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A B S T R A C T   

Super-hydrophobic surface (SHS), which traps micro/nano-scale gas bubbles on solid walls, has been reported to 
greatly reduce bacterial adhesion and biofouling. However, it is unclear whether and how the trapped gas 
bubbles reduce the bacterial adhesion. Here, we examine the role of the trapped gas on the bacterial adhesion by 
measuring the spatial distributions of attached bacteria on SHS using scanning electron microscopy (SEM). Two 
SHSs, one with regular micro-grooves, and the other with randomly roughed textures at micro/nano-scales, both 
created on aluminum substrates, were tested. We found that for a SHS where gas bubbles are trapped between 
roughness elements, bacteria only attach to the surface areas that are not covered by gas (e.g., top of roughness 
elements), while the areas covered by gas bubbles - gaps between roughness elements - are free of bacteria. In 
contrast, for a rough surface with the same texture geometry as that of SHS but no hydrophobic chemistry, 
bacteria are distributed evenly to the top and gap of roughness elements. Our results suggest that the SHS may 
reduce biofouling by providing a physical barrier of gas-liquid interface which separates bacteria from the solid 
walls. Furthermore, we showed that nano-scale roughness on SHS is insufficient to prevent bacterial adhesion. 
Our results should provide useful guidance for the future engineering design of efficient anti-biofouling 
materials.   

1. Introduction 

Biofilms, which are surface-attached bacterial communities 
embedded in a self-produced extracellular matrix (Costerton et al., 
1995), are known to produce adverse impacts such as marine biofouling 
(Callow and Callow, 2002; Fitridge et al., 2012), persistence of patho-
gens (Habash and Reid, 1999; Mihai, 2015) and food contamination 
(Myszka and Czaczyk, 2011). During the past decades, various tech-
nologies have been developed to prevent the attachment of bacteria to 
solid surfaces (Elius et al., 2023), including modification of surface 
properties (e.g., surface stiffness, surface roughness) (Francone, 2021; 
Hsu et al., 2013; Peng, 2019; Qi et al., 2017; Song et al., 2017) , intro-
duction of flow shear (Locsei and Pedley, 2009; Molaei and Sheng, 
2016), and electric fields (Hong, 2008; Kang et al., 2011), and mainte-
nance of a protective air layer over the solid body (Cai et al., 2021; 
Scardino et al., 2009). Among them, the bio-inspired super-hydrophobic 
surface (SHS), created by a combination of surface roughness and 

hydrophobic chemistry, is one emerging technology for prevention of 
biofilm growth (Agbe et al., 2020; Chang, 2022; Dou et al., 2015; Iva-
nova, 2012, 2013; Jalil, 2020; Jiang, 2020; Pechook, 2015; Truong, 
2012; Xiang, 2021; Zhang et al., 2020). Researchers have tested the 
antifouling properties of various types of SHS fabricated by methods 
including lithography (Francone, 2021; Houngkamhang, 2022; Lu et al., 
2016), femtosecond/picosecond laser writing (Jalil, 2020; Sun, 2018) , 
anodization (Bartlet et al., 2018), and chemical etching (Long et al., 
2020). The attachment of bacteria on SHS has been quantified by 
various methods, such as fluorescent imaging (Siddiquie et al., 2020), 
confocal laser scanning microscopy (Bruzaud et al., 2017), and scanning 
electron microscopy (SEM) (Cuello et al., 2020). Most studies have 
shown that SHS could suppress the growth of biofilm, regardless of the 
type of surface roughness either in micro-scale (Cuello et al., 2020), or 
nano-scale (Bartlet et al., 2018; Bruzaud, 2017; Long, 2020), or a com-
bination of both (Francone et al., 2021). The anti-biofouling efficiency of 
SHS was found to vary significantly, with a reduction in the number of 

* Corresponding author. 
E-mail address: hling1@umassd.edu (H. Ling).  

Contents lists available at ScienceDirect 

Results in Surfaces and Interfaces 

journal homepage: www.elsevier.com/locate/rsurfi 

https://doi.org/10.1016/j.rsurfi.2024.100211 
Received 26 September 2023; Received in revised form 26 February 2024; Accepted 1 March 2024   

mailto:hling1@umassd.edu
www.sciencedirect.com/science/journal/26668459
https://www.elsevier.com/locate/rsurfi
https://doi.org/10.1016/j.rsurfi.2024.100211
https://doi.org/10.1016/j.rsurfi.2024.100211
https://doi.org/10.1016/j.rsurfi.2024.100211
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rsurfi.2024.100211&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Results in Surfaces and Interfaces 15 (2024) 100211

2

attached bacteria ranging from 10% (Lu et al., 2016) to 99% (Jalil et al., 
2020) compared to a smooth surface. Yet, it is still unclear what factors, 
such as SHS texture size, texture geometry, and surface chemistry, 
contribute to these variations. 

Despite the extensive studies on the anti-biofouling properties of 
SHS, the mechanism of how SHS suppresses the biofilm growth is not 
well understood. In particular, the literature shows a disagreement with 
respect to the role of the micro/nano-scale gas bubbles trapped on the 
submerged SHS on the bacterial adhesion. Some studies (Chang, 2022; 
Ivanova, 2012; Mateescu et al., 2020) suggested that the trapped gas 
bubbles do not impact the bacterial adhesion and claimed that the sur-
face roughness on SHS such as the sharp nanostructure is the origin of 
the low adhesion of bacteria to surface. In contrast, other studies by 
Truong et al. (2012) and Hwang et al. (2018) suggested that the trapped 
gas bubbles played an essential role on the anti-biofouling property of 
SHS. They reported that when the air layer on SHS is depleted (e.g., by 
gas diffusion), the SHS could adversely enhance the bacterial attach-
ment due to the increase of surface roughness (Hwang et al., 2018). 

In this study, we aim to study whether and how the gas bubbles 
trapped on the SHS impact the bacterial adhesion. In particular, we aim 
to test the hypothesis proposed by previous works (Hwang et al., 2018; 
Truong, 2012), that gas bubbles are essential for reducing bacterial 
adhesion. To achieve this goal, we performed novel experiments which 
measured the spatial distributions of gas bubbles, surface texture, and 
attached bacteria, and their relationships. If the gas bubbles prevented 
the bacterial adhesion, one would expect that the surface areas covered 
by the gas (i.e., areas between roughness element) is free of bacteria. 
SEM was selected as a proper tool in this study since it captured both the 
surface texture and the attached bacteria, and consequently allowed the 
examination of the correlation between gas bubbles and bacterial 
adhesion. The presence of gas bubbles on SHS was confirmed based on 
total-internal reflection and brightfield microscopy. Multiple surfaces 
were tested in this study including SHS with regular grooves, SHS with 
random micro/nano-scale roughness, and rough surfaces with the same 
texture geometry of the SHS. We will show that the surface areas 
covered by gas were free of bacteria, validating the hypothesis that the 
gas bubbles prevented the bacterial adhesion. In addition, we will show 
that the size of gas bubbles on SHS must be larger than the size of 
bacteria to effectively prevent bacterial adhesion. Our results provide a 
better understanding for the anti-biofouling mechanism of the SHS. 

This work is different from previous works and is novel for following 
reasons. First, the spatial distributions of gas bubbles, surface texture, 
and attached bacterial were experimentally measured through tech-
niques such as SEM and plastron visualization. Second, bacterial adhe-
sion results on a range of surfaces, including surfaces with regular or 
random texture geometries, with or without hydrophobic chemistry, 
were compared. Due to these novelties, our work provided solid evi-
dence to demonstrate the impact of gas bubbles on the bacterial adhe-
sion on SHS. 

2. Material and methods 

2.1. Source of materials for SHS fabrication and testing 

Aluminum plates, sandblasting media, and slitting saws were ob-
tained from McMaster Carr. Hydrochloride acid (32%, CAS #7647-01- 
0), perfluorooctyltriethoxysilane (98%, CAS #51851-37-7), hexane 
(95%, CAS #110-54-3), and Rhodamine B (>95%, CAS #81-88-9) were 
purchased from Sigma-Aldrich. Marine Broth (Catalog #DF0791-17-4) 
and Ethyl alcohol denatured (93%, CAS #64-17-5) were obtained from 
Fisher Scientific. Osmium tetroxide (2%, SKU #19152) and glutaralde-
hyde (2% in 0.1 M Sodium Cacodylate Buffer, SKU: 16536-15) were 
obtained from Electron Microscopy Sciences. Hexamethyldisilazane (98%, 
CAS # 999-97-3) was purchased from Thermo Fisher Scientific. 

2.2. Fabrication of super-hydrophobic surfaces 

The experimental procedure for testing the bacterial adhesion on 
SHS is shown in Fig. 1. First, we fabricated SHS on aluminum with two 
types of surface textures: one with regular micro-grooves, and the other 
with randomly roughed textures at micro/nano-scales. For the first 
surface texture type (grooved SHS), the micro-grooves were generated 
by a slitting saw, and had a period of 304 μm, a width of 152 μm, and a 
depth of 304 μm. These dimensions were selected such that the Cassie- 
Baxter state (Cassie and Baxter, 1944) is more thermodynamically 
favorable compared to the Wenzel state (Wenzel, 1936) as will be 
confirmed in the results. In Cassie-Baxter state, the liquid only contacts 
with the tip of the surface textures and the gas is trapped between the 
roughness elements. While in Wenzel state, the liquid fully wets the 
surface, and no gas is entrapped. Note, the purpose of this study is to 
confirm the impact of entrapped gas on the spatial distribution of bac-
terial adhesion, we didn’t systemically vary the groove dimensions and 
study their impacts on the anti-biofouling efficiency of SHS. 

For the second surface texture type (randomly roughed SHS), the 
surface roughness was created by sandblasting (the abrasive blasting 
media is a mixture of glass bead and aluminum oxide with grit size of 
220), followed by chemical etching via 18 wt% hydrochloride solution 
for 90 s and boiling in hot water for 30 min. The sandblasting and 
chemical etching produce micro-scale texture with a size of 1–100 μm, 
while the boiling procedure generates nano-scale surface roughness with 
size of 10–100 nm (Kim et al., 2013). For both roughed surfaces, to 
functionalize them with hydrophobic chemistry, they were first cleaned 
ultrasonically with acetone and ethanol to get rid of grease, and then 
immersed in a solution of perfluorooctyltriethoxysilane in hexane (7 
μl/ml) for 24 h. Directly after immersing, the samples were baked in an 
oven at 120 ◦C for 1 h to ensure the chemical bonding of silane mole-
cules to the surface. The chemical treatment procedure followed a 
method previously described in (Saranadhi et al., 2016). 

2.3. Fabrication of rough surfaces 

Two rough surfaces, one with the same texture geometry as the 
grooved SHS and one with the same texture geometry as the randomly 
roughed SHS, were also fabricated. We followed the same fabrication 
procedures described above to fabricate the surface roughness. These 
rough surfaces received no hydrophobic chemical treatment. 

2.4. Visualization of gas bubbles on underwater surfaces 

Following previous studies (Bobji et al., 2009; Mohammadshahi 
et al., 2023), we examined the presence of gas bubbles on underwater 
surfaces based on Total-Internal-Reflection (TIR). A CMOS camera 
(FLIR, model #GS3-U3-41C6M-C) and a LED light were used for the TIR 
imaging. The incident angle of light rays was 55◦, greater than the 
critical angle (48◦) for the occurrence of total internal reflection at 
water/air interface. The camera and light settings were kept the same for 
comparison between different surfaces or a same surface at different 
times. In the TIR images, the surface areas covered by the gas have much 
higher intensity compared to areas with no gas coverage. 

For the grooved SHS, we further used brightfield microscopy to 
visualize the gas bubbles within the micro-grooves. The water was dyed 
by Rhodamine B at a concentration below 0.1 mg/mL to enhance the 
image contrast, the LED light illuminated the surface in a direction 
parallel to the grooves, and a color camera (FLIR, model #BFS-PGE- 
16S2C-CS) was used to capture the images. 

2.5. Preparation of bacterial suspensions 

The bacterial strain Shewanella sp. UMDC19, originally isolated from 
marine biofilms in Northwestern Atlantic Ocean was used in this study. 
For each experiment, the strain was aseptically inoculated from glycerol 

M. Elius et al.                                                                                                                                                                                                                                    



Results in Surfaces and Interfaces 15 (2024) 100211

3

stock and grown in sterile-filtered Marine Broth (SFMB) overnight at 
27 ◦C in the dark in slow shaking motion. 

2.6. Bacterial adhesion to samples test 

The 5 cm by 1 cm surfaces and an attached stainless steel wire were 
UV-sterilized for 20 min from both sides. A 5-mL snaptop tube with 3 mL 
SFMB was aseptically loop-inoculated with the overnight culture. The 
strip was immersed in the bacterial suspension and then kept in sus-
pension without wall contact, by securing the wires with the lid. The 
tubes were then incubated for 20 h at 27 ◦C in the dark in slow motion. 
Optical density measurements showed that there was an equivalent level 
of bacterial growth in the tubes in the presence and absence of the 
surfaces. 

2.7. Imaging attached bacteria by scanning electron microscopy 

The sample preparation for SEM imaging was modified from the 
method described in (Schu et al., 2021). Immediately after the bacterial 
adhesion tests, the surfaces were removed to a new tube and bacteria 
were fixed by adding 3 mL 2% glutaraldehyde in 0.1M sodium caco-
dylate. Each of the subsequent steps was conducted by first removing the 
liquid from the prior step and then adding the new solution. After fix-
ation (1–18h), the surfaces were treated with 3 mL of 0.2 M sodium 
cacodylate buffer three times for 10 min. Three mL 1% osmium tetroxide 

was then added and tubes kept at room temperature for 1 h. The surfaces 
were then rinsed with 3 mL of Reverse Osmosis water (RO) three times 
for 5 min per wash. Samples were then dehydrated with a series of 50% 
(5 min), 70% (5 min), 95% (10 min) and 100% (10 min) EtOH (3 mL 
each). The samples were then chemically dried using a hexamethyldi-
silazane (HMDS) series. Samples were first treated with 3 mL of HMDS: 
EtOH at 1:2, then 2:1 (vol:vol) for 15 min each, followed by two 100% 
HMDS treatments for 15 min each. The samples were dried overnight, 
then kept in a desiccator in room temperature. The surfaces were 
attached to SEM stubs using carbon tape, then gold or gold + palladium 
sputter-coated. The spatial distribution of attached bacteria on SHS was 
studied by a field emission Scanning Electron Microscope (Hitachi 
SU-5000). A voltage of 2.5–3.5 KV was used for SEM imaging. 

Noted that our goal in this study is to examine the relationship be-
tween trapped gas bubbles on textured SHS and bacterial adhesion, 
rather than to quantify the anti-biofouling efficiency or develop a better 
anti-biofouling material. Therefore, we believe that SEM imaging is 
sufficient for our study to examine which surface areas are impacted by 
bacteria after the bacterial adhesion test. We did not stain the bacteria 
and used fluorescent microscopy to quantify the number of attached 
bacteria as typically did by other researchers. 

Fig. 1. A schematic drawing of experimental procedure for testing the bacterial adhesion on SHS.  

Fig. 2. Experimental results on the grooved super-hydrophobic surface: (a) a water droplet seating on the surface showing the Cassie Baxter state; (b) presence of gas 
bubbles within the micro-grooves when the surface is fully immersed in water; (c–d) SEM images of the top of ridge (c) and bottom of the groove (d) after the 
bacterial adhesion test. More SEM images for this sample can be found at Supplementary fig. S1. 
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3. Results and discussion 

3.1. A. bacterial adhesion on super-hydrophobic surfaces 

First, we show experimental results on the grooved SHS. As shown in 
Fig. 2a, the grooved SHS promoted a Cassie-Baxter state where the water 
droplet was seated only on the top of surface roughness. When fully 
immersed in water, the SHS trapped a layer of gas bubbles within the 
grooves (Fig. 2b). Note, although the grooved SHS has a water contact 
angle less than 150◦, we considered this sample as a super-hydrophobic 
surface for the reason that it had the same property as SHS: promoting 
Cassie-Baxter state and trapping gas bubbles when submerged under-
water. After the bacterial adhesion test, we found that bacteria only 
attached to the top of surface roughness (area not covered by gas) 
(Fig. 2c; Supplementary fig. S1), not the bottom of the grooves (area 
covered by the gas bubbles) (Fig. 2d; Supplementary fig. S1). This result 
confirms that the gas bubbles on SHS act as a physical barrier that 
prevents bacteria from reaching the solid surface and thus protect the 
solid surface from bacterial adhesion. This result agrees with previous 
studies which showed the important role of the gas on the anti- 
biofouling performance of SHS (Hwang et al., 2018; Truong, 2012). 

Second, we show experimental results on the randomly roughed SHS 
with micro/nano-scale textures. As shown in Fig. 3a, the surface had a 
high water contact angle of 152◦. The measured sliding angle was less 
than 5◦. The high intensity presence on the TIR image, as shown in 
Fig. 3b, indicates the presence of gas bubbles within the surface 
roughness. It should be noted that due to the multi-length scale of the 
surface texture, both micro-scale and nano-scale gas bubbles were 
trapped on the surface. After the bacterial adhesion test, we found that 
between the micro-scale roughness elements which were covered by 
micro-scale gas bubbles, there were no attached bacteria (Fig. 3c; Sup-
plementary fig. S2). This result is consistent with the observation on 
grooved SHS, again validating that the micro-scale gas bubbles protect 

the solid surface from bacterial adhesion. 
However, we found bacteria attached to the top of micro-scale 

roughness elements (Fig. 3c; Supplementary fig. S2), even though 
these locations had nanoscale roughness. We also fabricated nano-scale 
surface roughness on the grooved SHS by applying an additional boiling 
procedure (same procedure for producing nano-scale roughness on the 
randomly roughed SHS) before the hydrophobic chemical treatment, 
and performed bacterial adhesion test. We found the same result 
showing that bacteria were present on the top of micro-ridges although 

Fig. 3. Experimental results on the randomly-roughed super-hydrophobic surface: (a) a water droplet seating on the surface; (b) TIR image showing the presence of 
gas bubbles on the surface; (c) SEM image of the surface after the bacterial adhesion test showing bacteria attached only to the tops, not gaps of roughness elements. 
More SEM images for this sample can be found at Supplementary fig. S2. 

Fig. 4. SEM image showing the presence of adhesive bacteria on SHS at a 
location covered by nano-scale roughness. The SHS was created by following 
the same procedure as that of the grooved SHS but with an additional boiling 
process before the hydrophobic chemical treatment. The surface area shown in 
the SEM image is at the top of micro-ridges. 
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these locations are covered by nano-scale roughness (Fig. 4). There are 
two possible reasons for this observation. First, the gas trapped between 
the nano-scale roughness may be dissolved into the liquid. At the end of 
the experiments, there might be no gas trapped between the nano-scale 
roughness. Note, at the beginning of the experiment, there must be gas 
trapped between the nano-scale roughness. As shown in Supplementary 
fig. S3, a surface with nano-scale roughness had a high water contact 
angle, indicating the presence of gas within the nano-scale roughness. 
However, due to the small size, we were unable to directly measure the 
nano-scale gas bubbles and validate the presence of nano-scale gas on 
the surface. Second, even though the gas may be trapped between the 
nano-roughness throughout the experiment, these nano-scale gas bub-
bles may not be effective in preventing bacterial adhesion. It may be that 
when the body size of bacteria (2–3 μm in length) is larger than the 
entrapped nano-scale gas bubbles (size 10–100 nm), bacteria are still 
able to find contact points with the solid surface and adhere to the 
surface. It should be noted that although nano-scale roughness may not 
directly prevent bacterial adhesion, they could enhance the stability of 
micro-scale gas bubbles against pressure (Xue et al., 2012) and turbulent 
flows (Heo et al., 2021). 

3.2. B. longevity of gas on super-hydrophobic surfaces 

The gas on SHS could diffuse into ambient liquid at a rate increasing 
with the immersing depth of the sample in the liquid (Poetes et al., 2010) 
and the under-saturation level of the surrounding liquid (Nosrati et al., 
2023). To test if the gas bubbles remained on the SHSs during the entire 
20 h bacterial adhesion tests, we performed separate experiments by 
immersing our fabricated SHSs in DI water at a depth of 5 cm (the same 
depth as the bacterial adhesion tests) and measuring the gas layer on 
SHS based on TIR. Before the tests, the water was exposed to air at at-
mosphere pressure for more than 2 days such that it was saturated with 
air at atmosphere pressure. Fig. 5(a) and (b) show that the gas bubbles 
remained on both grooved SHS and randomly roughed SHS after 
immersing in water for 20 h. A theoretical prediction based on a model 
proposed in (Bourgoun and Ling, 2022) also suggested that the longevity 
of gas bubbles under current experimental condition was longer than 20 
h (see Supplementary Material). Note, the current experiments were 
performed under an ideal condition, the longevity of gas on SHS may be 
much shorter in real applications due to a higher under-saturation level 
of the surrounding liquid (Nosrati et al., 2023) and turbulent flows (Ling 
et al., 2017; Mohammadshahi et al., 2024). 

It should also be noted that Fig. 5b only confirms the existence of 
micro-scale gas trapped between the micro-scale roughness. Due to the 
limited spatial resolution, the imaging method used in this study was 
unable to validate the existence of nano-scale gas trapped between the 
nano-scale roughness. 

3.3. C. bacterial adhesion on rough surfaces 

Finally, to confirm that the non-uniform distributions of bacteria 
were indeed caused by gas bubbles not due to the surface roughness 
itself, we performed bacterial adhesion tests for surfaces having the 
same texture geometry as the SHSs but ones that did not have the hy-
drophobic coating. These control surfaces did not trap any gas bubbles 
when immersed in liquid. The reason that no gas bubbles were trapped 
was because these rough surfaces were made from aluminum and were 
hydrophilic. Thus, the Wenzel state was more thermodynamically 
favorable compared to the Cassie-Baxter state. 

Fig. 6 shows the results for the grooved surface, and Fig. 7 shows the 
results for the randomly roughed surface, each with similar surface ge-
ometry as the SHS equivalent, but not containing the hydrophobic 
chemical treatment. As expected, with no hydrophobic coating, these 
rough surfaces promoted a Wenzel state where the water droplet fully 
wetted the surfaces (Fig. 6a) and had a smaller water contact angle than 
the SHS counterpart (Fig. 7a). When submerged in water, no gas bubbles 
were trapped within the surface roughness (Figs. 6b and 7b). After the 
bacterial adhesion test, bacteria were found throughout these rough 
surfaces, including both the top and bottom of the roughness elements 
(Fig. 6c–d, 7c, Supplementary figs. S4 and S5). Therefore, we confirmed 
that the surface roughness alone as used in this study did not alter the 
spatial distributions of bacteria. 

Although some studies (Qi et al.) showed that surface hydrophobicity 
also played an important role for the adhesion of bacteria, we found that 
the impact of surface hydrophobicity was minor in our experiments. 
First, comparing Fig. 2(c) and (d), although the surface hydrophobic was 
same (since the entire surface was uniformly coated by per-
fluorooctyltriethoxysilane), the numbers of adhered bacterial were 
different. As explained earlier, this difference was due to the presence of 
gas bubble between the roughness elements. Second, as shown in Figs. 2 
(c) and 6(c), at the top of roughness elements, although one surface was 
hydrophobic and the other was hydrophilic, the numbers of adhered 
bacterial were similar. 

In summary, our study showed that SHS altered the spatial distri-
bution of bacteria: bacteria only attached to surface area that were not 
covered by gas, while a rough surface with the same texture geometry of 
SHS did not change the bacteria distribution. It should be noted that the 
SEM results shown in Figs. 2 and 3 did not necessarily mean the fabri-
cated SHS reduce the overall bacteria adhesion. To quantify the anti- 
fouling properties of the fabricated samples, more statistical results 
are needed. Yet, our result suggests that the anti-fouling properties of 
SHS observed in previous studies could attribute to the presence of gas 
on the surface. However, since our study only considered two types of 
SHS, more studies are required to test if our conclusion could apply to 
SHS with different texture sizes, gas fractions and texture geometries (e. 
g., regular posts, holes). In particular, for a SHS with a sharp texture 
which has the capability to kill bacteria, the results might be different. 
More studies are also needed to determine the optimal SHS texture for 

Fig. 5. Status of the gas layer on grooved SHS (a) and randomly roughed SHS (b) after immersing in DI water at a depth of 5 cm for 20 h. The images were obtained 
based on Total-Internal Reflection. 
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reducing bacteria adhesion and maintaining a stable Cassie-Baxter state. 

4. Conclusions 

In summary, we studied how the micro/nano-gas bubbles trapped on 

the SHS influent the spatial distribution of bacterial attachment by using 
scanning electron microscopy. We found that the surface areas covered 
by micro-scale gas bubbles promoted by gaps between roughness ele-
ments were free of bacteria, while surface areas exposed to liquid 
allowed bacterial adhesion. Our results suggest that the anti-biofouling 

Fig. 6. Experimental results on the grooved surface with no hydrophobic coating: (a) a water droplet seating on the surface showing the Wenzel state; (b) no gas 
bubbles present when the surface is fully immersed in water; (c–d) SEM images of the top of ridge (c) and bottom of the groove (d) after the bacterial adhesion test. 
More SEM images for this sample can be found at Supplementary fig. S3. 

Fig. 7. Experimental results on the randomly roughed surface with no hydrophobic coating: (a) a water droplet seating on the surface showing low contact angle; (b) 
TIR image showing no gas bubbles attached to the surface; (c) SEM image of the surface after the bacterial adhesion test showing bacteria attached at both gaps and 
tops of roughness elements. More SEM images for this sample can be found at Supplementary fig. S4. 
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properties of SHS found in previous works could attribute to the physical 
barrier of gas-liquid interface which separates bacteria from the solid 
walls. Furthermore, we found that bacteria were able to attach to surface 
areas covered by nano-scale surface roughness. More controlled exper-
iments are needed to understand whether the reason was due to the 
dissolution of nano-scale gas or the small size of the nano-scale gas. More 
experiments are needed to study the effect of gas bubble size on the 
bacterial attachment, and to demonstrate whether the gas bubbles must 
be larger than the bacterial cell size to achieve anti-bacterial perfor-
mance. We believe these results can guide the design of more efficient 
anti-biofouling materials. For example, our results suggest that SHS with 
a larger percentage of surface area covered by gas (or gas fraction) 
should have a higher anti-biofouling efficiency. Future studies are 
required to test this hypothesis. Future studies are also required to 
validate the anti-bacterial performance of similar SHS under flow 
conditions. 

The duration of our bacteria adhesion test was 20 h. We believe this 
duration was sufficient for current investigation of the influence of gas 
bubbles on the SHS on bacteria adhesion. However, for general appli-
cation such as marine anti-biofouling, the adhesion of bacteria is the 
early stage of biofouling process. After a few days, large organisms such 
as larvae or spores may adhere to the surface. Experiments with longer 
durations are required to test whether the gas bubbles on the SHS could 
effectively protect the surface from these large organisms. 
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