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ABSTRACT  

Biofilms are central to some of the most urgent global challenges across diverse fields of 

application, from medicine to industry to the environment and exert considerable economic and 

social impact. A fundamental assumption in anti-biofilm has been that the coating on a substrate 

surface is solid. The invention of slippery liquid-infused porous surfaces (SLIPS) - a continuously 

wet lubricating coating retained on a solid surface by capillary forces - has led to this being 

challenged. However, in situations where flow occurs, shear stress may deplete the lubricant and 

affects the anti-biofilm performance. Here we report on the use of slippery omniphobic covalently 

attached liquid (SOCAL) surfaces, which provides a surface coating with short (ca. 4 nm) non-

cross linked PDMS chains retaining liquid-surface properties, as an antibiofilm strategy stable 

under shear stress from flow. This surface reduced biofilm formation of the key biofilm forming 

pathogens Staphylococcus epidermidis and Pseudomonas aeruginosa by 3-4 orders of magnitude 

compared to the widely used medical implant material polydimethylsiloxane (PDMS) after 7 days 

in static and dynamic culture conditions. Throughout the entire dynamic culture period of P. 

aeruginosa, SOCAL significantly outperformed a typical antibiofilm slippery surface (i.e. swollen 

PDMS in silicone oil (S-PDMS)). We have revealed that significant oil loss occurred after 2-7 

days flow for S-PDMS, which correlated to increased contact angle hysteresis (CAH), indicating 

a degradation of the slippery surface properties, and biofilm formation. While SOCAL has stable 

CAH and sustainable antibiofilm performance after 7 days flow. The significance of this 

correlation is to provide a useful easy-to-measure physical parameter as an indicator for long-term 

antibiofilm performance. This biofilm-resistant liquid-like solid surface offers a new antibiofilm 

strategy for applications in medical devices, and other areas where biofilm development is 

problematic. 
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Introduction 

Many microorganisms form sessile communities, called biofilms, in self-produced extracellular 

polymeric substances (EPS), which often attach to solid surfaces. Biofilm associated infections 

have dramatic economic and societal impacts. For instance, it was estimated that biofilm infections 

cost about $94 billion p.a. in the United States healthcare system 1. Moreover, around 6–14% of 

hospitalised patients suffer from biofilm infections associated with medical devices, such as 

urinary catheters, peritoneal dialysis catheters, tracheal prostheses, pacemakers, endotracheal 

tubes, dental implants, and orthopaedic implants 2. Among these, catheter-associated urinary tract 

infections (CAUTI) in hospitals, are estimated to cause additional health-care costs of £1–2.5 

billion in the UK alone 3. Catheter-related bloodstream infections (CRBSIs) are mainly responsible 

for nosocomial infection in intensive care units (ICUs), resulting in morbidity, mortality, and 

significant economic cost 4-5. 

Methods to prevent biofilm formation and growth on medical devices surfaces include 

immobilisation of antimicrobial agents 6 (i.e. antibiotics, peptide, silver particles or nitric oxide), 

the use of special surface texture 7-11, surface grafting with poly (ethylene glycol) (PEG) or 

zwitterionic polymers 12-13,  quaternary ammonium salt functionalized fluorinated copolymers14 

and the use of biofilm-dispersing enzymes 15. All anti-biofilm surfaces have their own challenges. 

For instance, surfaces based on antimicrobial agents lose their efficacy over time and they can 

potentially trigger antimicrobial resistance 7, 15. Antibiofilm surface textures have either 

nanospears to mechanically rupture the bacterial cell wall, causing cell lysis 7-9, 11, or they trap air 

within micro- or nanostructures to restrict direct contact between the solid surface and micro-

organisms 16-18. For the former, the fast-growing surviving bacteria mask the nanospear structures 

which restricts their long-term antimicrobial efficiency 7. For the latter, the anti-biofilm efficacy 
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strongly depends on the lifetime of the non-wetting (Cassie) state, which is often short in 

submerged environments 16, 19-20. The antibiofilm performance of surfaces grafted with poly 

(ethylene glycol) (PEG) or zwitterionic polymers is also transient because the adsorption of 

proteins and surfactants secreted by bacteria can mask the underlying surface 21.  Although these 

surfaces are promising, new developments are required to improve their durability. 

Recently, anti-biofilm approaches have been developed based on endowing the surface with a 

liquid lubricant. There are many physical and chemical methods which can potentially maintain a 

stable lubricant layer by capillary force, chemical interactions, swelling and employing 

microcapsules to lock the lubricants22.    Typically, a porous or textured solid surface is infused 

with a liquid lubricant locked-in to the structure by capillary forces to create a stable hemi-

solid/hemi-liquid surface 23 or a continuous lubricant coating (a slippery liquid-infused porous 

surface – SLIPS) 24-25. Another complementary liquid lubricant-based approach uses a 

polydimethylsiloxane (PDMS) matrix infused with silicone oil (known as S-PDMS) causing it to 

swell and locking in a large reservoir of oil in the polymer chains 26-27. These liquid lubricant-

based surfaces inhibit the surface attachment of bacteria and have great promise as antibiofilm 

surfaces 27-37. However, the potential loss of lubricant through repeated usage or shear 38-40 remains 

a key limiting factor to wider adoption as a practical solution. In clinical settings, this may be a 

safety risk for patients.  

In the present work, we report an anti-biofilm surface strategy using liquid-like solid surfaces 

where the risk of lubricant loss is removed. Our coating is uses a Slippery Omnipobic Covalently 

Attached Liquid-like (SOCAL) surface, obtained through acid- catalyzedgraft polycondensation 

of dimethyldimethoxysilane, first proposed by Wang & McCarthy as an ultra-slippery non-pinning 

surface for sessile droplets 41-42. This SOCAL surface displays similar wetting properties to SLIPS 



 5 

through its grafted PDMS coating that behaves as a liquid phase approximately 150 °C above its 

glass transition temperature 41, 43. The wetting properties of SOCAL coatings have been 

increasingly cited, but only a handful of groups have implemented the techniques and successfully 

fabricated SOCAL with contact angle hysteresis (CAH) below 3 degrees41, 43. The optically 

transparent SOCAL surface has often been discussed in the context of superhydrophobic surfaces 

with interesting surface wetting properties41, 43. No work has been done to assess and understand 

its antibiofilm performance.  

 We demonstrate antibiofilm performance of SOCAL, as a permanently bound liquid-like solid 

lubricant surface, in both static cell culture without flow and dynamic culture with continuous 

flow. The anti-biofilm performance against two major nosocomial pathogens, Staphylococcus 

epidermidis and Pseudomonas aeruginosa is presented. We also discuss possible new mechanisms 

that oil depletion of S-PDMS can affect the colonization of Staphylococcus epidermidis and 

Pseudomonas aeruginosa in a different way.  

Results  

Surface preparation 

SOCAL was prepared following the procedure in Wang and McCarthy41 as implemented by 

Armstrong43. This used dip coating of a reactive solution of isopropanol, 

dimethyldimethoxysilane, and sulphuric acid onto plasma treated glass and drying in a controlled 

humidity environment to cause an acid-catalyzed graft polycondensation of 

dimethyldimethoxysilane resulting in a liquid-like polymer coating. Fig.1 displays the schematic 

diagram for preparing S-PDMS.  The detailed protocols for sample preparations were provided in 

the Methods. To ensure that PDMS was a suitable control for SOCAL surfaces, the surface 
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chemistry of the two materials was assessed by X-ray photoelectron spectroscopy (XPS) spectrum 

analysis (see Fig. S1 in supporting information). The XPS of the SOCAL coating prepared by such 

a dip coating approach was similar to that of PDMS44.  Our atomic force microscope 

nanoindentation tests with an empirical model have shown an estimated modulus of SOCAL is 

about 8.8kPa, which should be treated as upper bound because the substrate from the underlying 

glass cannot be completely removed45.   

 

Figure 1. Schematic diagram for preparing  S-PDMS  prepared by infusing silicone oil into PDMS 

(silicone) .  

 

Surface wettability  

The static contact angle (CA) and the contact angle hysteresis (CAH) are important parameters 

for water repellency and the ability of a surface to shed water, which could be correlated with the 

repellency to bacterial adhesion. Both CA and CAH of water droplets on PDMS (control sample), 

SOCAL and S-PDMS are summarized in Table 1.  S-PDMS and SOCAL have a CA of 100.0 ± 

1.4° and 104.9 ± 1.6°, respectively, which is consistent with previous measurements 37, 43 and 

theoretical predictions based on surface free energy approach 46-47. The measured oil thickness of 

the S-PDMS surface is estimated to be 26.1± 5.3 µm. The thickness of SOCAL measured by 
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ellipsometry was (3.9 ± 0.6) nm which is consistent with that previously reported 41.  Such a 

thickness of SOCAL is important for achieving CAH below 3° 41. Both SOCAL surfaces and S-

PDMS have CAH an order of magnitude less than PDMS, which implies an order of magnitude 

reduction in force to induce droplet shedding by motion along the surface 48, thereby confirming 

its slippery surface properties.  

As S-PDMS was reported to suffer from oil loss in continuous flow40, we also measured the oil 

loss and investigated how the oil loss may affect the contact angle and CAH. The key results are 

presented in Fig. 2.  After continuous flow (𝜏𝑤 = 0.007 Pa) for 7-days, for  S-PDMS CA remained 

unchanged but CAH increased significantly to an average of 8.9 °, which is associated with oil 

loss (see Fig.2).  In contrast, there was no detectable change of CA and CAH for SOCAL surfaces.  

Table 1. The static contact angle and the contact angle hysteresis of water droplets on different 

surfaces. Data represent the mean and SD of five independent measurements.  

Surface  
Contact angle 

(°) 

Advancing 

angle (°) 

Receding angle 

(°) 

Contact angle 

hysteresis (°) 

PDMS 117.5 ± 1.1 116.8 ± 1.5 95.4 ± 1.3 21.4 ± 2.1 

SOCAL 104.9 ± 1.6 105.1 ± 0.8 103.0 ± 1.3 2.0 ± 1.0 

S-PDMS 100.3 ± 1.4 99.1 ± 3.2              95.9 ± 2.4 3.2 ± 0.7 
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Figure 2. (A) The oil thickness atop S-PDMS and the corresponding (B) contact angle and (C) 

contact angle hysteresis subjected to the continuous flow (𝜏𝑤 = 0.007 Pa) for 2 days and 7 days. 

* p<0.05 

 

Anti-biofilm tests against S. epidermidis 

We started by examining the growth of S. epidermidis FH8, a recent clinical isolate from a 

mucosal biofilm, on PDMS and SOCAL after different culture periods under static conditions.  

PDMS was used as a comparative control surface because it has similar surface chemistry 

characteristics to SOCAL. The former is crosslinked PDMS, and the latter is a liquid-like 
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uncrosslinked PDMS thin film. To assess the anti-biofilm performance of SOCAL, we also 

performed the tests on swollen PDMS for comparison. We created a SLIPs-type surface using 

silicone oil swollen PDMS (S-PDMS). This gives a large reservoir of oil compared to liquid 

infused porous structures (LIPs) and has demonstrated excellent antibiofilm performance in static 

culture in recent studies 37.  S-PDMS also has a similar chemistry to PDMS and SOCAL, so any 

impact from surface chemistry will likely be very similar between each of the surfaces. Fig. 3A 

displays the fluorescence images after growth of S. epidermidis for 2 hours, 2 days and 7 days on 

the different surfaces.  After 2 hours, the control PDMS surface was covered by bacteria with some 

bacterial aggregates or clusters. Only sparse and isolated bacterial cells were present on SOCAL 

and S-PDMS, however. After 2 days culture, a large amount of biofilm had formed on PDMS; 

however, there was only sparse coverage of single cells on SOCAL and S-PDMS. After 7 days, a 

thick biofilm had formed on PDMS, whilst only limited bacterial clusters were observed on 

SOCAL and S-PDMS (Fig.3A). By quantifying the biomass on these surfaces based on 

fluorescence imaging, it was found that SOCAL and S-PDMS significantly reduced initial 

bacterial attachment (2 h) by 92 ± 3% and 87 ± 3% (Fig. 1B), respectively. After 2 days, both 

SOCAL and S-PDMS resulted in 3 orders of magnitude biomass reduction compared to PDMS 

(p=1.3e-15).  While, after 7 days, the total biomass of the SOCAL and S-PDMS were three orders 

of magnitudes less than PDMS (p=3e-11), respectively (Fig.3B).  
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Figure 3. (A) Representative fluorescent images and (B) biomass of the growth of S. epidermidis 

FH8 on PDMS, SOCAL and S-PDMS for 2 h, 2 days and 7 days in static cell culture and dynamic 

cell culture. Scale bar = 50 µm for all images. In all cases, 15 images were analyzed for each 

surface from 3 independent experiments. Values presented are mean ± SD. * p<0.05, ** p<0.001. 
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For the dynamic bacterial culture with continuous flow, flow condition resulting in a wall shear 

stress (𝜏𝑤) of 0.007 Pa was chosen to match the flow conditions present in urinary catheters 49. S. 

epidermidis biofilms grew substantially with time on PDMS (Fig.3A). However, throughout the 

experiment (up to 7 days), only sparse and isolated bacteria (with no visible extracellular polymeric 

substances) were observed on the SOCAL and S-PDMS surfaces under identical flow conditions. 

Compared to PDMS control samples, after 2 hours, the SOCAL and S-PDMS surfaces resulted in 

98 ± 1% and 99 ± 1% reduction of bacterial attachment. After 2 days, SOCAL and S-PDMS led 

to over 360- and 180-fold reductions in biofilm volume compared to PDMS (p=3.2e-9), 

respectively.  After 7 days, SOCAL and S-PDMS led to over 200- and 300-fold biofilm volume 

reductions compared to PDMS (p=9.6e-11), respectively (Fig.3B). For the 7-days dynamic culture, 

there was no significant difference (p=0.26) between biomass on SOCAL and S-PDMS surfaces.  

When comparing S. epidermidis colonisation in static and flow conditions, there was a 

significant difference for PDMS throughout the 7-day culture period (p<0.001). By contrast, 

differences between SOCAL and S-PDMS were only significant for the first 2 days. There was no 

significant difference in S. epidermidis colonization after 7 days colonisation under static or flow 

conditions for either SOCAL (p=0.14) or S-PDMS (p=0.70).  

Our SEM images (see Fig.4) also confirmed that very dense S. epidermidis biofilm growth 

occurred on PDMS for both 7-days static and dynamic cultures. Only sparse bacteria were found 

on SOCAL or S-PDMS after static or dynamic culture for up to 7 days. Quantitative analysis of 

SEM images for the bacteria attached on SOCAL and S-PDMS have revealed similar results 

compared to fluorescence images.  
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Figure 4. Representative SEM images of 7-day growth of S. epidermidis FH8 on PDMS, SOCAL 

and S-PDMS in static and dynamic cultures. Dense EPS and biofilm growth were found on PDMS. 

In contrast, no EPS was found on SOCAL or S-PDMS and bacteria were also very sparse.  

Anti-biofilm tests against Pseudomonas aeruginosa   

P. aeruginosa PAO1, a well-characterized strain originally isolated from a wound, was grown 

on each of the surfaces under static and flow conditions. P. aeruginosa initially grew rapidly on 

the control PDMS surfaces in static culture (Fig. 5A). The P. aeruginosa biomass appeared mucoid 

when removing the PDMS samples from the petri dish. However, over the longer term (up to 7 

days), only sparse and isolated bacteria were found on either SOCAL or S-PDMS (Figure 5A). As 

seen in Figure 5B, SOCAL and S-PDMS significantly reduced initial bacterial attachment, by 95.0 
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± 4.3% or 88.7 ± 11.0%, respectively, compared to the PDMS control. After 2 days, compared to 

the control surface, the total biomass reduction on the SOCAL and S-PDMS surfaces were over 4 

orders and 3 orders of magnitude, respectively. Even after 7 days, the total biomass reduction on 

both SOCAL and S-PDMS surfaces was almost 4 orders of magnitude less, compared to the 

control surface (see Fig.5B). However, even though there were significant differences (p<0.05) at 

2 hours and 2 days,  these slippery surfaces performed equally well (p=0.86)  at retarding biofilm 

compared to the PDMS control.  

Under flow, P. aeruginosa grew significantly over time on the control PDMS surfaces, and dense 

biofilms were observed after 7 days (Fig. 5A). In contrast, throughout the experiment only sparse 

and isolated bacteria were found on the SOCAL and S-PDMS surfaces. For 2 hours attachment, 

SOCAL and S-PDMS led to 2 orders and 1 order of magnitude reduction of bacterial adhesion 

compared to PDMS, respectively (Fig.5B).  For the 2-day culture, SOCAL and S-PDMS led to at 

least 3 order of magnitude biofilm reduction compared to PDMS. After 7 days culture in flow, 

when compared to PDMS, SOCAL and S-PDMS led to greater than 4 orders of magnitude and 

two orders of magnitude biofilm reduction, respectively. Throughout the entire dynamic culture 

period of P. aeruginosa, SOCAL significantly outperformed S-PDMS (p=1.1e-6 for 2 days and 

p=5.7e-5 for 7 days, respectively).  
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Figure 5. (A) Representative fluorescent images and (B) biomass of the growth of P. aeruginosa 

PAO1 on PDMS, SOCAL and S-PDMS for 2 h, 2 days and 7 days in static cell culture and dynamic 

cell culture. Scale bar = 50 µm for all images. In all cases, 15 images were analyzed for each 

surface from 3 independent experiments. Values presented are mean ± SD. * p<0.05, ** p<0.001.  
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For P. aeruginosa colonisation within the initial 2 hours, there was a significant difference between 

static and flow conditions for each surface. After 2 days, there was a significant difference between 

static and flow conditions for PDMS or S-PDMS but without a significant difference for SOCAL 

(p=0.06). After 7 days colonisation, there was no significant difference between static and flow 

conditions for PDMS (p=0.06) but significant differences for either SOCAL (p<0.001) or S-PDMS 

(p<0.001).  

The SEM images (Fig.6) also confirmed that very dense P. aeruginosa biofilm growth was 

apparent on PDMS. Loose fibrous EPS and dense EPS of P. aeruginosa biofilm were observed on 

PDMS for 7-days static and dynamic cultures (see high resolution images in Figure S2), 

respectively. By contrast, only sparse bacteria were found on SOCAL or S-PDMS for the 7-days 

static cultures. After 7 days under dynamic cultures, SOCAL retained excellent antibiofilm 

characteristics. However, the initial antibiofilm performance for S-PDMS diminished after 7-days 

and more bacteria were found compared to SOCAL.  Quantitative analysis of SEM images for the 

bacteria attached on SOCAL and S-PDMS have revealed similar results compared to fluorescence 

images.  
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Figure 6. Representative SEM images of 7-days growth of P. aeruginosa PAO1 on PDMS, 

SOCAL and S-PDMS in static and dynamic cultures. Where dense biofilms were found on PDMS. 

Very few bacteria on SOCAL in both static and dynamic cultures. However, more bacteria were 

found on S-PDMS after 7-days dynamic culture. 

 

Biofilm detachment tests by flow 

The detachment results for the pre-grown 7-days biofilms in static culture in Fig.7 also 

confirmed that even at low shear stress (𝜏𝑤 = 0.007 Pa), 55-68% of S. epidermidis bacteria 

detached from SOCAL and S-PDMS surfaces; however, there was no significant change (p=0.40) 

in S. epidermidis biomass on PDMS. Increasing 𝜏𝑤 to 0.07 Pa (almost 10 times the shear stress 
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commonly found in urinary catheter), biomass of S. epidermidis on PDMS was still one order of 

magnitude higher than on the initial biomass on SOCAL or S-PDMS without flow (Fig. 7C). Even 

at the highest 𝜏𝑤 tested (0.1 Pa), the biomass volume of S. epidermidis biofilm on PDMS was still 

several times higher than what was on SOCAL or S-PDMS without flow.  

 P. aeruginosa could be more easily detached from PDMS by applying flow compared to S. 

epidermidis.  Increasing 𝜏𝑤 to 0.035 Pa (almost 5 times the shear stress commonly found in urinary 

catheter), biomass of P. aeruginosa on PDMS was still two order of magnitude higher than on the 

initial biomass on SOCAL or S-PDMS without flow (Fig. 7D). When 𝜏𝑤  reached 0.07Pa, the 

biomass volume of P. aeruginosa biofilm on PDMS was decreased to that on SOCAL or S-PDMS 

without flow.  
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Figure 7. Representative fluorescent images and biomass change with wall shear stress for 7-days 

biofilms grown in static culture: (A, C) S. epidermidis FH8 and (B, D) P. aeruginosa PAO1 on 

PDMS, S-PDMS and SOCAL after flow shear at 0.007 Pa, 0.035 Pa, 0.07 Pa and 0.105 Pa. At 

least 6 images were analyzed for each surface at each wall shear stress based on 3 replicates. * 

p<0.05, ** p<0.001. 
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The reusability tests after removing pre-grown biomass 

After gently wiping off the pre-grown 2-days biomass from SOCAL or S-PDMS, the samples 

were reused for bacteria growth tests in static cell culture for 7 days. Both surfaces were shown to 

be reusable without significant difference after wiping off 2-days biofilm (p=0.58 and p=0.29 for 

S. epidermidis on SOCAL and S-PDMS; p=0.92 and p=0.43 for P. aeruginosa on SOCAL and S-

PDMS and, which suggested that both surfaces retained excellent anti-biofilm properties against 

both S. epidermidis and P. aeruginosa (see Fig. S3 in Supporting Information).  

Discussion  

Surface wetting is considered important for bacterial control 50-51. For hydrophobic surfaces 

(CA>90°), very low contact angle hysteresis (CAH<5°) often indicates strong resistance to 

bacterial attachment 27, 37. The SOCAL surfaces fabricated here have low CAH (~2° on average), 

which is better than S-PDMS (~3.2° on average). SOCAL has highly mobile PDMS chains, 

behaving like a liquid, which are responsible for the very low CAH 41 and antibacterial adhesion. 

AFM results have also revealed that SOCAL is over 2 orders of magnitude softer than PDMS 

(1:10). It is almost one order of magnitude softer than the solid PDMS with lowest crosslinker 

ratio (1:50) ever reported 52.  If the crosslinker ratio is below 1:50, PDMS can hardly be crosslinked 

and just flows like liquid. This might also imply that SOCAL is likely to be a liquid-like solid.  

 Under all conditions tested for 7 days, the SOCAL or S-PDMS surfaces resulted in over two to 

four orders of magnitude less biofilm formation than PDMS. It is highly unlikely that this 

inhibition of biofilm formation was due to a bactericidal effect because all three surfaces (PDMS, 

SOCAL, and S-PDMS) were based on PDMS, which is biocompatible 53. This suggests that there 
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was limited bacterial accumulation on SOCAL or S-PDMS or the bacteria were easily detached 

from the surface.  

The antibiofilm results of SOCAL and S-PDMS surfaces presented here were similar to other 

SLIPs reported in the seminal paper by Epstein et al. 28. In their paper, SLIPS prevented 99.6% of 

P. aeruginosa biofilm formation over a 7-d period under both static and flow conditions. Other 

studies have also demonstrated that SLIPs surfaces are capable of preventing biofilm formation by 

1-3 order of magnitudes for 1-7 days static cultures 6, 37, 54-55. The antibiofilm results of both 

slippery surfaces in the present study compare well to commercial antimicrobial agent coated 

materials used for catheters. For example, silver coated silicone (PDMS) has been shown to reduce 

P. aeruginosa biofilm formation by ~97% when grown statically for 1 day, compared to pure 

silicone 56.  For silicone coated with antibiotics (e.g., rifampin/minocycline, vancomycin, or 

amikacin), particularly rifampin/minocycline, no significant bacterial colonization was found on 

these surfaces after seven days static culture 57. Therefore, the slippery surfaces presented here are 

possible alternatives, which will not cause antimicrobial resistance but may achieve similar 

antibiofilm performance.  

Furthermore, the wall shear stress required to largely detach pre-grown biomass in static cultures 

from PDMS, to reach the level of the original biomass on SOCAL and PDMS before flow 

detachment tests, was above 0.1 Pa and around 0.07 Pa for S. epidermidis and P. aeruginosa, 

respectively. These stresses were at least one order of magnitude higher than those found in 

medical devices (e.g., catheters) 58.  

Therefore, we propose the following antibiofilm mechanisms for liquid and liquid-like surfaces 

(as presented in Fig.8): 1) The ultra-low CAH inhibits initial bacterial attachment. 2) The attached 
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bacteria exhibit a planktonic state when they contact with a liquid or liquid-like surface (i.e., 

dominated by proliferation with no little or EPS production, as seen in our SEM images). 3) 

Bacterial cells are unable to establish stable, strong interactions with liquid or liquid-like surface, 

resulting in detachment from the surface during growth or by the action of very gentle external 

forces.  This mechanism would explain why we did not observe cell clusters or biofilms on SOCAL 

and S-PDMS even after 2 days and 7 days culture in static and dynamic conditions.  

 

Figure 8. Schematic diagram of bacteria attachment on SOCAL (uncrosslinked PDMS covalently 

bonded to glass substrate), S-PDMS and PDMS.  

When the oil atop S-PDMS is sufficiently thick, the S-PDMS can have equally good antibiofilm 

performance to SOCAL in all conditions (fresh samples and reused samples after removing 2-days 

pre-grown biofilms in static cultures). When S-PDMS experienced significant oil loss in flow, it 
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still has similar antibiofilm performance to SOCAL against S. epidermidis. However, the 

antibiofilm performance of S-PDMS against P. aeruginosa, after oil depletion in continuous flow 

for 2-7days, has decreased  significantly by almost 2 orders of magnitude (p<0.001) compared to 

SOCAL.  

One possibility could be that flow during dynamic culture emphasizes differences in bacterial 

shape and adhesion appendages such as flagella which allow polar adhesion 59-60 and which are 

present in P. aeruginosa but not S. epidermidis. The polar adhesion can transit to body adhesion 

59-60 which may enable stronger attachment (see Fig.9). This is likely to happen for S-PDMS after 

7-days flow as the measured oil thickness atop the PDMS surface is less than the cell size of P. 

aeruginosa, which would explain the significantly increased biofilm growth on S-PDMS after 7-

days dynamic culture.  

 

Figure 9. The schematic of P. aeruginosa PAO1 attachment on S-PDMS before and after flow 

induced oil depletion.  

In summary, the liquid-like solid surface strategy of SOCAL is promising for applications where 

continuous flow is important, such as catheters. The transparency of visible light is an advantage 

of this material, which adds value for potential use in other medical devices 
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Materials and Methods 

SOCAL, PDMS and S-PDMS fabrication   

Slippery Omniphobic Covalently Attached Liquid (SOCAL) surfaces were created on 25 × 75 

mm glass slides using the method detailed by Wang & McCarthy 41. The protocol was optimized 

as described by Armstrong et al 43. The clean glass slides were placed into a Henniker plasma 

cleaner (HPT-100) at 30% power for 20 minutes, which adds OH bonds to the surface. The slides 

were then dipped into a reactive solution of isopropanol, dimethyldimethoxysilane and sulphuric 

acid (90, 9 and 1% wt.) for 5 seconds, then slowly withdrawn. The slides were then placed in a 

bespoke humidity chamber in a controlled environment at 60% relative humidity and 25 °C for 20 

minutes. The acid-catalyzed graft polycondensation of dimethyldimethoxysilane creates a 

homogeneous layer of polydimethylsiloxane (PDMS) chains, grafted to the surface. The excessive 

unreacted material was then rinsed away with deionized (DI) water, isopropanol, and toluene.   

PDMS was used as a control surface because its surface chemistry is similar to SOCAL.  To 

further examine the excellent anti-biofilm performance of SOCAL, tests on swollen PDMS were 

also performed for comparison. SLIPs were created using silicone oil swollen PDMS (S-PDMS). 

This has a large reservoir of oil compared to liquid infused porous structures (LIPs) and has 

demonstrated excellent antibiofilm performance in static culture in recent studies 37.  S-PDMS has 

an almost identical chemistry to PDMS and SOCAL, so any impact from surface chemistry will 

be similar between each of the surfaces. 

To prepare PDMS, a mixture of PDMS solution was prepared using SYLGARD 184 Elastomer 

Kit (Dow Corning Corporation, Midland, MI) with a curing agent-to-base ratio of 1:10 (wt/wt). 

The solution was thoroughly mixed and degassed in a vacuum chamber for 30 minutes to eliminate 
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air bubbles. The PDMS (~2 mm thick) was cured in a 37°C incubator for 1 day. Finally, the cured 

PDMS sheet was gently cut into 4 cm ×3 cm samples.  To prepare S-PDMS, the cured PDMS 

surfaces were completely immersed in a silicone oil (10 cSt, 0.93 g/mL, Sigma-Aldrich) bath and 

left for 24 hours to allow the oil to fully infiltrate into the PDMS polymer networks.  The excess 

oil was gently removed from the surface by wiping with filter paper. This was done to reduce the 

effects of excess lubricant-layer (i.e., wetting ridge 37) on the following tests.   

Characterization of slippery surfaces  

The thickness of the oil layer atop the surface of liquid infused porous structures is typically 

measured using confocal microscopy, ellipsometry, or by calculation using the weight gained after 

layering in oil. In our case, however, the refractive index values of silicone oil and PDMS are 

almost the same which makes it difficult to quantify the oil thickness of S-PDMS optically. 

Furthermore, as the oil diffuses into the PDMS, measuring the weight of the swelling oil cannot 

be used to find the thickness of the surface oil layer. By assuming the PDMS samples swell 

isotropically, however, measurements of weight and volume before swelling, after swelling, and 

after vigorous wiping could be used to approximate the layer thickness and volume of infused oil. 

By solving a cubic polynomial function, the oil thickness can be calculated. The details have been 

described in the supporting information. Using this approach, we also quantified the oil thickness 

change after continuous flow for 2 days and 7 days.  

An in-house goniometer 37, 61-62 was set-up to measure the static water contact angle and contact 

angle hysteresis under ambient conditions. Advancing angles on slippery surfaces were measured 

via a syringe-pump system (needle gauge size ~25, water droplet ~8 μl, with the max volume 

change of 4 μl using the protocol described in 48) and receding angles were measured by 
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withdrawing liquid. Contact angle hysteresis (CAH) was determined as the difference between 

advancing and receding contact angles. At least five measurements were taken.  

SOCAL was claimed to be liquid-like coating which may be expected to be softer than solid PDMS 

with the lowest crosslinking density. Therefore, nanoindentation tests were done with atomic force 

microscope using a Flex Bio-AFM (NanoSurf, Switzerland). A pyramidal AFM cantilever 

(ContAI-G, BudgetSensors) with a spring constant of k~0.2 N/m was used. The substrate effect is 

inevitable for nanoindentation of such a thin coating like SOCAL (several nm), therefore, a simple 

empirical model was used to estimate its modulus (see details in Fig.S4 in Supporting 

Information).  

Flow cell setup  

Most submerged biofilm formation occurs under various flow conditions (e.g., catheters, implant 

surfaces).  Therefore, cell culture was also done in flow conditions. The parallel plate flow chamber 

(PPFC) was designed where the inlet is sufficiently long to allow fully developed flow, which is 

important for dynamic culture of bacteria 63. A flow cell (length=10 mm, width=10 mm, height=0.1 

mm) made of PDMS was made by pattern moulding off a milled acrylic block. This was connected 

to a syringe pump. The samples (PDMS, S-PDMS, or SOCAL), which were used as a bottom 

surface, were connected to the top chamber using a press-fit device. In addition, three holes on the 

flow cell chamber were created: one for pumping broth inoculated with bacteria, another one for 

fresh TSB medium and the third one for collecting waste liquid (see Figure S5 in Supporting 

Information). Bacterial culture was pumped into the flow chamber until the trapped air had been 

eliminated, after which the pump was operated for the desired periods of time at 37⁰C. When 



 26 

laminar flow is well established in the parallel plate flow chamber, the wall shear rate σ is given 

by 64,  

2

3
=

2( / 2)

Q

h w


          (1)                                                                                                  

The wall shear stress 𝜏𝑤 is given by the following formula, 

w 
          (2) 

where Q is the volumetric flow rate, h and w are the height and width of the parallel plate 

chamber, respectively, and η is the viscosity of the culture medium at 37°C.  TSB culture medium 

has shown almost the same rheological characteristics to deionised water at 37°C. Therefore, the 

average viscosity value of 0.7 mPa*s for TSB culture medium measured by a rheometer (Malvern 

Kinexus Pro +) was used for the calculation of wall shear stress.   

Bacterial culture and antibiofilm tests 

S. epidermidis FH8 which was isolated from a chronic rhinosinusitis patient at the Freeman 

Hospital (Newcastle Upon Tyne) was used 65. P. aeruginosa PAO1, biofilm-forming bacterial 

pathogen responsible for many infections 66 was also selected. For bacterial adhesion and biofilm 

formation assays, cells were routinely cultured in Tryptic Soy Broth (TSB) (Melford Laboratories 

Ltd, UK), in a shaker at 180 rpm, 37 ̊C for 16 hours and then diluted to OD600=0.2 for S. 

epidermidis FH8 with a spectrophotometer (Biochrom Libra S11, Biochrom Ltd., Cambridge, 

UK).  P. aeruginosa PAO1 colonizes surfaces rapidly. Therefore, to avoid overloading the system, 

a lower bacterial inoculum (OD600 = 0.01) was chosen for P. aeruginosa.  Prior to seeding, 

samples were added to a petri dish. 20 ml of the diluted bacterial culture was incubated with the 

PDMS (as control), S-PDMS and SOCAL surfaces in petri dish plates (diameter=10 cm) at 37 ̊C, 
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for 2 hours (bacterial adhesion assay), 2 days and 7 days (biofilm assay) respectively. For the 

biofilms developed up to 7 days, half of the TSB medium was changed every 3 days. At the least 

three independent experiments were performed for each surface type. 

Flow is an important factor in many applications and should be considered in assessing 

antibiofilm effects. For dynamic culture, the syringe pump and the flow cell were placed in a 37⁰C 

incubator. For the 2hrs bacterial culture, diluted bacterial inoculated media (with the same OD in 

static cell culture) was pumped into the flow cell chamber at a flow rate of 0.01 ml/min (with 

Reynolds number of 0.024) and wall shear stress (𝜏𝑤) of 0.007 Pa, comparable to typical wall 

shear stresses in urinary catheters 49 and ventricular catheters 58. For 2 days and 7 days bacterial 

culture, after 2 hours of flow of diluted bacterial inoculated media, fresh TSB media was 

continuously pumped into the flow chamber at the same flow rate (i.e., 0.01 ml/min) at 37⁰C.  

Biofilm detachment tests 

To examine if the bacteria may be weakly attached to the SOCAL and S-PDMS grown under 

static conditions, biofilm detachment tests were performed in the same parallel flow cell chambers 

used for dynamic culture.  The 7-day biofilms grown on different surfaces in static culture for 7 

days were placed in the parallel flow chamber and different flow rates (0.01 ml/min, 0.05 ml/min, 

0.1 ml/min, 0.15 ml/min) were applied for a duration of 1 min.  The samples were then removed 

from the flow chamber for subsequent imaging using a fluorescent microscope (Olympus, BX-

61). According to equation (1)-(2), the resultant wall shear stresses (𝜏𝑤) at 37 ⁰C ranged from 0.007 

Pa to 0.105 Pa, which corresponds to similar wall shear stress in catheters (a few mPa) 58 and was 

extended to over an order of magnitude higher to observe trends of biofilm detachment.  
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Reuse the samples after removing pre-grown biofilms 

In practice, it will be useful to reuse the antibiofilm surfaces (e.g., non-disposable medical 

devices or ship hulls) after removing biofilms. To examine the reusability of SOCAL and S-

PDMS, the CA and CAH were measured for each surface after removing 7-days pre-grown biofilm 

formed in static or dynamic culture. The antibiofilm performance of SOCAL and S-PDMS was 

also tested after wiping off these pre-grown biofilms. 

Biofilm imaging  

Following bacterial adhesion or biofilm formation assays, surfaces were gently rinsed three 

times with Phosphate Buffered Saline (PBS, pH=7.4) to remove loosely adhered bacteria. Bacterial 

cells were stained with Syto 9 and fluorescent images were taken on an Olympus BX61 upright 

fluorescent microscope with a 20x objective lens (N.A.=0.75). The bacterial cells after 2 hours’ 

incubation were visualized by acquiring 2D fluorescent images in a single focal plane. The surface 

coverage of the bacteria was analyzed using ImageJ (ImageJ (nih.gov)). Based on the bacteria size 

for S. epidermidis and P. aeruginosa, the surface coverage was converted to volume (in 

COMSTAT software termed biomass) to enable the direct comparisons with longer period bacteria 

culture.  For biofilms or multi-layered bacteria, z-stacks were taken through the thickness of 

biofilm from 5 random locations on the surfaces. The biomass under each field of view was 

determined using the COMSTAT2 plugin (Lyngby, Denmark) in ImageJ.  

To provide insights of possible EPS in biofilms, high resolution Scanning Electron Microscope 

(Tescan Vega LMU) was used to visualize7 days biofilm samples grown in both static and dynamic 

cultures for PDMS, SOCAL and S-PDMS. The beam voltage and current were set to 8 kV and 62 

µA, respectively. Prior to SEM imaging, the samples were washed with PBS and fixed in 2% 
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glutaraldehyde in 3M Sorenson’s phosphate buffer overnight at 4 ̊C, which were then transferred 

to a new plate and dehydrated through a series of ethanol solutions of 25% (v/v), 50%, 75%, and 

100%, followed by critical point drying. After critical point drying, the samples were sputter-

coated with 5 nm gold coating using Polaron SEM Coating Unit. 

Statistical analysis 

Data has been represented as mean values and standard deviations. Student’s t-test, assuming 

unequal variations, was applied and p < 0.05 was considered statistically significant in this study. 
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BRIEFS 

Stable and transparent liquid-like solid surfaces strongly inhibited biofilm formation in both static 

and flow conditions.  
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Measurement of oil thickness for S-PDMS 

The weight (w1) of S-PDMS after a gentle wipe (the same protocol to prepare S-PDMS for 

surface wetting measurements and antibiofilm tests) was measured.  The weight (w2) and the 

dimensions (x,y,z) of the swollen PDMS (after vigorously wiping off all surface oil from S-

PDMS) was then measured. A total of 10 replicates were used for the measurements.    

Due to the nature of physical absorption, the oil thickness (t) is assumed uniform in all 

directions. The oil thickness is then determined using following equation1  

where x,y,z are the length, width and height of the swollen PDMS substrate, respectively.  The 

oil density used in this study was 0.93g/cm3.  A matlab code was written to determine oil 

thickness for various S-PDMS before flow, after 2-days and 7-days flow.  

 
 
 

 
 
Figure S1. 

The XPS spectrum of SOCAL.  It shows the similar spectra to PDMS2.  
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Figure S2. 

High resolution SEM images of P. aeruginosa PAO1 after 7-days (A) static and (B) 

dynamic cultures. The scale bar is 10µm.  Loose and dense EPS were found, respectively.  

 

 

 
 
Figure S3. 
Comparison of 7-day biofilms grown in static culture: (A) S. epidermidis FH8 and (B) P. 
aeruginosa PAO1 on fresh SOCAL or S-PDMS and their re-used counterparts after 
wiping off pre-grown 2-days biofilms.  There is no significant difference for biomass 
between fresh samples and their re-used counterparts for both SOCAL and S-PDMS.  In all 
cases, 15 images were analyzed for each surface from 3 independent experiments.  
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AFM nanoindentation data analysis of SOCAL  
 
SOCAL has exhibited viscoelastic properties which may be approximated by a Prony series 
model. Therefore, the following indentation model was adopted to analyse the force-
displacement curves (F- h) for nanoindentation tests3-5.   
 
𝐹𝐹 = 2

π
𝐸𝐸0

(1−𝜐𝜐2)
tan(𝛼𝛼) ℎ2[𝑔𝑔∞ + 𝑔𝑔1

𝜏𝜏
𝑡𝑡

(1 − exp (− 𝑡𝑡
𝜏𝜏
))]                                    (S2)

   
𝑔𝑔∞ + 𝑔𝑔1 = 1                                                                                                (S3) 
 
𝐸𝐸 = 𝐸𝐸0 𝑔𝑔∞                                                                                                                           (S4) 
 
where 𝐸𝐸 is Young’s modulus of the samples, 𝛼𝛼 is semi-included angle of an indenter (25° in 
this study), 𝜈𝜈 is Poisson’s ratio which is approximately 0.5, t is the loading time and 𝜏𝜏 is time 
constant.  
 
MATLAB code was written to determine the Young’s modulus. At least 30 curves were 
analyzed for each indentation depth. The apparent modulus-indentation depth curve was 
fitted to an exponential function, and the extrapolated module for SOCAL is about 8.8kPa 
(see Fig. S4). 
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Figure S4. The measured apparent Young’s modulus at different indentation depth. 
 The extrapolated modulus was an estimated modulus of SOCAL.  
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Figure S5. 
The experimental set-up for the dynamic culture adopted in this study. 
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