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HIGHLIGHTS

e Oil-impregnated PDMS spacers used to test biofouling prevention

e PDMS stiffness and oil viscosity affect oil uptake and retention.

e Reduced and easily removable biofilm growth on oily substrate

e E. coli biofilm mitigation demonstrated on oil-infused PDMS spacer

o Lower viscosity oil and lower stiffness PDMS demonstrate best performance.

ARTICLE INFO ABSTRACT

Keywords: A novel approach is investigated for preventing biofouling of spacer filaments, which are an essential part of
Feed spacer spiral-wound modules used in membrane-based desalination. Biofouling, caused by the growth and multiplica-
Biofouling

tion of microorganisms on the membrane surface, can significantly impact the efficiency and cost-effectiveness of
the desalination process. Herein, a method is proposed for fabricating modified feed spacers based on oil-infused
slippery substrates made of polydimethylsiloxane (PDMS). These feed spacers, when infused with silicone oil,
create a stable, extremely slippery interface that exhibits exceptionally low bacterial adhesion and prevents
biofilm formation, especially under flow conditions. By examining the effect of the silicone oil’s viscosity, we
determined the optimal ratio of the curing agent for fabricating the oil-infused feed spacer. Results showed a
substantial reduction of bacterial adhesion to the surface for all tested oil viscosities, particularly under dynamic
conditions. Furthermore, even where bacterial adhesion occurred, primarily on samples infused with lower-
viscosity oil, it could be easily removed by simple rinsing. Overall, the oil-infused feed spacer demonstrated
exceptional biofilm inhibition, providing preliminary indication of the potential offered by this promising
approach.

Oil infused surface
Spiral-wound modules

1. Introduction the geometric configuration of the spacer [5], resulting in changes to the

hydrodynamic properties of the membrane module. This has been ach-

Feed spacers are an essential part of spiral-wound NF and RO mod-
ules, keeping membranes apart to form the flow channel, as well as
promoting mixing. Several studies have established that initial
biofouling was formed on feed spacers, and with time these encroached
upon the membrane itself [1,2]. As biomass accumulates on the spacer
surface, this results in greater resistance to the feed flow and conse-
quently higher feed channel pressure drop, reduced permeate flux and
overall lower performance. Some studies have even shown that spacer
biofouling is more important than membrane biofouling [3,4].

Enhancing the antifouling properties of spacers can be achieved
through two primary approaches. The first approach involves modifying
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ieved through three-dimensional printing and has shown promise in
enhancing membrane module performance. Column and honeycomb-
like spacers have demonstrated significant reductions in fouling and
biomass accumulation [6,7]. More complex geometries like triply peri-
odic minimal surfaces (TPMS), turbo-spacers, vibrating and helical-type
spacers show potential in RO and UF processes [8-11]. Currently,
integrating 3D-printed feed spacers into SWM modules faces some
challenges, e.g., due to limited flexibility, especially in specialized
configurations [12], long-term chemical stability [13], as well as cost
[14]. The second approach focuses on directly modifying the surface
chemistry of the feed spacer, such as by coating it with biocidal or
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biostatic metallic particles (silver and copper) [15], forming nano-
structured zinc oxide [16,17] and ZnO nanorods [17], creating silver
nanoparticles [18,19], binding chelating ligands charged with metal
ions [20], or applying antifouling biomolecules such as polydopamine-g-
PEG [21], as well as candle soot nanoparticles (CSNPs) embedded into
the ultrathin layer of PDMS coating [22]. These various methods aim to
improve the antifouling properties of spacers by directly altering their
surface chemistry.

Recently, there has been growing interest in using carbon nano-
materials as coatings, including carbon nanotubes (CNTs) and poly-
propylene (PP), to produce spacers with improved antifouling properties
compared to plain polypropylene spacers [23]. Spacers coated with
Laser-Induced Graphene (LIG) have been shown to inhibit biofilm for-
mation and display antiviral and antibacterial effects when an electric
current is passed through the material [24]. However, hydrophilic-
biocidal (graphene oxide) coatings did not show obvious antibacterial
effect [25]. Despite the availability of proposals for low-fouling polymer
coatings, including hydrogels and diglyme monomer polymerized in
plasma [26,27], none have yet been utilized in the production process.

Herein, we take on a different approach and examine the potential of
an oil-infused feed spacer, which supports a thin oil film that represents
a low-adhesion interface. The spacer material absorbs a compatible non-
polar liquid, immiscible with the outside aqueous environment (the feed
channel in the intended application of a membrane module). The
impregnated spacer is consequently coated by a thin oil film (the exact
properties of which, e.g., its thickness, have yet to be assessed
[33,35,38,45]). Similar, Liquid-infused surfaces have recently come to
the forefront as a unique approach to surface coatings that can resist
adhesion of a wide range of contaminants on medical devices (see, for
example, [28,29]). Various studies have shown findings that indicate
that there is a variety of liquid infused substrates that have been found to
reduce bacterial adhesion to surfaces. Preliminary results of combining
perfluorinated or silicone fluids in expanded polytetrafluoroethylene
(ePTTE) [30,31], layer by layer (LbL) [32,33] surfaces have been shown
to be effective in lowering biofilm formation on the surface of several
bacterial strains. In addition, there are preliminary studies in the field of
medical applications that have shown the ability of Poly-
dimethylsiloxane (PDMS), infused with silicone oil, to prevent the
adhesion of a variety of bacteria to the surface [34,35]. As a proof-of-
concept, PDMS is used as a substrate spacer material, which, when
combined with silicone oil, creates a liquid-infused surface exhibiting
multifunctional properties such as strong mechanical robustness, defect-
free self-healing and, most importantly, a liquid-liquid interface leading
to a significant reduction of biofouling on the modified spacers, as
demonstrated herein.

2. Methods
2.1. Fabrication of fluorescently labeled, oil-infused substrates

Samples were fabricated using PDMS (Dow Sylgard 184 poly-
dimethylsiloxane). The polymeric base was mixed with the curing agent
at 5:1 and 10:1 ratios, to produce PDMS with different stiffness and oil
infusion capacity. The infused silicone (iPDMS) samples are then pre-
pared by immersing the cured PDMS in silicone oil with viscosities of 10,
20, 100 or 1000 cSt (Sigma-Aldrich). In order to facilitate visualization,
the silicone oil was mixed with a fluorophore (Dye-Lite, Tracer products)
with an excitation/emission peak at 515/600 nm.

2.2. Bacterial cultivation

As a model biofilm-forming bacteria, a pure green fluorescent pro-
tein (GFP) E. coli culture was used, at a concentration of 107 CFU/mL
(OD of 0.7). The bacterial culture was grown in Luria Broth (LB) con-
taining kanamycin (Sigma-Aldrich) at a concentration of 0.5 pl/ml for
24 h at 37 °C in an orbital shaker under 105 rpm.
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2.3. Planar surface bio-growth under static and dynamic conditions

Biofilm formation on iPDMS samples was tested under static and
dynamic tilting (performed at 125 RPM in an orbital shaker), as sche-
matically shown in Fig. 1a. Substrate samples were placed in 50 mL test
tubes filled with bacterial suspension. For each experiment, two control
samples and two infused samples were tested. The test tubes are placed
into an incubator for 24 h at 30 °C. After each experiment, samples were
dipped into saline solution (gentle rinse) to wash off non-attached,
planktonic bacteria. Samples were then imaged under the microscope.

2.4. Silicone oil removal by flow

PDMS samples were subjected to fluid shear in order to test the dy-
namics of the infused silicon oil release, over a 5-day period. The PDMS
samples are weighed prior to each experiment. Each sample is then
infused with silicon oil of varying viscosities: 10, 20, 100 and 1000 cSt.
The dynamic tilting experiment is performed using deionized water (as
explained in Section 2.3). The samples are then weighed every 24 h, in
order to measure the loss of the impregnated oil. Following 5 days of oil
release, the samples are subjected to the dynamic tilting experiment for
24 h with a bacterial suspension and are subsequently imaged using a
confocal microscope (SP8, Leica).

2.5. Fabrication of iPDMS feed spacer

The iPDMS feed spacers were fabricated using an aluminum mold
shaped with the feed spacer geometry. In the fabrication, liquid PDMS
was poured onto the mold, followed the procedure previously explained
to form PDMS (see Sub-section 2.1) using only 10:1 ratio. The radius of
the spacer filament is 0.5 mm while the radius of the cross section is 0.8
mm. The tested feed spacers (iPDMS spacer) were infused with 20 and
100 cSt silicone oil.

2.6. PDMS feed spacer flow experimental system

The experimental system consists of 4 transparent and disposable
flow cells, in which infused feed spacers are placed. The feed, bacteria
suspended in LB, is continuously pumped into the cells using a high
precision syringe pump (PHD ULTRA, Harvard Apparatus) with a four-
syringe head - one for each cell. The system is operated without recir-
culation of the feed and negligible pressure inside the flow cells and
tubes (see Fig. 1b). In all experiments, two out of the four flow cells
contain control samples (spacers without oil), while the other two cells
contain oil-infused feed spacers. The experiments are run for 24 h under
a constant flow rate of 41.4 pL/min, which corresponds with a shear rate
of 2 [s™']. At the end of each experiment, all the flow-cells were rinsed
with a 10 mL sterile saline syringe.

2.7. Imaging biofilm growth via confocal microscopy

For imaging of the spacers and the biofilm formed, a confocal mi-
croscope (Leica TCS SP8, Leica Microsystems, Germany) is used, with
either a water-immersion, 25x objective or an air 10x objective. Each
sample is imaged in at least 3 different areas. In the feed spacers, two
regions were imaged: the filament and the cross section (see Fig. 2).
Since the spacer itself is not fluorescent, bright field imaging is used,
onto which the fluorescently-detected biofilm is superimposed. The
excitation/emission of the GFP E. coli is 490/520 nm, while the
excitation-emission of the Dye-Lite, used in the oil, is 560/630 nm,
which enabled clear differentiation.

2.8. Image processing

To quantify the biofilm growth from images obtained by the confocal
microscope, two MATLAB-based algorithms were employed - one for
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Fig. 1. Schematic of the experimental procedure. a) System for static and dynamic biofouling assay (Section 2.3) iPDMS sample undergoing either dynamic or static
growth. b) Feed spacer flow experimental system (Section 2.6). Bacterial suspension is continuously pumped into the cell containing the feed spacer. In both cases,
biogrowth experiments are followed by microscopic imaging.
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Fig. 2. Illustration of the fabricated feed spacer geometry, measurements, and defined regions for biogrowth quantification.

analyzing the area coverage of the biofilm, and another to quantify the
volume of the biofilms. The fluorescence images are first converted to 8-
bit gray-scale images, corresponding with values of light intensities
between 0 and 255. A light-intensity threshold is then applied to the
images, to distinguish between the pixels where the biofilm is present,
and noise or out-of-focus signal. The biofilm area coverage is calculated
by counting the pixels that contain a light-intensity value above the
fixed threshold. Since all experiments are performed using the same
imaging properties (laser power, objective, pinhole, gain from the light
detector, and pixel size), we compare the area coverage datasets by
displaying the data as normalized area coverage, employing the
following formula:

Xnorm = (X — Xmin)/(Xmax — Xmin)

where Xporm is calculated individually for the defined dataset. The

maximum value of the parameter X in that dataset is represented as
Xmax, While similarly X, represents the minimum value for that data-
set. Therefore, in a figure showing normalized area coverage, the value
of ‘1’ corresponds to the Xpox value evaluated from the dataset shown in
that figure.

For the biofilm volume, three-dimensional images are reconstructed
using the confocal microscope. Biovolume (pm®) is defined as the
number of pixels in which the biofilm is present, multiplied by the voxel
size. The datasets are represented as bar charts, where each category
displays the mean value and the error bars represent the standard error
(SE), calculated as: SE = 5—13[, where SD is the standard deviation and n
represents the sample size.
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3. Results and discussion
3.1. Characterization of silicone oil infused PDMS

The successful establishment of an oil-infused substrate supporting a
liquid film necessitates precise adjustments of surface and interfacial
energies tailored to the specific application [31,36]. An exemplary
illustration of such materials is the oil-infused polydimethylsiloxane
elastomer, a derivative rooted in silicone. iPDMS encompasses unbound
polymer chains of silicone oil within a cross-linked silicone elastomer,
forming a swollen polymer network [37].

Silicone exhibits exceptional receptiveness to solvent infusion due to
the notably low rotational energy barrier around the MeSi—O bond
(3.3 kJ/mol). This characteristic facilitates seamless diffusion
throughout the polymer matrix. Consequently, this infusion confers
slippery attributes to PDMS, resulting from the establishment of a liquid
layer on its surface. The presence and stability of this layer are contin-
gent upon achieving a delicate equilibrium between fluid shear and the
interaction between the oil and polymer substrate [38]. In essence, this
process involves the absorption and expansion of a polymer in an
environment where the solvent is chemically compatible and the degree
of swelling diminishes with the rigidity of the polymer network. While
PDMS and silicone oil are used here as part of the proof-of-concept, other
materials with possibly similar synergy can be tested in future work,
once the concept has been further verified.

The ratio of PDMS base to curing agent, and the viscosity of the
infused silicone oil can be used to adjust the matrix properties of the
PDMS which, in turn, can be used to optimize the fabrication of an anti-
fouling feed spacer system. To quantify and interpret how such changes
affect the oil-infused PDMS, samples with different base-to-curing agent
ratios (5:1 and 10:1 by weight) were submerged in silicone oils with
viscosities of 10, 20, 100, and 1000 ¢St as summarized in Table 1. The
silicone oil absorption was defined as the ratio W/W;, where W is the
mass of the adsorbed oil and W, is the mass of polymer with the oil. The
PDMS and silicone oil pairing resulted in an infused PDMS with
increased mass and volume, reaching equilibrium after immersion for
approximately 24 h.

The maximum oil uptake was observed using the lowest viscosity oil
(10 cSt) at a 10:1 ratio, resulting in an uptake of 42.5 %, and slightly less
for a 5:1 ratio, resulting in an uptake of 39.6 %. This trend was observed
in the case of PDMS made at a 10:1 ratio of base to curing agent with 20
cSt oil, with an uptake of 36.4 % for a 10:1 ratio and 34.1 % for a 5:1
ratio. However, the PDMS ratio did not have any significant impact on
oil adsorption at a viscosity of 100 cSt. The overall oil uptake for both
ratios was primarily influenced by an increase in viscosity. Notably, a
similar tendency was observed for the highest viscosity oil (1000 cSt),
with the lowest amount of oil absorption occurring for both ratios of the
PDMS.

The data suggest that, as is expected for any polymer network, the
degree of swelling in oil-infused PDMS predominantly depends on the
base to curing agent ratio, which represents the rigidity of the polymer
network, while the oil viscosity has a far less pronounced effect. This is
consistent with observations made for PDMS swelling in chloroform,

Table 1
Silicone oil removal percentage during orbital shaking - dynamic flow condition.
PDMS ratio 0Oil viscosity (cSt) Overall released oil % %ﬂ
t
10:1 10 3+06 42.5+ 1.4
20 2.2+ 0.5 36.4 +£ 0.7
100 147 £5.4 20.9 + 2.5
1000 48.1 +£ 2 79+13
5:1 10 4.8 + 0.5 39.6 £1
20 3.4+0.1 341+0.8
100 16.5 £ 3.2 20.7 £ 1.4
1000 60.9 + 4.8 14.8 £ 3.4
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which showed that the degree of swelling increased with increasing
base-to-curing agent ratio [39]. Moreover, the various percent change in
mass based on the viscosity and the PDMS ratio may indicate differences
in the equilibrium constants of the system [40]. These findings may be
explained by the average molecular weight of the polymer chains be-
tween the crosslinks [41].

The dimensions and oil content of infused PDMS can be adjusted by
altering of both the curing agent ratio and oil viscosity. A higher equi-
librium volume fraction of oil can be achieved by decreasing the oil
viscosity and/or increasing the curing agent mixing ratio. In practical
applications, the durability of the lubricated system is evaluated by
subjecting the oil overlayer to external forces or interfaces that strip
away the liquid. Fig. 3 shows the results of iPDMS samples that were
subjected to continuous orbital shaking (120 rpm) for 5 days. The per-
centage of oil loss was calculated for each day and overall. It was found
that the lower the viscosity of the oil, the lower the release percentage of
the oil, regardless of the ratio. The most successful combination was a
10:1 ratio of PDMS with a 20 ¢St oil, which loses 2.2 % of the oil,
compared to a 5:1 ratio with the same oil, which loses 3.4 %. The results
also indicated that an increase in the curing ratio resulted in a better
ability of the PDMS to retain the silicone oil, leading to lower oil release.
Additionally, it was observed that the release of the oil from the PDMS
reaches apparent equilibrium (i.e., at the time scales being considered,
the changes in oil content falls below the measurement threshold) after
~72 h of vigorous shaking conditions, in all cases tested. This result
demonstrates very good retention of the coating where measured oil
release became insignificant over time, and the ability of iPDMS to
maintain a stable oil overlayer under flow conditions for an extended
period.

3.2. Biofilm growth on pre-conditioned iPDMS under applied shear

Next, we examine biogrowth on pre-conditioned samples, that is,
samples impregnated with oil and then shaken for 5 days, thus removing
excess oil up to the point where measured oil release became insignifi-
cant over time. Following the biogrowth under orbital shaking, confocal
images were taken after dipping the samples in saline solution to remove
any planktonic bacteria. As seen from Fig. 4a, there is an apparent visual
difference between the control, untreated PDMS (1), and mainly the 100
and 10 cSt infused PDMS (3 + 4) for both 10:1 and 5:1 curing ratios.
However, for the sample infused with the 1000 cSt oil (2), a more
prominent biofilm was formed, similar to the untreated control sample.
Finally, Fig. 4a (4) presents a sample infused with 10 cSt oil, which
exhibited minimal biofilm formation under the applied orbital shaking.
To better assess the visual results, image analysis was performed, as
described in Section 2.8, with results normalized to the highest biofilm
area coverage value of the non-infused PDMS control sample.

The results of the normalized bacteria area coverage for two PDMS
ratios are presented in Fig. 4b. It can be seen that there is a decrease in
the biofilm coverage over the samples in both ratios, which is affected by
the decreasing viscosity of the infused silicone oil. Thus, in samples with
an oil viscosity of 10 and 20 cSt almost no biofilm is seen for both curing
ratios. It can be inferred that there is a high impact of the initial infused
oil percentage at equilibrium with the ability to preserve the oil in the
substrate (due to the high affinity of the oil to the polymer chains of the
PDMS) during the exposure to shear, on the capability to inhibit biofilm
formation. Furthermore, iPDMS demonstrates the concept of keeping
surface slippery performance via self-replenishment from within the
PDMS, which serves as a reservoir for oil. Hence, in the event of
depletion of the oil layer due to complete oil leaching, a liquid oil layer
will cease to be present on the surface, impeding its ability to deter
bacterial adhesion. This is evident in some of the conditions tested - for
both curing ratios, 10:1 and 5:1, infused with 1000 cSt oil, a relatively
small amount of oil was infused, corresponding with an oil loss of about
48.1 and 60.9 %, consequently eliminating the non-fouling properties of
iPDMS as bacteria may adhere more strongly to the areas where the
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Fig. 3. The dynamics of Silicone oil release, for different oil viscosities, shown as the percent change in the mass of oil in the sample, released from the infused PDMS

under orbital shaking (dynamic conditions), using 5:1 and 10:1 ratio PDMS.
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Fig. 4. a) Representative confocal images of biofilm formation under dynamic
flow following five days oil release. Images labeled 1, 2, 3, 4 represent control,
1000, 100 and 10 cSt, respectively. b) Fraction of sample area covered by a
biofilm formed under dynamic orbital shaking following five days of oil release.
Samples used were either a 5:1 or 10:1 iPDMS with 1000, 100, 20, 10 cSt oil.

infused liquid layer is depleted. On the other hand, for lower viscosity
samples, a higher amount of oil was absorbed and less oil was released as
the viscosity was reduced. This provides continuous slippery properties
to the anti-fouling iPDMS. Our five-day experiment substantiates that

the substrate effectively maintains the oil layer without any discernible
leakage. As observed in a separate study, such materials can maintain
anti-fouling capabilities for up to several months [42]. Fig. 4b shows
that the biofilm coverage is lower for most viscosities in a 5:1 sample,
compared to the sample with a 10:1 curing ratio. Meanwhile, at low
viscosities - 10 ¢St and 20 cSt - the difference is negligible. Another
recent study showed that E. coli attachment onto PDMS samples
appeared to be stronger on softer surfaces than harder surfaces [43].
Additionally, another study showed the lowest contact angle hysteresis
(CAH, which is a direct indicator of nonstick properties of a solid surface
[44]) for a 5:1 ratio compared to 10:1 and 20:1 ratios, and suggested
that decreased PDMS stiffness could be playing an increasing role in the
greater contact angle hysteresis; therefore, the stability of a low CAH is
essential for resisting bacterial adhesion [45]. Silicone oil with higher
viscosity exhibits increased surface tension: 1000 cSt has a surface en-
ergy of 35 mN/m, while 100 cSt has 20.9 mN/m. This low surface ten-
sion, along with its surface-occupying capability, leads to a water-
repellent coating that may reduce bacterial adhesion. iPDMS surfaces
demonstrate lower Contact Angle Hysteresis (CAH) compared to PDMS,
indicating non-adhesive properties. iPDMS also displays a smooth sur-
face with a low sliding angle (2.1 + 0.9°), while PDMS shows higher
angles (40.1 + 9.0°) [38].

3.3. Biofilm growth on iPDMS under static and dynamic conditions

The present study aimed to investigate the effectiveness of an oil-
infused substrate in preventing biofilm growth under static conditions,
where there is no flow or shear, and to compare it to dynamic conditions,
under the effect of shear forces due to flow in the spacer channel, and
quantify the impact on bacterial attachment and biofilm growth. To do
this, samples were made with different curing agent ratios (10:1 and 5:1)
and silicone oil viscosities (10, 100, and 1000 cSt).

As seen in Fig. 5a, there is a significant visual difference between the
untreated control PDMS samples (A1, B1) and the infused PDMS samples
(A2/3, B2/3) under both static and dynamic conditions. The iPDMS
surface demonstrated overall less bacterial attachment, where as ex-
pected, more bacteria were present under static conditions than under
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Fig. 5. Biofilm formation on PDMS after a 24 h period under dynamic and static flow conditions. a) Representative confocal images of florescence biofilm formation
under static and dynamic flow (A, B) respectively. (1, 2, 3) Control, 1000 cSt, 10 cSt respectively. b) Biofilm normalized area coverage using image analysis.

dynamic conditions. Additionally, a decrease in oil viscosity corre-
sponded with a decline in biofilm area coverage.

To better assess these visualization results, image analysis was con-
ducted to calculate the area coverage (normalized with respect to the
highest area coverage, which for this case is the PDMS control), as seen
in Fig. 5b, enabling a more quantitative comparison. The image analysis
confirmed that significantly more biofilm adhesion occurred under
static than dynamic conditions. For instance, samples infused with 1000
and 100 cSt silicone oil and exposed to dynamic conditions had
approximately 5 times less biofilm area coverage. Similarly, samples
infused with 10 cSt silicone oil under dynamic flow had approximately 3
times less biofilm area coverage than those under static conditions. The
minimal (practically no biofilm) adhesion observed in the samples under
dynamic conditions can be attributed to the shear force produced by the
flow, which likely removes bacteria and their extracellular polymeric
substances (EPS) or otherwise interferes with the adhesion.

Results also demonstrate that the viscosity of infused oil significantly
impacts the strength of bacterial adhesion, with higher viscosity of the
infused oil resulting in stronger adhesion. With an identical rinsing step,
following biogrowth, samples impregnated with lower viscosity oil
exhibited greater removal of bacteria. This suggests that even when a
biofilm does form on the iPDMS surface, it can be easily removed under
higher shear conditions due to the weak adhesion of the biofilm to the
liquid interface.

3.4. Biofilm formation on iPDMS feed spacers

Based on results presented in the previous sections, it was concluded
that iPDMS feed spacers would be fabricated using a base-to-curing
agent ratio of 10:1, and infused with 100 cSt and 20 cSt silicone oil.
The choice of the 10:1 ratio was based on the observation that it
exhibited better oil retention, while preserving the slippery surface
functionality. Within a spacer infused with lower viscosity oils of 10 and
20 cSt, a pronounced affinity is observed between PDMS and the oil. A
minimal quantity of oil is released into the liquid under the influence of
shear forces, as indicated in Fig. 1. Based on these observations, it is
posited that the likelihood of oil fouling caused to the membranes is very
low. Of course, long-term tests would still be required in order to assess
this under real-world conditions. The 100 cSt silicone oil effectively
inhibited biofilm formation without significant changes in sample vol-
ume, while the 20 (and 10 cSt) silicone oil showed slightly better biofilm
inhibition, but at the cost of absorbing more oil and increasing spacer
volume, with 10:1 feed spacers exhibiting a filament size increase of
~12 % when infused with 100 ¢St o0il, ~22 % with 20 cSt 0il, and ~27 %
with 10 cSt oil. In order to verify the uniform distribution of the infused
oil, it was premixed with Dye-Lite, a fluorescent material, and then

visualized by confocal microscopy, as seen in Fig. 6. A noteworthy study
of oil-infused PDMS utilized a confocal microscope in an attempt to
quantify the oil layer thickness [34]. For a 10 cSt oil in a 10:1 PDMS, the
reported thickness exhibits varying degrees of uniformity, spanning a
range of 15 to 35 pm, likely reflecting some degree of underlying
roughness. It is reasonable to infer that the thickness of an oil layer for a
viscosity of 20 cSt should closely align with these values [34]. When
assessing future integration of new spacers into SWMs, it would be
important to evaluate their robustness under all operating conditions,
including possible chemical cleaning. While no data exists directly
related to iPDMS and its reaction to acids, bases, or hypochlorites, one
may draw on evidence related to PDMS and silicone oil. Following
recognized RO membrane cleaning protocols [46,47], PDMS shows no
adsorption or dissolution when in contact with common cleaning sub-
stances [48]. There’s a possibility of gradual hydrolytic degradation
under extreme pH after continuous exposure for days, but no adverse
effects expected after a few hours of cleaning at ambient temperature
[49]. Additionally, PDMS demonstrates resilience in the presence of
hypochlorites [50]. We also note that, given the functionality of the
spacer, the need for clean in place (CIP) practices may be reduced
considerably. Of course, in any future implementation at module scale,
these aspects will need to be verified.

Fig. 6. 3D Confocal image of fluorescent-labeled, 100 cSt silicone oil infused
into the PDMS feed spacer.
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3.5. iPDMS feed spacer under flow conditions

Biofilm formation experiments were conducted under flow condi-
tions to evaluate the ability of 20 ¢St and 100 cSt silicone oil iPDMS feed
spacers to inhibit biofilm formation. Fig. 7a shows the results, with an
image (A) representing the control PDMS feed spacer, and images (B)
and (C) showing the 20 cSt and 100 cSt iPDMS feed spacers, respec-
tively. The results indicate a clear difference between the control and
iPDMS spacers. The control spacer was utterly covered with biofilm,
which was not washed off and irreversibly attached to the spacer. In
contrast, the iPDMS spacer had only a few areas (marked with a red
dotted line) where biofilm was present as a thin layer with low bright-
ness, distinctively different from the thick, uniform biofilm coating seen
on the control spacer. The biofilm seen on the iPDMS image may have
been partially bonded to the cover glass of the cell rather than to the
iPDMS feed spacer. Fig. 7b shows the results of the biovolume for the
PDMS feed spacer, 20 cSt and 100 cSt iPDMS feed spacers. The 100 cSt
iPDMS feed spacer had approximately one order of magnitude less
biovolume than the control feed spacer, while the 20 ¢St iPDMS feed
spacer had approximately two orders of magnitude less biovolume.
These results demonstrate that shear forces can significantly decrease
the initial formation of biofilms on the surface of iPDMS, while enabling
the subsequent removal of biofilms. Even at low shear conditions (which
are much lower than those used in membrane systems, as we wanted to
evaluate the anti-fouling properties of iPDMS under more favorable
biofouling conditions), a significant reduction in biofilm was observed.
Since the surface’s hydrophobicity remains unchanged after lubricant
infusion, this effect can be attributed to the mobile liquid overlayer
coating, which acts as a barrier to adhesion preventing bacteria from
probing and forming bonds on the solid surface, making it a difficult
attachment site for the bacteria.

3.6. Biofouling growth inhibition on key regions of the feed spacer

The spacer generates complicated hydrodynamics due to the
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obstruction it represents to the flow. The main point of aggravated
fouling is normally at the cross-filament sections, where the flow is
mostly stagnant; conversely, regions along the center of filaments are
exposed to the most direct crossflow impingement, and therefore sub-
stantial shear forces that are expected to inhibit biofilm development.
Experiments were conducted to investigate the effects of an oil-infused
surface on the formation of biofouling on these two regions, per-
formed under the same flow conditions.

As seen in Fig. 8b, the iPDMS spacer filament area is marked in or-
ange, and the cross-section area is marked in blue. In Fig. 8a, Row A and
C represent the control PDMS area of cross-section and filament,
respectively, while Row B and D represent the iPDMS cross-section and
filament area, respectively. As shown in Fig. 8a, there was a significant
reduction in biofilm formation on the cross-section and filament area of
the iPDMS spacer, as compared to the control spacer areas where sub-
stantial biofouling was observed on the surface of the cross-section and
filament. In the figure, the observed areal coverages were normalized
based on the highest single observation and differentiated by the regions
of ‘filament’ and ‘cross section’ (as illustrated in Fig. 2). For the two
PDMS areas presented in Fig. 8b, it can be observed that there is a drastic
decrease in the biofilm coverage over the samples in both areas, which is
attributed to the slippery surface of the oil-infused feed spacer. Addi-
tionally, previous studies have reported that biofouling initially occurs
at the spacer cross junctions [51], which is consistent with the findings
of this experiment that more biofilm coverage was observed in the cross-
junction area. Therefore, using oils with lower viscosity, such as 20 cSt,
may further decrease and inhibit the initial attachment of biofilm to the
feed spacer in the cross-junction area, as the oil-infused surface reduces
biofilm adhesion.

4. Conclusions
In this work, we characterized the tunability of silicone oil-infused

PDMS with varying curing agent concentrations and oil viscosity, in
order to produce a biofilm-inhibiting feed spacer. In exploring the effect
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Fig. 7. Biovolume using image analysis on 10:1 ratio untreated control PMDS and iPDMS feed spacers with 100, 20 cSt silicone oil after 24 h flow experiment,
representative confocal three-dimensional image: Untreated control PMDS feed spacer (1) and 100 cSt iPDMS feed spacer (2).
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Fig. 8. Biofilm formation on 10:1 PDMS and 100 cSt iPDMS feed spacers in cross, filament sections after 24 h flow condition. a) Representative Confocal images of
the scan section. (A, C) Control PDMS Cross, filament area respectively. (B, D) iPDMS cross, filament area. The red circles indicate areas with biofilm. b) Biofilm
normalized area coverage using image analysis on PDMS and iPDMS filament and cross areas on feed spacer.

of curing agent concentration and oil viscosity on both the total oil
uptake and stability of the immobilized liquid, it was found that with a
decrease in oil viscosity and/or increase in curing agent mixing ratio, the
sample can absorb more oil and, more importantly, retain the oil when
the over-layer is subjected to external fluid shear. In general, a combi-
nation of polymer stiffness and oil viscosity determined uptake and
stability over time, which also impacted biofilm inhibition.

As the main outcome of this study, it has been demonstrated that
E. coli biofilm formation can be drastically reduced under flow condi-
tions, within a flow-cell that mimics the general characteristics of a
spacer-filled channel within a spiral-wound membrane module. It was
first shown, on iPDMS samples, that even where some biogrowth had
occurred, a simple saline rinse resulted in complete or near-complete
biofilm removal. This was in sharp contrast with the control PDMS
surfaces, where adherence was mostly irreversible. Even in the absence
of flow and shear, under static conditions, a significant reduction in
biofilm development was observed.

Since interfacial properties are assumed to remain essentially un-
changed after lubricant infusion, due to the chemical similarity, the
decreased biofilm development can be explained by the mobility of the
liquid overlayer. The fluid layer prevents bacteria from probing and
forming bonds on the solid surface, making it difficult for attachment.
While further research is required to understand the exact mechanisms
of bacterial attachment and detachment from the oil-infused surface, the
presented results clearly demonstrate the potential that iPDMS spacers
provide for biofouling prevention in membrane separation.
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