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Nepenthes pitcher plant inspired
bio-polymer embedded porous
surfaces for oil aquaplaning

Bethany Orme?, Alex Jenkins?, Matthew Unthank?, Vincent Barrioz?, Gary G. Wells?,
Glen McHale? & Prashant Agrawal***

The Nepenthes pitcher plant has inspired surfaces employing a liquid barrier that shields the surface
from contaminants. However, such liquid-infused oil-repellent surfaces employ toxic fluorocarbons or
unstable polar liquids. Here, we develop a bio-friendly oil-repellent surface using a food-grade bio-
polymer coating on a nanoporous surface. By mimicking the pitcher plant’s nectar lining, the food-
grade polymer absorbs water enhancing its stability against drainage and evaporation. The water-
based lubricant is non-toxic, compatible with humid environments and replenishes simply by exposure
to nebulized water droplets. Our surfaces demonstrate lubrication-induced oil and solid repellence and
have substantial transformative potential in applications like oil-water separation, anti-fouling and
food packaging.

Surface contamination by oil is a concern in many applications, such as the food industry'?, marine
environments®%, soil systems>®, wastewater treatment’ and accretion via atmospheric oil pollution®. The low
surface energy of many oils means they exhibit high wettability with commonly used surfaces and materials. By
understanding the role of surface roughness®!? and chemistry on liquid wettability'!, oleophobic surfaces have
been engineered utilizing re-entrant structures'?-'4, fluorinated coatings'>!° or covalently bonded polymers'’-2°.

Texturing surfaces with single and double re-entrant geometries demonstrate excellent super-omniphobicity
for liquids with surface tension as low as 10 mN/m. This high liquid repellence is achieved due to a Cassie-
Baxter wetting state, where the liquid-solid contact fraction is minimized. However, such physical structures
require complex microfabrication procedures and present challenges with mechanical durability and long-term
pressure stability*"?2. While fabrication of such features historically primarily relied on lithography®, recent
advancements in emulsion-based printing?* and roll-to-roll manufacturing” have significantly increased
process scalability. The sole dependence of liquid repellence on physical structure enables fabrication of metal
and polymer-based oleophobic surfaces with enhanced mechanical durability!®. Additionally, development of
armor-like substrates has also improved resistance to scratching and multiple abrasion cycles?.

Chemical modification of surfaces is another strategy to induce oil repellence, where perfluoroalkyl (PFAS)
coatings are commercially the most widely adopted method?”?%. In long chain PFAS based coatings, the self-
assembly of fluoroalkyl chains and higher density of the -CF, groups can reduce the surface energy upto 6.7
mN/m?. Combined with physical texturing, fluorinated coating surfaces have shown significant pressure
stability against drop impact and evaporating liquids!*?°. However, low bio-degradability of fluorocarbons,
bio-accumulation and their toxicity to the environment and bio-health***! is an imminent concern that needs
stringent global regulations. More recently, covalently bonded alkyl chains have been explored to increase
mobility of oil and water droplets'®2*32, These ‘liquid-like’ surfaces employ the mobile and dynamically
reconfigurable nature of alkyl terminated polymer chains with a low glass transition temperature to reduce
droplet pinning on surfaces®*. While challenges with process scalability of polymer grafting methods and effects
of rough surfaces on droplet mobility still remain'!**, recent developments in photocurable liquid-like coatings
promise potential solutions*.

Natural designs primarily rely on physical re-entrant geometries to repel 0il'>*>3, While there is no known
bio-equivalent of low surface energy materials, the Nepenthes pitcher plant employs a unique solution to repel
insects. Predominantly found in tropical climates, the walls of the pitcher can switch their oil repellence by
hydration from rainfall or surrounding humidity. This water lubrication repels the oily feet of insects creating
both a barrier to the plant surface and a slippery surface. These surfaces have inspired synthetic liquid infused
surfaces (LIS)*’-3%, where predominantly, oil-infused surfaces have been developed to achieve water-repellence
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with high droplet mobility*-*2. Oleophobic liquid-infused surfaces have been proposed using toxic fluorocarbons
as lubricants, but these surfaces pose a higher health risk to the environment through lubricant depletion343:44,
Some edible oil infused surfaces also provide sustainable bio-friendly alternatives for achieving selective oil
repellence?>*¢. While a small number of studies have proposed water infused porous surfaces*”*%, evaporation
and drainage stability of the water lubricant remains an unsolved challenge”*.

In this work, we replicate a Nepenthes pitcher plant's mechanism of trapping insects, to develop bio-friendly
oil-repellent surfaces. Analogous to the nectar lining in the pitcher plant, which adsorbs and holds rainwater
on its surface, we use a common food-grade polymer to develop a stable, non-toxic and environmentally
friendly water-based lubricated surface to repel oil and solid contaminants. The nanoporous texture of the
surface stabilises the lubricant against drainage while the bio-polymer provides stability against evaporation.
Additionally, similar to the pitcher plant, the lubricant and its oil-repellent properties can be replenished just
by soaking in water. Our bio-friendly, oil-repellent surfaces offer a sustainable, transformative alternative for
applications like oil-water separation and food packaging.

Results

Concept

The peristome of a Nepenthes pitcher plant combines a ridge-like micro texture along with secretion of a sugary
nectar to ensure a continuously wetted and lubricated surface in humid tropical environments, which repels oil
on the insect’s adhesive pads. The micro-roughness ensures a completely wetted surface while the hygroscopic
nectar ensures a continuous presence of water over the surface. In developing a synthetic version of a Nepenthes
pitcher plant, we replace each of these components with a synthetic equivalent (Fig. 1a). The micro-roughness
of the peristome is replicated using a super hydrophilic nanoporous coating (Fig. 1b, c), while a bio-compatible
food-grade polymer, xanthan gum, is used as an equivalent for the nectar. Xanthan is dissolved in water in
different concentrations and the solution is used to create an environmentally friendly and stable lubricant,
which is infused in the nanoporous coating.

Lubricant stability

A fundamental barrier to realize water lubricated surfaces is to ensure stable locking of the lubricant on the
surface against drainage and evaporation. We achieve this through a combination of the nanoporous coating and
xanthan. The addition of Xanthan primarily enhances the stability of the lubricant against evaporation (Fig. 2a).
For instance, by adding just 0.04 wt% xanthan the evaporation time increases from less than 15 min for de-
ionized water infused surfaces to around 81 min (Fig. 2a). Further increasing the xanthan concentration to 0.15
wt% increases the evaporation time more than 700% to almost 115 min.

The decrease in the evaporation rate by the addition of Xanthan is attributed to the availability of water for
evaporation during the drying process. As seen in Fig. 2b, ¢, while drying, sugars form a layer on the particles,
which shields the dissolved water in the bulk from evaporation and reduces the rate of evaporation. This concept
of shielding water is used in the agriculture industry, where water soluble polymers (synthetic and natural) are
used to treat soil particles for enhanced water retention®'>. Additionally, sugars reduce the water activity of a
solution by binding with water molecules, which reduces the availability of water for evaporation. This concept
of increasing water retention by adding sugars is used widely to limit bacterial growth in food preservation®.
Therefore, increasing Xanthan concentrations beyond those used on our surfaces can significantly extend
evaporation rates further (Figure S3 in supplementary information).

The nanoparticle coating is used as a reservoir for the xanthan-water lubricant, where a part of the lubricant is
locked and held stably due to the super-hydrophilicity of the nanoparticles (depicted in Fig. 1d). The remaining
excess lubricant is mobile and is prone to drainage (or leaching) over time due to gravity or shear in real
environments. The concentration of xanthan in the lubricant affects the amount of the excess (mobile) lubricant
left on the surface. An increase in the xanthan concentration increases the viscosity of the lubricant (Figure S2)
and, therefore, reduces the movement of the mobile lubricant on the surface. As a result, after about 60 min of
drainage, the thickness of the lubricant film is higher for a higher xanthan concentration (Fig. 1d).

Rehydration and regeneration

Nature relies on replenishment via biological regeneration to retain the wettability properties of surfaces. A
key aspect of water retention by the pitcher plant is the ability of the peristome to regenerate the nectar and
re-hydrate periodically by water absorption due to condensation from ambient humidity and rainfall®®>’. Our
synthetic surfaces demonstrate a similar rehydration capability while retaining xanthan on the surface. After
the water has evaporated from the lubricant, the xanthan polymer is left behind and coats the nanoparticle
surface (Fig. 2b, ¢). When water is re-infused in the surface and left for 24 h in high humidity conditions, the
polymer re-dissolves in water and regains its original lubricant characteristics. This regeneration of the lubricant
is characterized by measuring the evaporation rate, where the regenerated lubricant surfaces show a similar
evaporation time scale as the freshly water-xanthan lubricant impregnated surfaces (Fig. 2a). The high humidity
condition is critical for a complete dissolution of the polymer in water to ensure a higher stability against
evaporation. When a dry polymer coated surface is infused (or rehydrated) with water in ambient conditions, it
leads to incomplete dissolution of the polymer in water, which is indicated by an evaporation rate similar to pure
water lubricated surfaces (Table S3 in supplementary information). The xanthan polymer can leach off from the
surface over time due to drainage by water or shear in real environments, which can reduce the water retention
capability of the surface. However, xanthan can be reintroduced on the surface via re-infusion with a water-
xanthan solution. Importantly, due to the bio-friendly nature of the lubricant, leaching of the lubricant does not
pose a contamination risk to the environment.
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Fig. 1. Design of a synthetic Nepenthes pitcher plant. a, Concept of our water-based liquid infused surface
inspired from the Nepenthes pitcher plant (image taken from>’, Copyright (2004) National Academy of
Sciences, U.S.A.): A super-hydrophilic silica nanoparticle coating, analogous to the peristome of the pitcher
plant, holds the water-xanthan lubricant, where xanthan stabilizes water similar to nectar in a pitcher plant. b,
Bright field microscope images. ¢, SEM images of the nanoporous surface for two different particle sizes: with
average diameter 7 nm and 40 nm; the average thickness of the nanoporous coating is 5.0 gm * 1.0 um and
20.3 pm + 2.6 um, respectively (Figure S1). d, Lubricant thickness for different xanthan (XG) concentrations
on the two nanoporous surfaces (7 nm and 40 nm). Total lubricant thickness (circles) is obtained just after
imbibing the lubricant. The mobile lubricant drains via gravity resulting in a gravity-stabilized lubricant
thickness (squares). The dashed red and blue lines represent the thickness of the nanoporous coating for the 7
nm and 40 nm particles, respectively.

Preferential wetting to water
In their dry state, the nanoporous nature of coatings renders them super-amphiphilic®®, which allows the complete
spreading of both water and oil-based lubricants. Therefore, for the water-xanthan lubricated surface to be oil-
repellant, the lubricant should preferentially wet the surface over oil. The condition for preferential wetting of the
water-based lubricant can be given as (Supplementary information)*: Sso(a) = Ssw@) L VYwa = Yoa =V ow>
where, Sso(a) and S, (q) are the spreading coefficient of oil and water on solid in the presence of air, respectively,
and, ¥ .., VY oq a0d v . are the surface tension of the oil-water interface, oil-air interface and water-air
interface. Plugging in the values of the different surface tensions, we obtain Sso(a) — Ssw(a) < 14.2.
Therefore, the preferential wetting of water-based lubricants can be induced by altering the relatives
spreading coefficients of oil and water on the surface in air. For example, surfaces like stainless steel and brass
display a high advancing and receding contact angle for water-xanthan solutions (Table $4), i.e. Ssy(q) < 0.On
these substrates, an oil drop completely wets the surface, i.e., Sso(a) > 0, which does not satisfy the condition
Sso(a) — Ssw(a)y < 14.2. Therefore, when a water-xanthan droplet is placed on an untreated oil infused
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Fig. 2. Effect of xanthan on lubricant evaporation. a, Evaporation time of the freshly lubricant impregnated
nanoporous surfaces for different xanthan concentrations; 0 wt% implies pure water. The inset shows a
comparison of the evaporation times of the freshly lubricant impregnated surfaces (circles, depicting the
average time) with the regenerated lubricant impregnated surfaces. The regenerated lubricant is obtained by
soaking the dry polymer coated nanoporous surfaces in water, which allows the polymer to re-dissolve in the
water. b, SEM images of 40 nm surfaces dried after imbibing a xanthan-water solution with 0.04 wt% xanthan.
After drying the xanthan gum coats the particle and assists in retaining water. ¢, SEM images of 40 nm surfaces
dried after imbibing a xanthan-water solution with 0.15 wt% xanthan.

substrate (Fig. 3a), the oil preferentially wets the substrate. However, the high sliding angle of these water-
xanthan droplets (approximately 28 + 6°) indicates that the droplets are in an emergent-impregnated state on the
substrate (Fig. 3d, g), rather than complete oil encapsulation ( Sos(w) > 0)*°. When the surfaces are treated with
a hydrophilic coating (Fig. 3b, static contact angle of water in air: 6 ., = 10° ), the spreading coefficient Sy, (q)
increases such that the water-xanthan solution displaces the oil and preferentially wets the surface (Fig. 3e, h
and movie $6), implying that condition Sso(a) — Ssw(a) < 14.2 is satisfied. The preferential wetting of water-
based lubricants is also observed on the nanoparticle coated substrates (Fig. 3¢, f). The nanoparticle coating
additionally ensures that the lubricant remains locked on the surface and acts as a reservoir. When a drop of
the water-xanthan is deposited on an oil infused surface, the lubricant droplet displaces the oil and impregnates
the nanoporous coating (Fig. 3f and movie S1 and S6). Furthermore, on rinsing the oil-infused surface with the
xanthan solution, oil is completely displaced from the surface (movie S1). The complete removal of the infused
oil is also verified using confocal microscopy (Figure S7 in supplementary information).

Oil repellence

Similar to the oily feet of insects on a pitcher plant, the water-xanthan lubricant ensures oil droplets remain
separated from the nanoporous surface. While the water-xanthan lubricant impregnated surfaces are naturally
oil repellent, the nanoporous structure can either be completely encapsulated by the lubricant or it can remain
in a partially emerged-impregnated state (Figure S6 in Supplementary information). The key distinguishing
feature between the two wetting states is that oil remains completely separated from the nanoporous structure
in the encapsulated state, while it encounters pinning in the emerged-impregnated state®®. Due to the oleophilic
nature of the nanoporous surface, it is expected that the pinning forces will be significantly high in the emergent-
impregnated state®. The sunflower oil and rapeseed oil droplets form a lens-like configuration, while the sesame
and silicone oil droplets spread rapidly into a thin-film due to the low surface energy of their water-oil interfaces®
(Movie S2), which complicates accurate measurement of sliding angles. The sunflower and rapeseed oil (Fig. 4a,
b and movie S3) droplets are seen to slide on the surface due to gravity with just a 5° tilt, indicating that the oils
remain completely separated from the surface, i.e., the nanoporous structure is completely encapsulated by the
lubricant (depicted in Figure S6). The sesame and silicone oil droplets spread over the surface (Fig. 4c, d) and can
be removed via rinsing with the lubricant solution (Fig. 4e and Movie S4) or with water.

Solid contaminant removal

The presence of a continuous lubricant layer between external solid contaminants and the surface ensures
protection of the underlying surface. The lubricant also induces an easy removal of different types of solid and
semi-solid (like tomato ketchup) contaminants. Glass particles (10 pm), regular sand and hydrophobic sand
deposited on the lubricated surface are easily removed under gravity because of the mobile lubricant layer and
can be easily removed from the surface by rinsing with water (Movie S5). Additionally, a droplet containing
a dispersion of polystyrene particles (10 um) was deposited on the surface to simulate the interaction with
rainwater. Though the particles spread immediately on the surface (due to the water base), the particles are
mobile on the lubricant layer and can be removed by tilting the surface or rinsing with DI water (Figure S9).

Optical transparency
The use of a water-based lubricant imbibed in a silica nanoparticle coated surface allows use of these oil repellant
surfaces in applications where optical transparency is required. In the visible range (380-700 nm), almost 13%
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Fig. 3. Preferential wetting by water-based lubricants. 10 pl dyed silicone oil (red) droplet spreading as a film
on: a, untreated stainless-steel substrate; b, hydrophilic-treated stainless steel surface (using P100) and ¢, dry
xanthan coated nanoporous glass substrate. A 10 pl drop of 0.08 wt% xanthan-water solution (mixed with blue
colored food-grade dye) is placed on the oil film on the different substrates and observed after 5 s: d, water-
xanthan solution does not completely impregnate the substrate; e, water-xanthan solution displaces the oil
and spreads on the steel surface, evident with a relatively larger spread radius compared to d; f, water-xanthan
solution displaces the oil and imbibes in the nanoporous coating; g, side view image of the water-xanthan
solution on oil in b, indicating an emerged impregnated wetting state; h, side view image of the water xanthan
solution on oil in e, indicating an impaled wetting state. Corresponding video is provided in Movie S6.

of the light transmits diffusively through the dry 7 nm nanoparticle coated surfaces, compared to uncoated
glass sample (Fig. 5a). For the surface coated with 40 nm nanoparticles, diffusive light transmission increases
to 35%. The total light transmission is also lower for the 40 nm coated surface (Fig. 5b). However, the addition
of the lubricant decreases the diffusive light transmittance and increases the total light transmission through
the substrates (Fig. 5a, b), irrespective of the particle sizes. Additionally, for the considered weight percentages,
xanthan concentration in the lubricated film does not have a noticeable effect on the light transmittance through
the lubricated sample. Light transmission also increases by exposing the dried polymer coated surface with a
nebulized spray of water (Fig. 5¢). However, the water evaporates within 500 s from the surface because the
polymer is not hydrated and dissolved in the water completely (Table S3).

Conclusion

In summary, through a like-for-like replacement of the different components that allows a Nepenthes pitcher
plant to trap insects, we have created a water-based lubricant infused, oil repellent, porous surface. Adapting
the practices of the food and agriculture industries to control water in food and soils, respectively, our key
observation is that the addition of a small amount of the bio-polymer xanthan-gum (replicating the nectar of a
pitcher plant) significantly reduces the evaporation rate and drainage of the water-based lubricant. A constant
layer of a water lubricant on the surface inhibits contamination from oil and solid particulates, which can be
removed via gravity or rinsing with water. Though the water in the lubricant still undergoes evaporation, the
lubricant, and the surface’s oil repellence, can be regenerated either by adding more lubricating liquid or by
soaking the surface in water. The concept of coating surfaces with food grade polymers instead of the toxic
‘forever chemicals’ per- and poly- fluoroalkyl substances offers a powerful bio-friendly and sustainable strategy
to achieve oil repellence for applications in oil-water separation, optical coatings and food packaging.
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Fig. 4. Oil repellence on the water-xanthan lubricated surface. A 13 pl droplet of different oils is deposited on
a 0.04 wt% xanthan-water lubricated nanoporous surface (particle diameter 7 nm) tilted at 5°. a, Sunflower
oil. b, Rapeseed. ¢, Sesame. d, dyed 20cSt Silicone oil. e, Sequence of images showing removal of dyed 20 cSt
silicone oil via rinsing with xanthan-water solution 0.04 wt%. A unit cell in the grid is 1 mm x 1 mm. Images
in row (i) show the raw image just after drop deposition (before substrate tilt). Images in row (ii) show the
digitally processed images from (i). Images in row (iii) and (iv) are digitally processed at different times after
the substrate is tilted. Corresponding video is available in Movie S3 and S4.

Methods

Substrate cleaning

Plain soda lime glass microscope slides (Fisherbrand) of dimensions 75 mm x 25 mm were cleaned by placing
the substrates vertically into a beaker filled with a 2 wt% Decon90 solution and sonicated for 15 min at 30 °C.
This sonication step removes all organic contaminants from the substrate. The substrates sonicated in Decon90
were then rinsed with de-ionised (DI) water (resistivity 18 M(Q-cm) and again sonicated vertically in DI water
for 15 min at 30 °C to remove any Decon90 remnants on the substrate. The substrates were then individually and
sequentially rinsed with acetone, iso-propanol (IPA) and DI water before being fully dried with compressed air.

Nanoparticle preparation

Two hydrophilic fumed silica particles of different sizes were used to prepare the nanoporous coating:
approximately 7 nm and 40 nm (Aerosil 300 and Aerosil OX50, respectively, supplied by Evonik Industries). 2
g of each particle diameter were weighed into two separate beakers and dispersed into 40 g of IPA to create a 5
wt% slurry®!. To ensure full dispersion, a tip ultra-sonicator (Vibra Cell CV334) is placed into the beaker and
sealed with parafilm to prevent evaporation and pulsed over 3 s for a total of 20 min. The sonication process
heats the mixture, therefore, to maintain the temperature of the mixture between 20 and 25 °C, the beaker
was placed in an ice bath, while continuously monitoring the temperature using a thermocouple. After the tip
sonication, the dispersed particle mixture is stored in sealed containers. Although the fumed silica particles are
intrinsically hydrophilic and can, theoretically, form a superhydrophilic nanoporous coating upon spraying, our
initial experiments showed that when these nanoparticles were sprayed directly on the substrate, the particles
were removed easily by the imbibing lubricant. Therefore, 10 g of the prepared particle mixture was added
to 10 g of P100 (an IPA based hydrophilic coating provided by Jonnin) and then mixed in an ultrasonic bath
(Fisherbrand FB15053) for 20 min at a temperature of 30 °C. P100 retains the hydrophilicity of the nanoparticles
and also assists in adhering the particles on the substrate, even after liquid imbibition.

Nanoparticle spray coating

The feed hopper of a spray gun (Sparmax GP50) was filled with 0.5 mL of the nanoparticle mixture and was
attached to a compressor (AS196) set to 1 bar. The cleaned glass slides were given an IPA rinse and allowed to
dry in a fume hood. The mixture was then sprayed on these slides at a distance of approximately 20 cm, ensuring
the entire surface of the slides was covered. The samples were left in the fume hood for 60 s to ensure all solvents
had evaporated before another layer of coating was performed. The process was repeated 5 times to obtain a dry
coating.
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Fig. 5. Characterization of optical transparency. a, Diffusion of light through the dry and lubricated surfaces
for the 7 nm and 40 nm particle sizes. Inset shows a depiction of different components of light reflection and
transmission. b, Transmission of light through the dry and lubricated surfaces for the 7 nm and 40 nm particle
sizes. The transmittance values are in reference to an uncoated glass slide. ¢, Restoration of optical transparency
of the surface after rehydration through a nebulized water spray (Photo credits of the Pitcher plant: Geoff
McKay;, https://flickr.com/photos/129472387@N07/49360096312, Copyright license CC-by-2.0).

Nanoparticle surface characterization

An optical microscope (Nikon Eclipse LV100) and a scanning electron microscope (Tescan MIRA3) were used
to image the nanoparticle coated substrates. Cross-sectional SEM images were also taken to measure the particle
coating thickness. For the SEM images, samples were snapped over a thick tungsten wire to create a natural break
in the particle coating.

Lubricant fabrication

A biopolymer, xanthan gum (derived from Xanthomonas Campestris, Sigma Aldrich) was hydrated into DI
water to create three suspensions of different xanthan concentrations: 0.04 wt% (400 ppm), 0.08 wt% (800 ppm)
and 0.15 wt% (1500 ppm). The fabrication process for preparing xanthan-water solutions has been adopted from
the work of Jaishankar et al.®%. To prepare these solutions, 0.04 g, 0.08 g, and 0.15 g of xanthan gum was weighed
(using a Denver Instruments balance TP-214) and added to DI water to prepare a solution with mass 100 g.
These xanthan-water mixtures were stirred in a sealed container using a magnetic stirrer at 300 rpm for 24 h at
room temperature (20 to 25 °C) to stretch and disperse the polymers uniformly in the water. After stirring, the
solutions are stored at 4 °C for 12 h to complete the polymer hydration.

Lubricant rheology

The viscosity of the solutions was measured using a rotational rheometer equipped with a 1°/50 mm cone and
plate geometry at 25 °C (Kinexus Lab+). A shear rate ramp up from 0.01 s to 1 to 100 s-1 and a ramp down from
100 s to 1 to 0.01 s-1 was performed on all the samples.

Lubricant infusion and thickness measurement
Each of the xanthan-water solutions were added to the nanoparticle coated surfaces using a 1 mL syringe to
cover the entire substrate with the liquid. The samples were then tilted by 90° to allow the excess liquid to run
off the surface.

The lubricant thickness was calculated by measuring the mass of the infused lubricant. The mass of the
nanoparticle coated substrates was measured prior to and after adding the lubricant, as discussed above. The
difference of these measurements provides the lubricant mass. The lubricant thickness is then calculated from
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the volume of the lubricant and the substrate area. The total lubricant comprises of the lubricant that is locked in
the nanoporous coating and a mobile lubricant that is prone to drainage over time. The thickness of this mobile
lubricating layer is obtained by subtracting the thickness of the nanoporous coating.

Lubricant stability test: drainage and evaporation
Lubricated substrates prepared using the above method were hung at 90° for 60 min in a high relative humidity
sealed chamber (RH>90%) to limit the lubricant evaporation. The lubricant drained from the samples was
collected in a collection tray at the base of the samples. The mass of the drained lubricant was weighed to obtain
the mass of the remaining lubricant on the surface.

Lubricated samples were allowed to evaporate in ambient conditions (Average environmental temperature:
23.9+4.1 °C and relative humidity: 40.7 £4.5%) and images were taken every five minutes. The evaporation time
was defined by the time it took for the entire surface to become dry.

Effect of water activity test: droplet evaporation

To investigate the drying dynamics of the water-xanthan solutions, initially droplets of 4 uL were deposited
on Slippery Omniphobic Covalently Attached Liquid-like (SOCAL) surfaces prepared as in the method by
Armstrong et al.%. The surfaces were placed in a bespoke enclosed environmental chamber. The humidity of
the surrounding air was controlled at 60 + 2% using an in-house manufactured humidity controller and the
temperature was held at 25 + 0.2 °C using a Thorlabs temperature-controlled stage (ThorLabs, PTC1/M). The
xanthan concentrations used in the experiments were, 0.125 wt% (1250 ppm), 0.25 wt% (2500 ppm), 0.5 wt%
(5000 ppm) and 1 wt% (10000 ppm) solutions. The evaporating droplets were imaged using a Raspberry Pi HQ
cam with a C-Mount Microscope lens. Using these images, the profile of the droplet was extracted using a bespoke
open-source drop shape analysis tool (pyDSA) and the volume of the droplet was determined by assuming axial
symmetry. The data for 1 wt% droplets proved inaccurate and is not analyzed because the extreme viscosity of
the solution led to asymmetric droplets which led to inaccurate determination of the volume.

Effect of water activity test: film evaporation

To measure the rate of mass loss for a thin film of water-xanthan lubricant, 7 nm nanoparticle coated glass
substrates were spin coated on a Laurell Spin Coater (WS-650Mz-23NPPB) with solutions of different
concentrations. Each sample was first spun at 250 rpm for 30 s and then a subsequent spin, which was calibrated
to achieve the same layer thickness irrespective of the xanthan concentration. These secondary spin speeds were:
2500 rpm for 30 s for 1 wt% solution, 1000 rpm for 30 s for 0.125 wt% solution and 1000 rpm for 10 s for water
(Ultra Pure DI, Simga Aldrich). The samples were then immediately transferred to an accurate mass balance
(AdamDU analytical scale, accuracy of £0.1 mg) and the mass measured at 10 s intervals using the AdamDU
software. During the evaporation of the thin film the humidity inside the mass balance enclosure was controlled
at 60 +2% using the same humidity controller as the droplet experiments.

Lubricant regeneration via rehydration
Re-hydration of dry polymer coated samples (i.e., samples that had previously been infused with xanthan-water
solutions of varying concentrations and dried in ambient conditions) was investigated using two methods.

In the first method dry polymer coated samples were rehydrated with DI water by applying a film of water
(volume between 0.75 mL and 0.5 mL for samples originally lubricated with xanthan concentrations 0.04 wt%
and 0.15 wt%, respectively). The samples were sealed for 24 h to replicate the hydration stage of polymers during
the fabrication of the lubricants. After the 24-hour rehydration time had elapsed, the samples were allowed to
evaporate in ambient laboratory conditions following the same experimental procedure described in the section
Lubricant stability: drainage and evaporation.

A second method was explored by exposing the dry polymer coated surface to a water spray from a nebulizer.
The dried sample that was previously lubricated with 0.15 wt% xanthan solution was exposed to nebulized water
(generated using Omron Nebulizer NE-U780 UltraAir Pro) for five minutes. After this, the samples were weighed
to estimate the thickness of the infused lubricant via its mass, as per the procedure described in the section
Lubricant infusion and thickness measurement. These nebulizer rehydrated surfaces were immediately placed in
ambient conditions to evaporate (not allowing a 24-hour rehydration step as in the first method), which provides
a qualitative measure of the extent to which the polymer has dissolved in the nebulized water. The evaporation
times provide an indication of whether the water-xanthan lubricant has regenerated and regained its stability
characteristics as in a freshly lubricated sample.

Optical transparency measurement

The optical properties of the lubricated substrates were measured using a UV-Vis spectrometer (Shimadzu UV-
2600 plus spectrophotometer), where the substrates were exposed to light wavelengths between 300 nm and
1400 nm. The spectrometer is equipped with an integrating sphere with multiple sample placement configurations
allowing total, specular and diffused transmittance to be measured, effectively enabling the haze to be calculated.
The haze is a measure of the light scattered diffusively with respect to the total light transmitted through a
substrate. Therefore, Haze is calculated as a ratio of the diffused transmittance to the total transmittance. The
transmittance values are obtained against a reference sample, which is an uncoated soda lime glass slide.

Dyed oil preparation

Silicone oil is dyed with 0.01 wt% Nile Red, which is a fluorescent lyophilic dye to visualize the oil optically and
in the confocal microscope; the dye has an excitation wavelength of 530 nm and emission wavelength of 635 nm.
The solid Nile Red dye was first dissolved in toluene to create a 0.1 wt% Nile Red/Toluene solution. The dyed Nile
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Red was then added to the silicone oil and the toluene allowed to evaporate from the dyed silicone oil overnight
in a fume hood before being used on samples.

Oil sliding experiments

To measure the sliding properties of the surfaces, the substrate was placed on a tilting stage (Thorlabs RP03),
which is levelled using a spirit level and a 4 uL droplet is placed on the substrate. The stage is then tilted manually
to 5° to allow the oil droplets to slide.

Confocal microscope

An inverted Leica DMi8 microscope with a FTIR cube is used to view the fluorescence of the sample when
coated, when lubricated and in the presence of the dyed oil. The surfaces were placed on the microscope and a
z-scan performed with a step size of 1 um.

Preferential oil wetting test
A 4 yL drop of dyed silicone oil is infused in the dry nanoporous substrate. The oil infused surface is then rinsed
with 2 mL of 0.04 wt% xanthan solution.

Oil penetration over time test

A substrate lubricated with 0.04 wt% xanthan is used and a 4 pL drop of silicone oil is placed on the lubricated
sample. The sample was airtight sealed in a petri dish to avoid lubricant evaporation for 2 h. Post this process,
the sample was imaged at the same position.

Oil removal by rinsing test
Samples are rinsed with xanthan solutions via gravity by adding 1-2 mL of the relevant xanthan solution to the
samples to remove the buoyant or infused oils.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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