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Abstract

Bacterial adhesion on surfaces commonly used in medicine and food industry could lead to infections and
illnesses. Topographically patterned surfaces recently have shown to be a promising alternative to chemical
antibacterial methods, which might release cytotoxin and promote antibiotic resistance. In this study we fabricated
micro-patterned polyethylene terephthalate surfaces, and quantitatively explored the amount and localization of
Escherichia coli MG1655 cells attached on a series of defined topographies. The adhesion was conducted in static
conditions and under a weak flow, in both physiological buffer and nutritious solutions. The results showed that in
the presence of weak shear force live bacteria could still maintain sensing ability in nutritious culture, but not in
buffer solution. The finely textured surface, which could inhibit bacterial adhesion in the early stage of attachment,
reversed its effect to enhance the adhesion after 24 h incubation, indicating that microbial cells seemed to be able
to sense the disadvantageous condition and eventually overcome it. In terms of adhesion localization, bacteria
exhibited preferential adhesion onto the edges of topographic features. The patterned substrates that have the most
even (homogeneous) bacterial localization on topographic features retained the least attachment after 24 h

exposure.

Keywords: Micro-patterning; Polyethylene terephthalate; Bacterial adhesion; Topographic sensing



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

1. Introduction

Bacterial adhesion onto abiotic surfaces is the first step to form biofilms (adherent bacteria colonize and then
synthesize polymeric biofilm matrix on the solid surfaces)." 2 Most medical devices and food processing facilities
are prone to infections caused by the attached microbes, and eventually - biofilms, leading to a direct threat to
health and food contamination.®® Hence, a host of biological and chemical strategies have been employed to study
bacterial adhesion and develop abiotic surfaces in order to reduce initial surface contamination. These approaches
generally involve a chemical surface modification with antibiotics, enzymes or other antimicrobial agents, for
instance, covalently bonding the active agents.* > " However, the issues of antibiotic resistance in bacterial
strains and cytotoxicity of the active agents limit the application of these strategies in medicine and food industry.™
1012 Thus the physical approach, i.e. designing and utilizing special surface topographies as an alternative to
traditional chemical strategies, has been increasingly attempted in the last decade.

Surface topographies with regularly shaped surface patterns significantly influence mammalian cell behaviors,
which has been well elaborated in literature.*® In contrast, the mechanism regulating the effect of defined surface
features with controlled dimensions and shape on bacterial adhesion has not yet been addressed, since only few
studies have focused on bacterial attachment on patterned surfaces. Friedlander et al.* and Xu et al.’ both
hypothesized that surface patterns with dimensions smaller than bacterial cell diameter would reduce the surface
area accessible to attachment, thus decreasing the bacterial colonization. Xu et al. found a significant decrease in
the adhesion of staphylococcal stains on the surfaces with submicron pillars (0.4 and 0.5 um diameter),® while
Friedlander et al. reported an initially reduced attachment of Escherichia coli (E.coli) on the substrates with
sub-micrometer crevices (0.4 um width), reversing to an increased attachment at longer exposure.! Whitehead et
al. studied the retention of Staphylococcus aureus and Pseudomonas aeruginosa on pitted surfaces (respectively
0.2, 0.5, 1 and 2 um pit diameter), and demonstrated that the cells were retained more within larger surface
features,™ but they did not quantitatively characterize the differences of the pits among surfaces. Regarding the
distribution of adherent microorganisms on the patterned surfaces, Hsu et al.® showed that bacterial cells
preferentially localized onto the areas between the pits, rather than inside them. However, the cell lengths of the
tested stains in their study were no less than the dimensions of the wells, rendering it a bit difficult to confirm such
a conclusion. Hou et al."® investigated the topographic patterns which were larger than bacterial cells in every
dimension, and found that the valleys (5-20 um width) between square pillars were more favorable for E.coli

adhesion even when the dimension of pillars (e.g. 100 um by 100 um) was much larger than valleys. Nevertheless,
2
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the high depth of the patterns (10 um) led to much space volume available to bacteria, thus contributing to the
clustered cells seen in the valleys. It seems to be not so impartial to compare bacterial adhesion within spaces and
that on plane surfaces, given such length scales. Therefore, the bacterial response to surface topography with
ordered arrays has yet to be carefully studied, and the quantity and location of the adherent cells need to be
analyzed quantitatively.

In the earlier literature, the substrates conducted for bacterial attachment were mostly polydimethylsiloxane
(PDMS) and silicon wafers,™ * ** which could be patterned easily using the well-known and widely applied
techniques in microfluidics, such as photolithography.** * However, the much more important substrate materials
in medical devices and food industry that are susceptible to microorganisms are stainless steel, ceramic, and
polymers such as polyethylene terephthalate (PET). In this study, PET films were used to investigate the effect of
micro-patterning on the bacterial adhesion, since PET is ubiquitous in food packaging and medical technology, for

instance soft drink bottles, vascular grafts, artificial heart ale closure, implantable sutures and surgical mesh*" *®

and it has also been recently applied to fabricate scaffolds in tissue engineering.'* %

Considering the applications of PET films in medical technology, topographically engineered PET substrates
should maintain the original (favorable) physicochemical characteristics of PET films, thus rendering them also
applicable in other bioengineered processes.”® As PET reacts with many chemical developers and absorbs UV
radiation, the standard photolithography would not be applicable for its patterning. Hence, researchers focused on
other methods, such as hot embossing lithography, where a mold is pressed into a PET film at an elevated

temperature.?" 22 However, the most interesting and relevant length scales (a few micrometers, comparable with

the length scale of bacteria themselves) have never been achieved on PET surfaces. We design topographic

features on the surface such that their characteristic height is comparable with E.coli diameter (~0.5um). Our PET

embossing procedure is carried out at a low temperature to avoid chemical and mechanical degradation of PET
(which would occur at high temperatures, leading to a loss of transparency and flexibility 2*) and so require a high
force applied to the polymer melt. This requires a mechanically robust mold for embossing. In our work, we have
developed a technologically robust method of patterning PET films at these length scales using a three-step
procedure to produce a durable epoxy-based mold for hot embossing.

We find that at short time of exposure to a substrate, the actively moving cells can still find their preferential
location, even in highly-viscous nutritious medium, and so we found the most and the least preferred patterns for
attachment. However, we also found that the topography that could initially reduce bacterial adhesion, produced

the increased the adhesion after longer (24 h) exposure, an effect we attribute to an active compensation by the
3
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bacteria. Regarding the fine detail of topographic features affecting the adhesion, E.coli MG1655 was found to
preferentially attach on the edges, especially those with less curvature. The results in this work would be helpful
not only in understanding the microbial response to textured surfaces but also in designing effectively

anti-adhesive PET films.

2. Materials and Methods

2.1 Materials

PET films with a thickness of 0.35 mm were purchased from Goodfellow Cambridge Ltd. (Huntingdon, UK).
The films were cut into small pieces (2.1 cm x 0.8 cm) for experiments and cleaned ultrasonically in 100% ethanol
for 15 min and then in deionized purified water for 15 min. They were then dried under nitrogen. The clean flat
PET surface had been characterized for roughness: R,=5.04+0.16 nm according to wide-area AFM scans, and for
contact angle: 6 =69.620.2 ° with pure deionized water at 20 °C using a contact angle goniometer (KSV CAM 200,

KSV Instruments Ltd., Helsinki, Finland).

2.2 Fabrication of surface topography

We designed and printed micro-patterns with six different dimensions on a quartz photomask (Micro

Lithography Services Ltd, UK). Table 1 shows the shape and dimensions of the patterns. The standard procedure

23,24

of UV photolithography was followed to transfer these features onto a silicon wafer spin-coated with a thin
layer of photoresist (SU-8 2000.5 or 3005, MicroChem Corp., MA, USA). Briefly, the spin-coating speed was
3000 or 4000 rpm, respectively, and other photolithographic parameters, such as exposure time of UV light

through the photomask, all followed the instructions of SU-8 datasheet (www. microchem.com). Owing to the

diffraction of UV light, a gradient of height at the fabricated pattern sidewall (edge slope) is inevitable on the layer

of photoresist.”® In order to reduce the effect of this phenomenon on the microscopic structural features, the

thickness of the photoresist layer should be low, as the dimension of the patterns here was just a few micrometers.

Hence, SU-8 3005 and 2000.5 were applied, whose thicknesses on the wafer could be both down to below 5 um,

especially SU-8 2000.5 system could allow the feature depth down to around 0.5 um. The silicon wafer with the

cured SU-8 pattern would act as the master mold for micro-patterning PET surfaces, as shown in Figure 1a. Then
PDMS (SYLGARD 184 Silicone Elastomer Kit, Dow Corning, Midland, MI, USA) was cast onto the wafer, so

negative patterns could be replicated on the PDMS elastic stamp. This is now a well-known and widely used
4
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procedure in microfluidics.”® The epoxy resin and hardener (Easy Composites Ltd., Staffordshire, UK) were
mixed thoroughly (the mixing ratio 20:7 by weight) and the mixture was cast on the inverted PDMS stamp, Figure
1b, followed by degassing and curing for 24h at room temperature. In order to achieve the required high
temperature characteristics and stability, the epoxy resin mold was subjected to a post cure process (baking at 40,
80, 120 and 160 °C, sequentially, for 1h each). After removal of elastic PDMS stamp, the epoxy mold was ready
for the hot embossing of PET. Specifically, one PET piece was placed on the top of the resin mold, and softened
gently by increasing the temperature at a rate of 0.1 °C/s to 78 °C (just above its T), before a pressure of 0.5 MPa
was applied for 10 min. After cooling down to below 50 °C, the pressure was released, and the patterned PET film
would de-bond from the epoxy mold automatically. The textured PET samples were then cleaned ultrasonically in
100% ethanol for 15 min and then in deionized purified water for 15 min and dried with nitrogen.

The surface topography of micro-patterned PET was characterized using scanning electron microscope (SEM)
(FEI Philips XL30 sFEG, FEI, Hillsboro, USA). The height of features on epoxy molds and pattered PET surfaces
were measured by atomic force microscopy (AFM) (Veeco Dimension 3100) in tapping mode, and AFM images

were analyzed using the open-source software Gwyddion (http://gwyddion.net/). The infrared spectra (IR) of PET

(3 um thick film) before and after hot embossing by a flat mold were recorded using a Fourier transform infrared

spectrometer (Nicolet iS10, Thermo Scientific, USA). Sixty-four scans were performed for data acquisition in the

spectral region 400 cm™* to 4000 cm L.

2.3 Bacterial stain and culture

A loop of E.coli MG1655 stock was streaked onto a Luria broth (LB) agar plate and incubated at 37 °C
overnight. A single colony was then inoculated into a test tube containing 5 mL LB culture media and grown
overnight at 37 °C, with shaking at 200 rpm. A 100 pL of culture was transferred into a fresh tube of 5 mL LB and
incubated with shaking until stationary phase was reached (12-14 h) to obtain the microbial suspension. The
stationary phase culture contained ~3x10° colony forming units per mL (CFU/mL). To prepare bacterial
suspension in phosphate buffered saline (PBS) buffer, the stationary phase culture was used to harvest bacteria by
centrifugation at 1200g for 5 min, and then the bacterial pellet was washed with 0.01 M PBS and resuspended in 5
mL PBS buffer.

To estimate whether the exposure of patterned PET surfaces in bacterial suspension leads to noticeable
modifications of the surface, which would then affect further bacterial adhesion, we tested the variation of contact

angle on such an exposure. A fresh bacterial suspension in PBS buffer was kept stationary at 37 °C for 24 h, before
5



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

successively passed through 0.2-um filters four times. Then clean PET samples were immersed in this filtered

solution for 24 h at 37 °C. The resulting exposed PET surfaces were washed twice with fresh PBS buffer and then

dried at room temperature. These exposed and clean patterned PET surfaces were firstly tested for contact angle.

At least 3 measurements per patterned region were taken.;registering-a-decrease-by-about-10-° compared-to-fresh

PETF-surfaces: Secondly, we compared the adhesion on the freshly cleaned and the exposed PET surfaces which

were statically incubated in a fresh PBS-buffered bacterial suspension for 0.5 h to estimate the amount of attached

2.4 Bacterial adhesion assays

The clean patterned PET surfaces were sterilized with 70% ethanol for 15 min and rinsed thrice with sterile
water and LB media/PBS buffer. Each sample surface was then vertically placed into a test tube (diameter 2.2 cm)
containing the stationary-phase synchronized bacterial cells suspended in LB culture or PBS solution.

Following incubation at 37 °C statically or with shaking at 200 rpm, the surfaces were washed with tris buffered
saline (TBS) buffer thrice, and then incubated for 15 min in the dark with the BacLight Live/Dead viability kit
(Invitrogen, kit no. L7007). The kit was dissolved in TBS buffer at the concentration recommended by the
manufacturer. Samples were then rinsed twice with TBS and immersed into a 50% glycerol solution in TBS before
imaging. Bacteria attached to the surface were then visualized in situ using Confocal Laser Scanning Microscopy
(CLSM) microscope (LEICA TCS SP5) with an oil immersion objective lens at 40x magnification, zoom 1:4.9. At
least six fields of view were randomly chosen for analysis. To quantitatively determine the attached cells count
(cellssmm?) on varied micro-patterns, the images were analyzed using Image J (NIH, Bethesda, Maryland,
http://rsbweb.nih.gov/ij/).

In order to investigate the distribution of adherent microorganisms, SEM was also conducted to visualize the
patterned PET surfaces that were statically incubated with bacterial suspension in PBS buffer for 24 h. Specifically,
the attached bacteria were fixed overnight in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 °C, and
then rinsed three times in 0.1 M PBS solution. Sequentially, specimens were dehydrated in an ethanol series of
25%, 50%, 75%, 95%, 100%, 100%, 100% (vol/vol) ethanol for 10 min each, dried in room temperature, sputter
coated with gold and analyzed with SEM.

All statistical analysis was performed using Microsoft Excel (Microsoft Corp., Redmond, WA). Values were
reported in the text as mean value + standard deviation.

3. Results



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

3.1 Embossing micro-patterns on PET at moderate temperature

surface-of-epoxy—resin—meld—Surface topography with defined configurations was well fabricated. Figure 2a

shows the AFM image of the resulting epoxy mold (the No. 6-pattern, the dimension is shown in Table 1). The
depth profiles of the molds produced using photoresists SU-8 3005 and 2000.5 were obtained from the cross
session of AFM image, showing that the depths were 3.29 and 0.65 um, respectively (Figure 2b). Due to the shape
of AFM tip on the cantilever, the image was some combination of the tip shape and the true surface topography,
thus the depth profile of SU-8 3005 at the edge slope between the top and bottom surface is a bit different from that
of SU-8 2000.5. After hot embossing, the micro-patterns were reliably replicated from both molds onto PET films,
as revealed in SEM images (Figure 2c-d). In this study, we chose SU-8 2000.5 to micro-pattern PET films for
bacterial adhesion assays. As shown in Figure 3, the morphology of all six patterned areas was verified by SEM.
The inserted profile in Figure 3 (No.6) shows the height of the pillars that is approximately 0.65 um. It could be
seen that the topographic features on patterned PET surfaces simultaneously include curved and straight edges,
flat plateaus (top of pillars), and flat surfaces between pillars so as to explore the bacterial behavior on surfaces
with different topographies.

Infrared spectroscopy (IR) and contact angle measurements of PET films before and after hot embossing were
carried out in order to assess the impact of our treatment procedure on PET physicochemical properties, which
might affect the behavior of bacteria on the surface. We found that the micro-patterned PET surface did not exhibit

any chemical changes (IR-data-netshewnFigure 4a), due to the low-temperature embossing procedure. Similarly,
7
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hot-embossing PET by a flat mold led to a surface with almost unchanged contact angle (71-4+1.0°, after hot

embossing). As demonstrated in Figure 4b, Fthe micro-patterned PET areas had a slightly different contact angle,

generally increasing in patterns with smaller size features. We then further tested how the contact angle would
vary on 24 h exposure of PET to a broth of chemicals from a filtered mature bacterial suspension. In all surfaces,
the contact angle was found slightly decreased_by about 10 °, i.e. surfaces became slightly less hydrophobic
(Figure-4).

Notably, the six rod-patterned areas with different features were simultaneously replicated onto the same PET
sample surface, thus rendering all textured regions exposed in an identical bacterial suspension. The bacterial

adhesion results were shown as follows.

4.3.2 Bacterial adhesion on micro-patterned PET surfaces

3.2.1 Initial adhesion of E.coli on PET surfaces

bacterial initial adhesion to patterned and flat PET films in nutritious culture (LB medium) and in oligotrophic

solution (PBS buffer), both statically and dynamically (shaking at 200rpm). A comment on the ‘dynamic
conditions’ is due here. Taking the dimensions and the rate of shaking device, we have estimated the magnitude of
the local flow disturbance in the zone of bacterial adhesion. In the case of flat PET surface the shaking induces the
local shear rate of ~10 s, or the stress o ~ 0.01 Pa. Even though these values would change with the patterned
surface (reduce in the corners of pillars), it is important to note the very low level of shear stress in our ‘dynamic
attachment’ regime (in further work we will specifically report the effect of increasing shear on bacteria
attachment). The patterned PET surfaces were immersed in E.coli MG1655 suspensions (i.e. bacterial cells

suspended in LB medium or PBS buffer) for 0.5 h and then imaged using CLSM. The representative fluorescence

images are shown in Figure 5. Fo-quantitatively determine—theattached—cels—count—{(cells/mm?)-on—varied
micro-patterns—these—images—were—analyzed-using—Hmage—J—Figures 6-7 show the statistical analysis of the

bacterial adhesion on these patterns, respectively illustrating the number of adherent bacteria on textured PET
surfaces in the environment of LB culture medium and PBS buffer, and the relative proportions of live and dead

cells retained on the surfaces are also presented.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

In the initial stage of microbial adhesion in the nutritious environment, E.coli achieved a better adhesion in the

presence of shaking for both live and dead cells, as demonstrated by a higher level of attachment on the surfaces

than that in static condition (Figure 6a). No dead cells but only live cells were observed to attach on PET surfaces

when the sample was cultured in bacterial suspensions statically, while some dead cells could still adhere onto the
surfaces when a weak shear force was applied (i.e. when the PET sample incubated in the bacterial suspension was

kept in a shaker).

—As seen in Figure 6a, the least

attachment of dead cells was seen on the flat surface, and the maximum difference between the proportion of live
cells and that of dead cells adherent was also observed on the smooth surface (Figure 6b), indicating that the
adherence of dead cells seemed to benefit from PET patterning, where the local turbulence of fluid flow should
form pockets of favored contact.

In contrast, when E.coli were suspended in PBS buffer, the flow over the patterned surface did decrease the total

numbers of attached cells (Figure 7a), which is consistent with the results by other investigators using similar

conditions.?” Dead cells could adhere onto PET surface when the adhesion process was performed statically, and

Lless difference between the proportion of live cells and that of dead cells adherent were observed in the dynamic

conditions (Figure 7b). W

in-each-of the-patterns—Interestingly, as shown in Figure 6a, the amounts of live cells adhered under both static and

dynamic conditions exhibited almost the same trend with the pattern number ranging from 1 to 6:-which-might

preferential-attachment-of-Hve bacteria. However, this phenomenon was not pronounced when the surfaces were
challenged with E.coli suspended in PBS buffer (Figure 7a);—suggesting—that—when—bacteria—etltured—in

Compared with control flat surfaces, the most significant reduction in total amount of adherent bacterial cells

was found on No.1-patterned PET surfaces under static/dynamic conditions in both LB medium and PBS buffer.

4.23.2.2 Adhesion of E.coli on PET surfaces at 24 h

In order to identify whether No.1-patterned surface configuration would still inhibit bacterial adhesion after

long-time exposure, we investigated the attachment on the patterned PET surfaces incubated in PBS-buffered
9
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bacterial suspension over 24h using CLSM. Here we did not study the 24h-adhesion in LB culture medium, since
the growth curve of E.coli in this nutritious environment has reached stationary phase. Therefore, the conditions
for bacterial movement and attachment are no longer comparable with the short-time data. Figure 8 illustrates the
average numbers of total cells attached to each type of patterned substrate after 24 h incubation. Surprisingly, in
the static condition, the No.1-patterned configuration did not prevent bacterial adhesion (as was the case in a
short-time test, after 0.5 h) but instead has shown the highest numbers of attached bacteria. A similar phenomenon,
that some patterned substrate inhibited microbial attachment at early time points but not later, was also reported by
Friedlander et al..! They suggested that it was due to a so-called lotus-leaf wetting state,? rendering the patterned
surface non-wetting in the initial stage of adhesion. To test this proposal, we observed the No.1-patterned PET
surfaces microscopically during the early adhesion process, and found that the surfaces were immediately wetted
once they got immersed in the bacterial suspensions, therefore, we had to dismiss the idea of temporary
de-wetting.

In this study, we saw a change of PET surface properties over the whole adhesion process, as illustrated by a
drift in the contact angle (i.e. surface tension, Figure 4b). Therefore, we immersed one clean patterned PET film in
filtered culture medium for 24 h as described in section 2.3. Then the resulting PET sample was incubated in
E.coli PBS-buffered suspension for 0.5 h. The amount of total cells attached to the treated No.1-patterned surface
was (2.7+0.4) x10° cells/mm?, which did not have any significant difference from that without the pre-treatment
by 24 h immersion: (2.8+0.2) x10° cells/smm?, shown in Figure 7(a). It means that the change of contact angle (at
least in the range between 85° and 70°) would not strongly influence bacterial adhesion on the No.1-patterned
surfaces. Hence the reason of the phenomenon of delayed adhesion seems to be solely due to the bacteria
themselves, which will be discussed Sectien-Slater. It could also be seen from Figures: 7 and 8 that the effect of
shaking disruption on bacterial adhesion was continuing.

In terms of the location of bacteria to the reqgular topography, As-mentioned-before-the-localization-of-bacteria

features;-a visualization of the attached cells on the defined topographies was conducted using SEM (Figure 9). It

could be seen that many of the adherent bacteria on No.1-patterned surface were in clusters. As shown in Figures.
10-11, the bacterial location within the diverse topographies was quantitatively analyzed from the SEM images.
Figure 10a demonstrates the total amounts of bacteria retained on the patterns. The trend of total cell numbers with
patterns ranging from No.1 to No.6 appears to be consistent with the results obtained from CLSM (Figure 8), even

though the imaged surfaces came from two different tests. These results both tell that the most attachment after a
10
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long exposure occurred in the No.1-patterned area, while the least adhesion occurred in the No.5-patterned region.

To better understand the bacterial distribution, firstly, we divided the features into edges (i.e. edges of the
semi-circles and line segments) and flat surfaces (flat areas in patterned regions). Generally, as the flat area
occupied most of the whole patterned surface, a larger proportion of adhesive cells was naturally present on the
flat surfaces (Figure 10b). Hence, to make the meaningful comparison of bacterial attachment onto the edges and
flat surfaces, we introduced the ‘edge area’ equaling the total side length of patterns in SEM image multiplied by
the average width of bacteria (0.5 wm, measured the cells in SEM images using Image J), and used this in
normalizing the results. The total flat area was represented by the whole field area of SEM image with the edge
area subtracted. Figure 11a displays the properly normalized density of attached cells on the edge area and flat
area, which demonstrates a significantly higher level of bacterial adhesion on edges than that on smooth areas for
each type of patterned surface. It reveals a preferential adhesion of E.coli onto the edges of patterns.

In addition, the density of bacteria retained on the edges (DBE) was found to be strongly dominated by the
shape of edge features. As shown in the insets of Figure 11a, when the curvature radius was 1 um, DBE sharply
increased with the length of the line segment (i.e. side length, L in Table 1) rising from 1 to 4 um, before it slowly
increased when L was larger than 4 um, and when the side length was 4 um, DBE dramatically raised with the
curvature radius increasing from 1 to 4 um. It indicates that E.coli cells were more likely to attach to the edges
with less curvature.

In order to explore the reason why the least adhesion was found on No.5-patterned surfaces, we conducted a
more detailed analysis of bacterial distribution on the surface topographies. As seen in Figure 11b, the edges were
divided into the edges of the semi-circles and line segments separately, and the flat surfaces were partitioned into
three flat areas S;, S,, and S; (shown in the inset of Figure 11b). The most dramatic difference between the
No.5-patterned surfaces and other ones is that the adhesion localization of bacterial cells on these five parts of

features is more even, that is, there appears to be less preferential attachment in No.5-patterned areas.

54. Discussion

Bacterial adhesion on abiotic surfaces is thought to be dominated by the bacteria-surface interactions that
11
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highly depend on the chemical and topographical properties of substrate surfaces.** Additionally, owing to the

presence of fimbriae or pili appendages in E.coli cells, which are susceptible to environmental conditions such as

culture media,”® their aid in the initial attachment to PET surfaces is also supposed to be considered.

Firstly, we were interested in the effect of environmental conditions on the bacterial adhesion, specifically the
role of culture medium and the weak medium flow. Previous research usually claimed that the flow of medium

over the substrates would reduce the amount of attached cells.> * 2" However, based on the results of initial

adhesion, it appears that the role of medium flow in bacteria-surface interactions should take into account the type

of culture medium (nutritious or oligotrophic) and, therefore, the specific bacterial activity in it. We were

convinced that the flow was supposed to affect the bacterial adhesion in two ways: on the one hand, it did provide
some shear force to remove bacteria from surfaces; on the other hand, the flow would also enhance the

opportunities of microbial cells to meet the surfaces. Of course, much depends on the magnitude of shear flow, and

we found that the conditions imposed in a standard cell-culture shaker happen to provide a sufficiently weak shear.

The bacterial movement in the suspension is necessary in order to come in the initial contact with the surface,

thus live cells appeared to behave actively to reach PET surfaces, since live cell movement could be mediated

through fimbriae or flagella. Hence only live bacteria were observed on the PET surfaces in static LB culture

medium. In a mild fluid flow, the dead bacteria (like colloid particles) did accidently touch the surface, so we

found some number of them in the images. Dead cells could adhere onto PET surface when the adhesion process

was performed statically in PBS buffer environment. It might be because the viscosity of PBS solution is less than

that of LB medium containing concentrated amino acids and peptides, and therefore the increased range of

Brownian motion of dead cells allowed them to come in accidental contact with the surfaces.®

The comparison of culture media and medium flow is also helpful to get a better insight into the bacterial
surface sensing. With pattern number ranging from No.1 to No.6, the same tendency of changes in amount of

settled live microorganisms was found in nutritious environment both dynamically and statically, and also in
12
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non-nutritious solution statically, indicating that E.coli live cells are not passive tracers.* In LB culture medium,
live cells do not trend to behave like colloid particles that are strongly affected by the shear flow in the
environment. It seems that they could still exhibit their own preference for adherence to the micro-topographic
surfaces even when some shear forces exist. However, when the shaking was conducted in solution without
nutrition (PBS buffer in this study), the active preference to the textured surfaces could not be observed. Why live
bacteria could still selectively and preferentially settle on the patterned substrates with the presence of shaking in
nutritious medium, but not in non-nutritious solution? This might be due to fimbriae/pili, the bacterial cell
appendages mediating microbial adhesion onto abiotic surfaces.* As has been noted in the literature, the fimbriae
of E.coli MG1655 could be regulated by environmental conditions, such as culture media.?® It appears that in the
nutritious environment the fimbriae are fully developed on the cell surface, while they might be lost from cell
surface, or made temporarily unfunctional, when bacteria are suspended in non-nutritious medium with the
presence of weak flow, thus rendering the live bacterial cells susceptible to the medium flow and easily removed
from the surfaces. The dead cells in nutritious and non-nutritious environments both behave like colloid particles,
undergoing Brownian motion strongly influenced by environmental conditions, such as medium flow and
viscosity.

The quantitative results of total adherent cells demonstrated that our patterns do influence E.coli attachment

behavior. The No.1-textured surface, which could be the most potential to inhibit bacterial adhesion;-since-it-was

{Figures—6-7)Nevertheless,the-No-1-patterned-area has instead retained the highest number of cells after being

challenged by bacterial suspension for 24 h. & ~The

wetting state of surfaces and changes of contact angle could not explain this phenomenon as Friedlander et al.

attempted,® however, the cell clusters {Figure-9-Ne-1)observed in No.1-patterned surface suggest that this pattern

was likely to form topographic stimuli to bacteria. In the early stage, the cells were hard to get in, but once some
cells anchored, these settled cells might make an effort to mask this disadvantageous surface topography,
meanwhile fimbriae could also be produced more in response to this environmental stimulus,® thus facilitating

further microbial attachment.

preferential
adhesion of E.coli onto the edges of patterns the-locational-respense-of-E.coli-to-surface-defined-configurations

{Figure-11a)-reveals that Bbacteria seem to be able to sense the topography and-preferred-to-attach-the-edges-of

patterns;-suggesting-that-they tended to align in the way that would enhance the cell-surface contact area to anchor
13
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themselves better, which was also suggested in previous research.®*® Another evidence of bacterial active sensing
ability towards the surface configuration could be seen in Figure 9 (No. 5-6), visually showing the microbial
adhesion at the surrounding regions near the boundary between the control and patterned area. In static conditions,
it appears that the microorganisms could distinguish where the patterns were and attempted to preferentially
adhere onto edges, as often claimed in the literature.™ Such selective adhesion could lead to an uneven distribution
of adherent cells, which might contribute to a higher level of bacterial contamination on patterned surfaces than
that on control surfaces. The dimensions of the No. 5 pattern in our study seem to be a threshold for relatively even
localization of microorganisms, thus less preferential attachment would suppress the total amount of adherent
cells. In terms of the bacterial distribution along the curved and straight edges, owing to the rigid cell shape, they
are much less deformable than eukaryotic cells,** therefore, the rod shaped E.coli cells were more likely to attach

the less curved edges to avoid deformation of cells.

65. Conclusion

We have developed a versatile method useful for reproducible fabrication of patterned PET surfaces.

Micro-patterning on a length scale comparable with the bacterial dimensions does have a significant effect on

E.coli adhesive behavior on PET surfaces. Bacterial cells preferred to attach to the straight edges of topographic

features, inspiring us to apply more curvature in the designing anti-adhesive-bacterial surfaces and coatings

configurations. On the other hand, we found that the effect of changing contact angle (and thus, the wetting on the

surface) has less effect on cell adhesion, compared to topography. Rich culture medium had a strong effect of

bacterial fimbriae mediating the surface activity of live bacteria, while in oligotrophic environment the fimbriae

functionality did not have an effect on E.coli adhesion. Our study might also be helpful if the antibiotics and other

antimicrobial agents have to be combined with substrate surfaces: implanting these chemicals-mainly on the edges

of topographies would simultaneously reduce the dosages and increase effectiveness of these agents.
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Table 1. Geometric characteristics of patterns on PET surfaces

b

Pattern  r (radius, um) L (side length, um)  Curvature ? Average edge

(mm/mm?)
L No.1 1 1 0.76 335.1+2.8
@ No.2 1 2 0.61 319.6+1.2
No.3 1 4 0.44 279.2+5.0
@ No.4 1 8 0.28 238.7+8.8
C) No.5 2 4 0.61 246.9+6.1
No.6 4 4 0.76 185.9+7.4

& defined as the proportion of semi-circle length in one pattern feature length, i.e. 2nr/(2nr+2L)
btotal edge length divided by total area in each SEM image (e.g. Figures 3 and 9) of patterned PET surfaces. The total area is

3.01x10° mm? measured by Image J. The standard deviation can be obtained since at least five images were randomly taken

for each pattern.
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Figure 1. Schematic diagram illustrating the methodology for surface texturing PET. (a) The
UV-lithographic production of a soft PDMS stamp. (b) The fabrication of the durable epoxy mold and the
patterning of PET.

(b) Epoxy resin
PDMS stamp
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Figure 2. (a) AFM image of the epoxy mold surface prepared using the No.6-pattern in Table 1. (b) The
cross section of the profiles in () i.e., the height profile along the dotted line. (c-d) SEM images of PET
surfaces after hot embossing. Patterns were exactly the same, No.6, but (d) was produced from the master
template with SU-8 2000.5, leading to a smaller height (0.65 um) compared to (¢) made with SU-8 3005
(3.29 um); scale bar: Spum.
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Figure 3. SEM images of micro-patterned PET surfaces with six different dimensions as shown in Table 1.
Scale bar, 10 um. The inset in No.6 image is the height profile of pillars measured by AFM, confirming the
reproducible depth of features.
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Figure 4. (a) Infrared spectra of PET before (bare PET) and after (treated PET) hot embossing. (b) Water
contact angles on micro-patterned and flat (control) PET surfaces, before and after 24 h exposure to a broth
of chemicals from a filtered mature bacterial suspension. On the right, an illustration of water contact angle
on flat PET surface, i.e. 0 in the image.
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Figure 5. CLSM fluorescence images of E.coli MG1655 cells attached on the patterned and flat (control)
PET surfaces after 0.5 h exposure to bacterial suspension in LB culture media at 37 °C, with shaking at 200
rpm. Scale bar, 10 um. Live and dead cells are stained with green and red, respectively.
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Figure 6. (a) Average numbers of live (blue), dead (red) and total (black) E.coli MG1655 cells attached on
the patterned and flat (control) PET surfaces after 0.5 h exposure to bacterial suspension in LB culture media
at 37 °C in both static and dynamic (shaking at 200 rpm) conditions. (b) The fraction of live (blue) and dead
(red) cells accounting for total adherent cells in each patterned and flat surface in LB culture media. There
are no dead cells attached in the static condition. The data are obtained by analyzing CLSM fluorescence
images using Image J. Error bars show standard deviations.
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Figure 7. (a) Average numbers of live (blue), dead (red) and total (black) E.coli MG1655 cells attached on
the patterned and flat (control) PET surfaces after 0.5 h exposure to bacterial suspension in PBS buffer at
37 °C in both static and dynamic (shaking at 200 rpm) conditions. (b) The fraction of live (blue) and dead
(red) cells accounting for total adherent cells in each patterned and flat surface in PBS buffer. The data are
obtained by analyzing CLSM fluorescence images using Image J. Error bars show standard deviations.
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(shaking at 200 rpm) conditions. The data are obtained by analyzing CLSM fluorescence images using
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Figure 9. Representative SEM images of E.coli MG1655 adhesion on patterned and flat (control) PET
surfaces, after 24 h static incubation in PBS-buffered bacterial suspension at 37 °C. No. 5 and 6 images, in
addition, show the boundary between the patterned area and flat region. Scale bar, 10 um.
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Figure 10. Extensive (overall) characterization of bacterial attachment to the patterned PET surfaces by
analyzing SEM images. (a) Average numbers of total E.coli MG1655 cells adherent on the patterned and flat
(control) PET surfaces after 24 h static incubation in PBS-buffered bacterial suspension at 37 °C. The black
solid lines show the statistical analysis of SEM images of attached bacteria. The green dashed lines show the
CLSM data (i.e. data in Figure8 presented with dashed lines) for comparison. (b) The fraction of cells
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Figure 11. Intensive (specific) characteristics of bacterial attachment on the patterned PET surfaces by
analyzing SEM images. (a) Density of bacteria retained at the edge area (DBE) and the remaining flat area.
Insets describe how the dimensions of topographic feature influence the density of bacterial occurring on the
edge area. (b) The locational fraction of bacteria retained on different parts of patterns accounting for total
adherent cells.
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