria
and the average pore diameter were analyzed from SEM images
(Figure 5). The white regions in the SEM images (the regions
occupied by P. aeruginosa) appear red after applying the edge
effect of SEM in Image-J processing. The antimicrobial
properties of each film were assessed from the extent of
bacterial occupation (Figure 6).
According to Figure 5A,B, P. aeruginosa biofilms occupy a

large area (more than half of the substrate surface). Biofilms are
microbial aggregates in which cells adhere to each other on a
surface59 and secrete extracellular polymeric substances (EPS).
EPS encourages cellular aggregation and protects the internal
cells from environmental changes and chemical substances.
Biofilms can form on living or nonliving surfaces and are
common sources of infection in natural, industrial, and hospital
situations.60,61 Under experimental conditions C−I, P.
aeruginosa were fewer in abundance than under other
conditions. In particular, under conditions E−H, few P.
aeruginosa were found on the substrate surface (Figure 5).
The organism proliferated more easily on large-pore films, but
was prevented from forming biofilms.
Figure 7 indicates the relationship between the area covered

by bacteria and the average pore diameter, determined by
Image-J analysis of SEM images (Figsures 5 and 6). The area

Figure 1. Image of the film-forming equipment with the cover in the
thermo-hygrostat.
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covered by biofilms was estimated from the area occupied by P.
aeruginosa in images similar to panels A and B in Figure 5.
On films of pore diameter <3.5 μm, P. aeruginosa aggregated

into biofilms that occupied more than half of the surface. No
biofilms developed on films whose pore diameters ranged from
3.5 to 5 μm, although many bacteria adhered between the
pores. When the pore size ranged from 5 to 11 μm, bacterial
coverage was considerably reduced, reaching a minimum of
0.59% under experimental condition H. At larger pore
diameters (>11 μm), bacterial coverage again increased,
reaching 31.5% at the largest diameter. As observed for the
smaller pore sizes, no biofilms appeared on the surfaces.
We now discuss the likely factors responsible for the above-

mentioned antimicrobial trends (Figure 8). Initial adhesion by
P. aeruginosa may depend on the extent to which bacterial
culture media infiltrate the pores, which in turn depends on
pore diameter. Wu et al.62 reported that changing the pore
diameter of porous structures alters the contact angle between
the film and the culture medium. If the culture media has a low
intrinsic contact angle on the films, then it will immediately
spread and fill all of the pores. Following the initial spreading,

Figure 2. Schematic of experimental procedure from film formation to bacterial adhesion test.

Figure 3. Changing porous structure in thin films fabricated at different PS concentrations. Shown are laser scanning microscope images at PS
concentrations of (a) 1, (b) 3, and (c) 5 wt %. The PS substrates were cooled to 0 °C at 70 % relative humidity.

Figure 4. Changing porous structure in thin films fabricated at different humidity. Shown are laser scanning microscope images of the fabricated PS
substrates at relative humidities of (a) 30, (b) 50, (c) 70, and (d) 90 %. Substrate temperature was maintained at 0 °C.

Table 1. Experimental Conditions for Fabricating Each
Sample Examined in the Antibacterial Activity Assay

sample
name

concentration of
PS (wt %)

relative
humidity (%) cover

temperature of
substrate (°C)

A 5 70 none 23
B 5 90 none 23
C 5 50 none 0
D 5 70 none 0
E 5 30 with

cover
0

F 5 50 with
cover

0

G 5 70 with
cover

0

H 3 70 with
cover

0

I 5 90 with
cover

0

J 1 30 with
cover

0

K 1 50 with
cover

0
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Laplace pressures cause the concave liquid surfaces to grow by
condensation and the convex surfaces to slowly evaporate. The
final state is a surface covered by culture media with zero
apparent contact angle and zero Laplace pressure. Conversely,
if the intrinsic contact angle of the culture medium is high, all of
the liquid surfaces are convex and evaporate under the Laplace
pressure until their real contact area is zero. Laplace pressures
also affect the liquid menisci, which depend on pore size. When
bacterial culture is delivered dropwise into films with a porous
structure, these two phenomena determine the contact area
between P. aeruginosa and the films and may explain the

minimal bacterial contact with the surface at intermediate pore
sizes (5−11 μm).
Second, the pore diameter influences the potential field on

microscale pores. As calculated by Everett et al.,63 the van der
Waals potentials of pore walls overlap when their size
approximates the distance between walls, as occurs on
microscale pores. In the current experiment, the films were
immersed in bacterial culture media for 1 week, allowing the
pores to become gradually infiltrated by the culture.64

Accordingly, the force acting on P. aeruginosa as it penetrates
the pores is influenced by the interaction potentials of the pore
walls, which are pore-size-dependent. If the pore size is small (<
3.5 μm), P. aeruginosa readily forms biofilms atop the surface
because individual cells collect and stabilize around pore gates.
As the pore size increases from 3.5 to 11 μm, P. aeruginosa
infiltrate the pores but is prevented from settling by the pore
surface potentials. At large pore diameters (>11 μm), the
influence of the potential is sufficiently weakened that P.
aeruginosa can enter the pores.
Third, the physical barriers formed by breath figures critically

control the movement of P. aeruginosa and retain trails of the
extracellular polysaccharide Ps1 within the holes.65 A recent
study showed that P. aeruginosa secretes Psl during migration.
The resulting Psl trails influence the motions of succeeding P.

Figure 5. (A−K) SEM surface images collected after bacterial cultivation test. The experimental conditions under which each film is fabricated are
listed in Table 1. The white parts are P. aeruginosa. (L) Color 3D laser scanning microscope image of panel H before the bacterial cultivation test.
The green line indicates the height scan of the chart below.

Figure 6. Characterization by Image-J. Bacterial adhesion appears as
white patches in the left SEM image and as red patches after Image-J
analysis (right).
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aeruginosa cells on the surface.66 Structures with separated holes
can disturb Psl trails and thereby weaken the ability of P.
aeruginosa to colonize by attaching and self-organizing on the
surfaces.

■ CONCLUSIONS
This study investigated whether polymer thin films with porous
structures fabricated by breath figures can be effective at biofilm
formation inhibition and inhibition of bacterial adhesion
surfaces. According to bacterial proliferation tests, at
intermediate diameters of the arrayed pores (5−11 μm), the
area covered by bacteria was minimized at 0.59 %,
demonstrating that thin porous films effectively prohibit
bacterial adhesion and growth at these pore diameters. To
our knowledge, this study is the first report of a porous film,
fabricated by breath figures at ordinary temperatures and
pressures, that prohibits P. aeruginosa biofilm formation by
controlling pore diameter. Environmentally friendly antimicro-
bial films are expected to be extensively researched in the
future.
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