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Multi-component liquid-infused systems: a new
approach to functional coatings

Zachary Applebee @°2° and Caitlin Howell @ *2°

Antifouling liquid-infused surfaces have generated interest in multiple fields due to their diverse applications
in industry and medicine. In nearly all reports to date, the liquid component consists of only one chemical
species. However, unlike traditional solid surfaces, the unique nature of liquid surfaces holds the potential
for synergistic and even adaptive functionality simply by including additional elements in the liquid coating.
In this work, we explore the concept of multi-component liquid-infused systems, in which the coating
liquid consists of a primary liquid and a secondary component or components that provide additional
functionality. For ease of understanding, we categorize recently reported multi-component liquid-infused
surfaces according to the size of the secondary components: molecular scale, in which the secondary
components are molecules; nanoscale, in which they are nanoparticles or their equivalent; and microscale,
in which the additional components are micrometer size or above. We present examples at each scale,
showing how introducing a secondary element into the liquid can result in synergistic effects, such as
maintaining a pristine surface while actively modifying the surrounding environment, which are difficult to
achieve in other surface treatments. The review highlights the diversity of fabrication methods and provides
perspectives on future research directions. Introducing secondary components into the liquid matrix of
liquid-infused surfaces is a promising strategy with significant potential to create a new class of
multifunctional materials.

Keywords: Active surfaces; Antimicrobial; Antifouling; Interfaces; Sensing surfaces.

1 Introduction
1.1 Liquid-infused surfaces

The addition of a liquid layer on the surface of a material to
create a stable yet mobile coating is a relatively recent
concept in materials science. These materials, referred to as
liquid-infused surfaces (LIS),"” slippery liquid-infused
porous surfaces (SLIPS),*” or infused polymers,®™
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depending on their particular form, leverage the fluid
characteristics of liquids to attain unique properties that are
difficult to achieve with solid materials, such as ultra-low
adhesion,'*"? self-healing,*'**° and even self-
replenishment.’ Several excellent reviews are available that
cover the fundamental physics of liquid-infused surfaces in
depth."®'” However, to briefly orient the reader: in general,
liquid-infused surfaces consist of a solid component that
serves as the base and a liquid component that coats or
otherwise covers the base.'® In the case of infused polymers,
the liquid component also penetrates through the base."
The surface of the solid component can vary in texture from
flat to nano- or micro-scale roughness to help hold the liquid
in place; however, with a few exceptions,” it must have a
surface chemistry that permits complete wetting of the
infusing liquid and makes it energetically unfavorable for the
infusing liquid to be displaced by a contaminant. Beyond
these fundamental rules, there are few limits on what can be
used as a solid or a coating liquid as long as insolubility with
the desired contaminants and stability in the surrounding
environment are considered.”!

The large  variety = of  potential liquid-solid
combinations,>'**®2122 and the demonstrated effectiveness in
various challenging environmental conditions and against
difficult contaminants,>* > at least partially explains the
increasing use of liquid-infused surfaces. Multiple studies have
demonstrated the ability of various types of liquid-solid pairs
to resist adhesion by bacterial and fungal pathogens
successfully.®**?” Other works have shown the ability of liquid-
infused surfaces to resist the adhesion of crude oil and ice,>*°
as well as sticky proteins such as fibrinogen and whey.*" Yet
others have demonstrated that liquid coatings can effectively
mitigate mineral fouling and prevent corrosion.***> Perhaps
most importantly, the anti-fouling functionality of these
coatings has been shown to persist even when challenged with
highly complex foulants such as blood**™® or when placed in
highly complex settings such as the marine environment**™*!
and within living systems (in vvo).****** The continued
success of using liquids as coatings suggests that this strategy
may be uniquely suited to solving problems that are difficult to
address with solids alone.

However, it is notable that reports on liquid-infused
surfaces in the literature overwhelmingly use a liquid
component consisting of only a single chemical species.
Although this strategy successfully achieves the primary
technical aims in most reports—most often adhesion
resistance—there is even further opportunity that has yet to
be fully developed. Liquid-infused surfaces are unique in that
they are mobile and dynamic in a way that solid surfaces can
never be, opening the door to the potential of easily having
multiple functionalities built into the same system.
Integrating a secondary component or components into the
liquid can achieve additive and even synergistic functionality.
This review discusses how multi-component liquid coatings
are being leveraged to enhance the utility of liquid-infused
surfaces across a variety of applications. We highlight
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examples of molecular-scale secondary components, such as
nitric oxide (NO), being added to liquids into liquid-infused
catheters to reduce bacterial and platelet adhesion beyond
what is achievable with a liquid coating alone. We discuss
nanoscale secondary components such as nanobubbles,
which enhance surface slip, and magnetic nanoparticles,
which permit active control over the form of the liquid
coating. We also explore applications of multi-component
liquid coatings at the micro-scale, for example, adding
defined regions of a hydrophilic liquid into a coating made
primarily of a hydrophobic liquid to create a microarray.
Various fabrication methods to produce multi-component
liquid coatings are outlined beyond the standard mixing of a
secondary component into a primary liquid, expanding the
design space that can be used. Finally, we provide an
overview of the field and identify promising future directions.
Further leveraging the unique nature of liquid-infused
surfaces by incorporating multiple components can yield
some truly novel and paradigm-shifting surface strategies
across a range of applications.

1.2 Multi-component liquid-infused surfaces

Here, we define a multi-component liquid-infused surface as
a liquid-infused surface in which the coating liquid contains
more than one substance. The secondary substance (or
substances) can be either molecules or particles dispersed
throughout the primary liquid or discreet volumes of a
secondary component, such as a second liquid type,
interspersed throughout the primary liquid (Fig. 1). The
presence of the secondary substance may be a permanent
feature or transient in nature, located within the liquid bulk
or organized at either the solid/liquid or liquid/air interfaces;
however, it must be chemically distinct from the primary
liquid and not covalently attached to the solid. The secondary
component may come from direct addition to the primary
liquid at the fabrication time, or it may slowly disperse into
the liquid from either the bulk or the external environment
over time. In the following sections, we present specific
examples of each of these multi-component systems and an
overview of how the multi-component liquid strategy has
already been implemented across a range of scales and for
various applications.

2 Molecular-scale

Molecules are perhaps the easiest substances to incorporate
within a coating liquid. For that reason, to date, most reports
involving multi-component liquid-infused surfaces have
secondary components at this scale. Although the specific
molecules range from those that pass into or come from the
environment to larger, more highly targeted bioactive
compounds, nearly all take advantage of diffusion within the
primary liquid to transport the active secondary component
to the site where the latter can perform its function.
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Fig. 1 A schematic overview of this review. An illustration of multi-
component liquid-infused surfaces with the secondary component at
three different length scales: molecular scale, in which the secondary
component is a molecule or group of molecules (left); nanoscale, in
which the secondary component is a nanoparticle or other nanoscale
entity (center); and microscale, where the secondary component is
organized into microscale (or larger) discreet volumes within the
primary liquid coating. The three rows underneath show examples of
the secondary component types, fabrication strategies, and select
applications at each scale.

2.1 Secondary component: nitric oxide

Nitric oxide (NO) is a bioactive molecule with anti-
inflammatory properties and plays a crucial role in diverse
physiological — processes, including neurotransmission,
platelet adhesion, and wound healing.**** NO molecules are
produced by endothelial cells to modulate the immune
response®® and specific immune cells to disrupt microbial
growth and proliferation.*® Mimicking this natural NO
release is of interest in fabricating biomedical materials as a
strategy to reduce inflammation and enhance antimicrobial
properties without the danger of enhancing antimicrobial
resistance.””*® As NO is a gas under ambient temperature
and pressure, it must be incorporated into materials via
molecules that will release NO over time under physiological
conditions. =~ One such compound, S-nitroso-acetyl
penicillamine (SNAP), has been infused directly into silicone
rubber tubing, which then released NO at physiologically
relevant concentrations for at least four hours."” Handa and
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colleagues first combined this concept with liquid-infused
surfaces by impregnating silicone tubing with SNAP, then
infusing it with silicone oil to create a liquid-infused surface
(Fig. 2a).>° Their goal was to create an easily manufactured
material that would not only release NO but also prevent
one of the most significant problems facing NO-doped
materials: that fouling of the surface with proteins and
other biological materials would mask the interface, slowing
and eventually preventing NO release.”’* Using a multi-
component liquid-infused system to address this was
successful. NO generated by both the leaching and
degradation of the SNAP within the silicone solid slowly
infused into the silicone liquid, releasing NO at consistent
rates (0.35-0.42 x 107" mol cm™ min?) over seven days
and significantly reducing platelet adhesion compared to
surfaces with a liquid coating alone. Further work
confirmed the increased consistency of the NO release rate
over 60 days compared to controls® and also showed that
the rate could be modulated by changing SNAP infusion
levels® or using an alternative donor compound.” Tests of
NO-releasing liquid-infused materials in vivo demonstrated
how this multi-component system could also reduce the
encapsulation thickness of subcutaneous implants in a 21
day mouse model compared to a liquid-infused control
without NO.*®

Research on including NO-releasing compounds into
liquid coatings has demonstrated the synergy that can be
achieved by incorporating bioactive gases into liquid-
infused surfaces. Building off this, more can now be done
to expand the applications of the approach even further.
For example, other gases such as carbon monoxide (CO),
which can modulate cell signaling, or hydrogen sulfide
(H,S), which functions as a signaling molecule in multiple
systems in the human body,***” could be incorporated. As
with NO, the liquid layer in CO- or H,S-releasing systems
could serve as both the means to keep the surface from
being masked by biological molecules and the method of
controlling the rate of diffusion of the bioactive gas out
into the body. Further work with NO could explore the
capacity to release on-demand, leveraging the ability of
SNAP to respond to triggers such as thermal
decomposition,”® ionic catalysis,”® or exposure to light.®
Finally, exploration of the effects of other NO donors,
such as diazeniumdiolates and nitrosothiols, which have
been synthesized and characterized for their capacity to
release NO effectively,™®> could provide further ways of
modulating the NO release rate.

2.2 Secondary component: carbon dioxide

With the rising concerns around climate change, much effort
has been put into developing new ways of extracting carbon
dioxide (CO,) from the air and sequestering it long-term.®*%°
Recent work has explored the ability of highly porous solids
coated in reactive liquids to increase the synergistic capture
of CO, from the air. Yeganeh and colleagues®® used additive
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(a) Schematic showing latex catheters being infused with the NO donor S-nitroso-N-acetyl-penicillamine, adapted with permission from

ref. 53, copyright 2022, American Chemical Society; (b) i: schematic showing how gas flows over the infused liquid amine to allow for the capture
of CO,, ii: fluorescent image of the gas/liquid interface after a 28 min exposure to CO,/N; (1:1) at 35 °C. Reproduced with permission from ref.

66, copyright 2022, Science Advances.

manufacturing to create highly porous metallic hexagonal
structures, then coated them with liquid amines—
compounds currently used commercially to capture CO,
emitted from power plants.’” The mechanism was simple:
when a CO,/N, air mixture was passed through the liquid-
coated metallic framework, the CO, reacted with the amine
liquid to form carbamate sequestered within the liquid,
creating a multi-component liquid-infused system (Fig. 2b).
Tests with this system showed that the uptake of CO, by the
micrometer-thin liquid layer was comparable to other solid
materials, such as carbon molecular sieves and metal-
organic frameworks, with no adverse effects in the presence
of water vapor. Furthermore, the system was found to
perform better at higher temperatures, in contrast to other
amine-impregnated or -grafted materials, due to the ability of
the carbamate to diffuse away from the surface deeper into
the liquid coating. Importantly, diffusion away from the
surface effectively allowed the entire bulk of the reactive
amine liquid to be used in the capture process instead of
only a surface layer, increasing the filter's lifetime.

The use of liquid layers to capture CO, demonstrates the
unique use of a multi-component liquid-infused system, which
may find utility elsewhere. Pollution of both air and water is of
growing concern around the world,*®*”* and the use of high
surface-area liquid coatings as capture mediators may offer
benefits over traditional solid filters, such as reduced clogging,
increased use time, greater capture capacity, or reduced power
requirements. Future work on multi-component liquid-infused
surfaces in this direction could greatly benefit our efforts to
achieve a more sustainable future.

2.3 Secondary component: antimicrobial compounds

The continuous and increasing development of antimicrobial
resistance is one of the most significant challenges facing
global public health.”*’* Although many different strategies
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are likely required to combat this problem, developing
materials that can prevent microbial attachment to
surfaces—effectively stopping microbial colonization and
growth before it starts—is a promising approach.”
However, surface-based antimicrobial strategies often fail in
complex environments due to the tendency of the surfaces to
become covered with contaminants such as proteins and
other complex molecules, creating a masking layer that limits
the functionality of the surface. Concerningly, when masking
occurs, sub-lethal doses of antimicrobial compounds can be
released, further promoting the development of antimicrobial
resistance.”” Liquid-infused surfaces have been shown to
prevent this layer from forming by preventing the adhesion
of protein and other biological molecules.*> Some work has
taken this one step further, incorporating antimicrobial
compounds into the liquid layer to create a synergistic multi-
component system that can influence microbial growth on
the surface and in the surrounding environment while
remaining free of a masking layer.

Triclosan is a synthetic, broad-spectrum antimicrobial
compound that was first introduced in the 1960s and
subsequently incorporated into a wide range of consumer
products due to its ability to kill both bacterial and fungal
cells and its solubility in oils.”®”” Lynn et al. explored the
ability of this compound to be incorporated into silicone
liquid-infused polymers to create a multi-component system
that could both resist microbial adhesion to the surface and
kill organisms in the surrounding environment.'® The multi-
component liquid coatings were created by fabricating a
porous multilayer on the surface of test materials,”® followed
by loading the triclosan dissolved in acetone onto the
multilayer. Once the acetone had evaporated and the surface
was dried, the porous surface was coated with silicone oil.
When put into use, the triclosan diffused into the silicone oil
and out into the environment, significantly reducing the
metabolic activity of the yeast Candida albicans both on the
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material surface and in the surrounding medium over 24
hours compared to controls without triclosan. Although
triclosan itself is being phased out of use in consumer
products due to concerns over safety and contamination of
aquatic environments,”® the results from this study
demonstrate how the incorporation of an antimicrobial
compound into a liquid surface coating can provide a system
in which multiple mechanisms are used (e.g:, adhesion
resistance and antimicrobial functionality mediated by
diffusion) to achieve a common goal.

2.4 Secondary component: microbial quorum-sensing
inhibitors

One response to the rise in antimicrobial resistance has been
identifying or developing compounds that influence microbial
growth and behavior without killing cells. Quorum sensing
inhibitors (QSIs) are one such class of compounds that
prevent communication among bacterial cells, diminish the

a

Infusing liquid

”Liquid-lnfused Surface
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pathogenicity of bacteria, and reduce the rate of biofilm
formation on surfaces.®®' After demonstrating the potential
of creating multi-component systems using triclosan, Lynn
and colleagues further used their porous multilayer coating
approach to load QSIs into materials with liquid layers."*** As
with triclosan, the QSIs were immobilized onto the porous
solid and then coated with silicone oil. The compounds then
diffused from the solid, through the liquid, and out into the
environment where they affected the bacterium Pseudomonas
aeruginosa both on the surface and in the surrounding
medium (Fig. 3ai). Notably, the samples were loaded with
multiple different QSIs to target several quorum sensing
pathways simultaneously. Each type of QSI was found to
diffuse out of the liquid at a different rate, most likely due to
differences in the interactions of the compounds with both
the porous surface and the liquid coating. While the presence
of QSIs did not significantly change the amount of biofilm
present on the surface compared to a similar liquid-infused
surface without QSIs, it did significantly decrease the
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Fig. 3 (a) it Schematic showing how loaded slippery liquid-infused porous surfaces (SLIPS) gradually release quorum sensing inhibitors (QSI) into
the infusing liquid to prevent bacterial colonization, ii: graph showing the relative biofilm formation on a QSI-loaded liquid-infused surface and the
surrounding surface, adapted with permission from ref. 82, copyright 2016, American Chemical Society; (b) i: illustration showing the gating

behavior of the target molecules and how different concentrations of the target change the critical gas pressure, ii: graph showing how the critical
pressure of the gas changes with cetyltrimethylammonium bromide (CTAB) concentration, adapted with permission from ref. 83, copyright 2022,
Springer Nature.
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amount of biofilm adhered to the surrounding surfaces,
demonstrating the capacity of these multi-component systems
to influence the environment around the material (Fig. 3aii).

2.5 Secondary components: surface-tension-modulating
molecules

Although the field of multicomponent liquid-infused systems
is still in its infancy, more complex examples that
demonstrate the power of this approach are already
beginning to emerge. One example is a liquid-infused system
developed by Hou and colleagues, in which a secondary
component is used to adaptively change the surface tension
of the liquid coating.®® The system has been used to provide
a means of visually assessing the amount of a target molecule
present in the coating liquid. Briefly, the system relies on a
liquid-gating mechanism in which a liquid coats a porous
membrane. When pressure is applied, the gating liquid is
displaced, and the air (or other fluid) moves through the
membrane.® In the molecular-scale multi-component version
of this system, the aqueous coating liquid contains a host
molecule coupled to a surfactant. When a target molecule is
present, it will displace the surfactant from the host
molecule, driving the surfactant to the surface of the coating
liquid, changing the surface tension, and making it easier for
a gas to flow through the membrane (Fig. 3bi). An increase in
surfactant concentration from 0-0.40 mM decreased the
pressure needed to displace the liquid coating from 106 kPa
to a minimum of ~91 kPa (Fig. 3bii), which could be
correlated to both the concentration of the target molecule as
well as the visible color of the bulk solution.

In an alternative version of the multi-component adaptive
pressure-sensitive  system, the molecular photoswitch
azobenzene was added to a perfluorinated coating liquid and
used to coat a porous membrane to create a liquid-gated
system.®> When the system was exposed to a particular
wavelength of light, the headgroup of the azobenzene would
change from a cis- to a trans-isomer, significantly reducing
the pressure required to displace the liquid from the pore.
Hou and team demonstrated how this approach could be
used to control the specific location at which a fluid could
flow through a liquid-gated membrane.

2.6 Outlook on molecular-scale components

The addition of molecular-scale components to liquid-
infused surfaces can be a relatively simple way to create a
multi-functional or responsive surface. While applications
such as influencing a biological system (e.g., stopping or
encouraging the growth of cells) or chemical system (e.g.,
changing properties upon exposure to a particular chemical)
may be among the ones that most immediately come to
mind, expansion of this concept into other more out-of-the-
box applications has the potential to lead to new paradigms
in materials science. Taking advantage of the unique
properties of liquids to permit diffusion or flow of molecules
as well as change their shape could be leveraged to develop

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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new types of surfaces that respond in ways that would be
impossible to achieve with solids. The wide variety of
molecules that can function in different ways, combined with
the ability to make liquid-infused surfaces with nearly any
liquid, further opens doors for creativity and innovation.

3 Nanoscale

Although most reports on multi-component liquid-infused
surfaces use molecular-scale compounds as the secondary
component, many have also explored the use of nano-scale
compounds. Nanoscale compounds offer a unique set of
properties to liquid-infused systems while also being small
enough to take advantage of the increased diffusion and
mobility that liquid coatings provide, leading to some
powerful synergistic effects.

3.1 Secondary component: nanoemulsions

Solubility in oil is common among nearly all secondary
components in multi-component liquid-infused systems due
to the ease with which oil-soluble compounds can be
incorporated into oil-based coating liquids. To date, oils are
most often used in coating liquids due to the fact that most
applications of liquid-infused surfaces involve resisting
fouling by water-soluble contaminants. However, many
bioactive or otherwise interesting potential secondary
components are not soluble in oils. Recognizing this, Lynn
and co-workers developed a method to incorporate water-
soluble compounds into oil-based liquid coatings by creating
nanoemulsions of water in 0il.*® As a proof of concept, a
surfactant mixture in n-hexadecane was added to water either
with or without water-soluble compounds such as fluorescein
isothiocyanate (FITC)-dextran to create
nanoemulsion with an average particle diameter of ~134 +
20 nm. The emulsion (or n-hexadecane alone as a control)
then coated on a polytetrafluoroethylene (PTFE)
membrane to create a nanoscale multi-component liquid-
infused surface (Fig. 4a). Test of systems loaded with FITC-
dextran showed a continuous release of the fluorinated
compound at rates between ~0.1 and ~0.004 pug cm™ over 45
days, with 80% of the compound released from the samples
over 90 days.

a water-in-oil

was

3.2 Secondary component: magnetic nanoparticles

Perhaps the most well-known multi-component liquid-
infused systems involve the use of ferrofluids, or stable
suspensions of nanometer-sized ferromagnetic particles in a
base fluid,*” as the coating liquid. Initially introduced in the
1960s for applications in rocket engines operating in
microgravity,®® ferrofluids have found utility in applications
ranging from dynamic loudspeakers® to the treatment of
tumor cells®”®" and more.’*** Varanasi and colleagues were
the first to report the use of an oil-based ferrofluid as a liquid
coating on a textured surface.”” The resulting magnetically
actuated surface allowed them to direct the movement and
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Fig. 4 (a) Schematic showing how a water/oil nanoemulsion (yellow)
can be infused into a porous PTFE membrane (gray) to create slippery
nanoemulsion-infused porous surface, reproduced with permission
from ref. 86, copyright 2021, Springer Nature; (b) schematic showing
fluorescent microparticles on an un-actuated (i) and actuated (ii)
ferrofluid surface illustrating how the particles become confined when
the ferrofluid has been depleted using a magnet, reproduced with
permission from ref. 99, copyright 2018, Springer Nature; (c) schematic
showing how nanobubbles increase slip of a fluid flowing over a liquid
layer, reproduced with permission from ref. 110, copyright 2022,
Springer Nature.

control the shape of water droplets on the surface with only
the relatively small magnetic field generated by permanent
magnets. Further work on droplet control using ferrofluid
liquid-infused surfaces demonstrated how the tendency of
the ferrofluid coating to create ridges around base aqueous
droplets could be used to control droplets of a range of
different challenging materials, including fetal bovine serum
and dried cells of E. coli.”® In addition to aqueous droplets,
ferrofluid multi-component systems have also been used to
control the precise movement of gas bubbles.”” In another
application, ferrofluid coatings were found to increase the
energy barrier for ice nucleation on a surface by creating a
reversible, textured liquid-liquid interface between a water
drop and the ferrofluid.”® All of these examples are steps
toward more efficient and complex manipulation of droplets
on surfaces,”” which can open new doors in the fields of
biosensing, micro-fabrication, and droplet computing.®?
Beyond fluid droplet control, Aizenberg et al
demonstrated how a combination of well-defined surface
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textures and ferrofluid coatings could be used to reversibly
organize microparticles at interfaces. Briefly, by reducing the
thickness of the ferrofluid at the surface through the
introduction of a magnetic field, they could reveal an
underlying surface texture, which would push disorganized
particles into a defined arrangement, including into straight
lines (Fig. 4b) or groups of a particular size.”” In both this
and the droplet/bubble manipulation applications mentioned
previously, the deformable nature of the liquid coating the
surface, combined with its return to an equilibrium in close
association with the surface, are what permit the secondary
component—the magnetic nanoparticles—to function as an
adaptive coating. One promising direction for future work
may be in exploring the incorporation of nanoparticles that
respond to stimuli other than magnetic fields, such as light
(e.g., liposomes),’® heat (e.g., polycaprolactone[N-isopropyl
acrylamide]  nanoparticles),'”  or  ultrasound (e.g,,
mesoporous silica nanoparticles [MSNPs]).'®> The use of
other types of responsive nanoparticles may reveal additional
synergistic  effects that can nano-scale
multicomponent liquid-infused systems.

occur in

3.3 Secondary component: fluorescent nanoparticles

Visualization and quantification of the liquid coating in
liquid-infused systems can be challenging, particularly in
systems that use omniphobic fluorinated liquids such as
perfluoropolyethers (PFPEs). PFPEs are excellent at resisting
both hydrophobic and hydrophilic contaminants but are
unfortunately also resistant to the incorporation of nearly all
dyes that could be used to facilitate visualization. To
overcome this limitation, calcium carbonate (CaCOs;)
nanoparticles, fluorinated and labeled with a fluorescent
molecule, have been added as a secondary component that
allows for the visualization of fluorinated liquid layers.'?
Briefly, CaCO; particles approximately 70 nm across with
surface carboxyl groups were incubated with a fluorophore
(rhodamine B), which created an ionic bond between the
two. The labeled particles were then extracted into a
fluorinated surfactant with a carboxylic acid group present
on its terminal fluoromethane.' The labeled nanoparticles
in the fluorinated surfactant were then added to either PFPE
or perfluorodecalin coating liquids used to coat solid
surfaces. The nanoparticles dispersed evenly throughout the
liquid, allowing clear visualization of the thickness of the
liquid coating undergoing shear stress.

3.4 Secondary component: virus-containing aerosols

Viruses, non-living entities that range from tens to hundreds
of nanometers, have an exceptional capacity to disrupt
human lives. When airborne, they can be easily spread but
difficult to detect."® In 2021, Regan and colleagues'®®
reported on a liquid-infused HEPA membrane system
designed to capture and sequester viruses from virus-
containing aerosols filtered from large volumes of air. They
hypothesized that the presence of the liquid coating would
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make it easier to recover and analyze the viruses in the
aerosols to provide more information on the types and,
importantly, the infectiousness of these pathogens. In a
series of tests, commercial HEPA filters were coated with
PFPE fluids and then wused to filter
containing aerosolized droplets with sizes ranging from 60 to
140 nm. Upon filtration, the viruses became at least partially
incorporated into the liquid coatings, creating a multi-
component liquid-infused surface in which the coating liquid
could be dissolved off the HEPA filters and the viral particles
contained within it quantified. Interestingly, the liquid
coating was found to affect different types of viruses
differently. In enveloped SARS-CoV-2, the results suggested
that the PFPE fluid dissolved the envelope and spilled the
viral RNA, increasing the amount of RNA recovered with the
liquid but decreasing the amount of infectious virus. In a
non-enveloped polyomavirus, the opposite appeared to occur:
the viral particles remained intact, increasing the amount of
infectious virus recovered from the coated filters compared
to uncoated controls. The results suggest that the use of
liquid coating layers to capture and sequester biological
entities is possible. Furthermore, properly selecting a coating
liquid could produce effects that target only one type or class
of biological entity, such as being more reactive to one type
of virus than another.

infectious virus-

3.5 Secondary component: surface nanobubbles

Surface nanobubbles are gas-filled pockets that are known to
form at solid/liquid interfaces where surface roughness is
present. Generally between 10 and 100 nm in height,
nanobubbles form when the liquid component is flowing, and
gas from within it spontaneously nucleates at the
interface.'” "% However, surface nanobubbles were thought to
exist primarily at solid/liquid interfaces until Neto et al
reported their detection in wrinkled Teflon/silicone oil liquid-
infused surfaces in 2022."'° They reported that the
nanobubbles on the liquid-infused surfaces formed as pockets,
often over the oil layer''" (Fig. 4c) and were responsible for the
50x higher-than-expected slip length observed when water
flowed over the infused surface. Although initially an
unintentional  multi-component  liquid-infused  surface,
intentionally designed and fabricated surface nanobubble-
containing liquid layers may prove useful in even further
reducing the slip length of flowing fluid and finding
applications in new energy-saving techniques. Alternatively,
storing bioactive or other reactive gases in nanobubbles for
slow release into the coating liquid over time may be useful as
a new drug-delivery technique, particularly for those gases that
dissolve in coating liquids only at very low concentrations.

3.6 Outlook on nanoscale components

While adding nanoscale components to liquid-infused
surfaces can be slightly more difficult and involved than
adding molecular-scale components, they can offer benefits
beyond what can be achieved by adding molecules.
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Nanoscale materials are known for their unique properties
derived from their large surface area, ability to self-assemble,
and/or quantum effects that can result in altered electrical or
optical behavior. When combined with a liquid matrix that
permits particle mobility, these properties could potentially
be enhanced or targeted in ways yet to be explored.

4 Microscale+

Reports of the integration of secondary components larger
than nanoscale are notably fewer, likely due to the fact that
most liquid layers are themselves tens of micrometers in
thickness at most.>'®*»'12 Nevertheless, there are several
interesting studies in which incorporating a larger secondary
component has proven useful. Importantly, in this section,
we define a microscale+ component as something other than
the primary liquid that is dispersed throughout the primary
liquid and not covalently bound to the solid substrate.
Although this type of multi-component system can take the
form of larger particles dispersed randomly in a liquid, it also
encompasses defined surface patterning of the primary liquid
together with a second (or even third) immiscible liquid,
resulting in microscale or larger features on a surface.

4.1 Secondary component: magnetic microparticles

The on-demand release of drugs from devices is an active
area of research with applications in cancer treatment,*!
tissue  engineering,"*™"®  and  chronic  disease
management."'® Hou et a
component system to achieve an on-demand drug release
effect, which leveraged the ability of the liquid coating to
reversibly deform while remaining associated with the solid
substrate. The system made use of microscale magnetic
colloids, which, when added as a secondary component to a
non-magnetic fluid coating a membrane, resulted in a
magnetically actuated liquid-gated system (Fig. 5a). Briefly,
when a magnetic field was turned on, the ~2.3 pm-diameter
magnetic microparticles within the coating liquid filling the
membrane pores ordered themselves orthogonally to the
direction of flow. The combination of the coating fluid and
the microparticles provided enough resistance to flow to
block a drug-containing fluid from passing through the pore.
When the field was removed, the particles became
disordered, and the liquid containing them was more easily
displaced, allowing the drug-containing fluid to pass
through. In this multi-component liquid-infused system, the
larger size of the secondary component was critical in
stabilizing the coating liquid.

197117 used a micro-scale multi-

4.2 Secondary component: immiscible liquids

In nearly all multi-component liquid-infused systems, the
volume or concentration of the secondary component is
much less than that of the primary liquid. However, there is
one class of liquid-infused surfaces in which the secondary
component can be equal to or even greater than the volume

Ind. Chem. Mater., 2024, 2, 378-392 | 385
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(a) Schematic showing the mechanism of drug release in a liquid-gated membrane with magnetic microparticles as a secondary

component, reproduced with permission from ref. 117, copyright 2020, Oxford University Press; (b) schematic showing a manufacturing process of
multicomponent liquid-infused surfaces consisting of two distinct liquids. i: Initially, the surface undergoes dual-functionalization with two distinct
surface treatments. ii: Subsequently, a primary coating liquid is introduced, permeating the surface. iii: Finally, a secondary coating liquid with a
greater affinity for one of the functionalized areas is applied, displacing the initial liquid; (c) (top) schematic showing the formation of a three-liquid
liquid system via surface patterning; (bottom) image of a three-liquid system protecting a blue droplet from desiccation, reproduced with
permission from ref. 122, copyright 2018, Advanced Materials Interfaces; (d) plot of the position of a droplet vs. time as it moves along a two-liquid
pattern. Inset: image showing the change in droplet contact angle and patterning of the infused system that allows for self-propulsion of the
droplet, reproduced with permission from ref. 123, copyright 2023, American Chemical Society.

of the primary liquid: liquid-liquid patterns or arrays, in
which the primary liquid serves as a barrier around the
secondary liquid. Patterned liquid surfaces are generally
fabricated by first applying a surface functionalization that
matches one of the liquids, then masking the surface and
converting the exposed area into a functionalization that
matches the other liquid. The surface is coated with the first
liquid, which then either dewets or is displaced when the
second liquid is added in the areas that do not have
matching functionalization (Fig. 5b)."*®

The first reports of patterning hydrophobic and
hydrophilic liquids together on a surface involved creating
simple shapes such as macroscale letters, demonstrating how
using an immiscible liquid with high affinity for the surface
made it possible to use the same sample to quickly generate
a pattern using usually difficult-to-control secondary liquids

386 | /nd. Chem. Mater., 2024, 2, 378-392

such as octane and blood.""® Further development of the
concept showed how precise patterning could be used to
create microarrays, in which tiny volumes of liquid are used
to carry out biological or chemical tests in a rapid, high-
throughput format."****® Levkin and co-workers'>" patterned
a hydrophobic PFPE primary liquid with an aqueous solution
and used it to demonstrate biofilm morphology differences
among three strains of the bacterium Pseudomonas
aeruginosa. They went on to demonstrate how their approach
to creating liquid-liquid multi-component coatings could be
used to fabricate patterns of arbitrary shapes using PFPE
liquid and a variety of secondary liquids, achieving precision
down to 50 um (Fig. 5c¢)."** Importantly, in this work, they
also demonstrated how patterning three separate liquids—
PFPE, mineral oil, and an aqueous sample—could be used to
create an array in which the PFPE liquid separated the
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aqueous samples and the mineral oil created a protective
wrapping layer over the droplet which prevented desiccation.

Multiple liquids with differing surface tensions have also
been leveraged to create surfaces on which droplets
spontaneously move in a pre-defined direction. By creating a
multi-component liquid-infused surface in which the surface
liquid consisted of both a PFPE liquid and olive oil organized
into macro-scale, wedge-shaped patterns (Fig. 5d),
Kusumaatmaja et al'®® were able to demonstrate how
droplets placed on the surface would spontaneously move
from areas of lower wettability (PFPE-coated surface) to
higher wettability (olive oil-coated surface). Such movement
was made possible by the ultra-low-friction surface presented
by the patterned liquids and would have been difficult to
achieve on a solid surface.

4.3 Outlook on microscale+ components

The integration of either solids or immiscible liquids in
microscale quantities into liquid coatings can be more
challenging due to the thin nature of liquid coatings.
However, the reports summarized here show that with proper
design and fabrication, larger-scale secondary components
integrated into liquid-infused systems can yield materials
with new properties and diverse applications. Future work
taking advantage of the natural ability of immiscible liquids
to maintain boundaries while under flow or the ability of
microparticles to assemble or disassemble under the right
conditions as part of liquid coatings might open new doors
in the application of microscale+ multi-component systems.

5 Conclusions, challenges, and future
directions

Liquid-infused systems are widespread and versatile,
leveraging the unique properties of liquids to provide
surface functionality that goes beyond the capacity of
traditional solid surface coatings. Multi-component liquid-
infused systems are a growing sub-category of liquid-infused
systems in which the liquid component consists of a
primary infusing liquid and a secondary component
incorporated within that liquid. In this review, we have
assembled a wide variety of examples that demonstrate how
adding a secondary component to a coating liquid can
generate unique and synergistic systems across a range of

applications.  Secondary components such as NO,
antibiotics, and bacterial QSIs slowly diffuse from the solid
into the liquid, then the surrounding environment,

maintaining a surface free from protein or bacterial fouling
due to the slippery nature of the primary liquid while also
providing a more predictable and consistent compound
release rate as the surface is not becoming more heavily
fouled with time. Active surfaces such as these can also
potentially benefit from the inherent self-healing properties
of liquid layers, returning to their initial form and level of
activity after damage. In contrast, multi-component systems
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can be created when molecules such as CO, or particles
such as viruses are captured out of the air and sequestered
within the liquid. More complex systems that involve
multiple molecular-scale additives interacting synergistically
with each other or the liquid to alter the characteristics of
the overall coating, such as lowering the surface tension,
changing the liquid shape via a magnetic field, or changing
the properties by patterning the liquid, highlight the
potential of a multi-component approach. Building on these
early innovations could now expand the applications of
multi-component systems. Further work exploring what can
be achieved with new secondary components, or multiple
secondary components that work together, is likely to yield
both new insight and new approaches that leverage liquid
coatings, facilitating the creation of unique and versatile
adaptive surfaces.

While multi-component liquid-infused surfaces hold a
great deal of potential to expand how we think about and
use surfaces, they are also faced with several important
limitations that should be taken into consideration. First,
the thickness of the liquid coating in liquid-infused surfaces
most often ranges from hundreds of nanometers to tens of
micrometers.” Such a thin layer is instrumental in keeping
the liquid associated with the solid surface rather than
flowing away; however, this thinness (and therefore, low
volume) can also limit the quantity of a secondary
component that can be present within the liquid at the
surface. Strategies such as incorporating a vascular network
into the solid to use as a means to deliver additional liquid
and/or secondary components to'>* or from'>® the surface
may help to mitigate this issue; however, designers of
multi-component liquid-infused surfaces should be aware of
this limitation and plan accordingly. Another limitation is
the solubility and/or stability of the secondary components
within the liquid. When designing liquid-infused surfaces,
liquids are chosen that will be immiscible to the
contaminants the designers wish to resist. The most
common combinations are oil-based liquids, which resist
water-based contaminants, or omniphobic liquids, which
resist both oil- and water-based contaminants. In designing
multi-component liquid-infused systems, this feature can be
useful in that secondary components that are soluble in the
coating liquid are unlikely to migrate to the contaminating
liquid. However, this can be a problem if the goal of the
secondary component is to migrate out of the coating to
have an effect in the surrounding environment. Tailored
approaches, such as creating emulsions®® which can release
a compound at the interface, may be one solution to this
issue; the development of other strategies would likely
enable wider applications, particularly in the area of
synergistic antifouling and drug delivery. Awareness of both
the challenge of coating thickness and component solubility
and stability, as well as the development of new approaches
to mitigate these limitations, will help to facilitate
innovation in applications of multi-component liquid-
infused surfaces.
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