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SLIPPERY LIQUID-INFUSED POROUS 
SURFACES THAT RELEASE HYDROPHILIC 

AND HYDROPHOBIC AGENTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority from U.S. Provisional 
Patent Application No. 63/059,028, filed Jul. 30, 2021, 
which is incorporated by reference herein to the extent that 
there is no inconsistency with the present disclosure. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with govermnent support under 
DMRl 720415 awarded by the National Science Foundation. 
The government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

The present invention relates to materials that have sur­
face coatings containing emulsions able to release active 
agents, including hydrophilic agents, into the surrounding 
environment. These materials have improved anti-fouling 
behaviors compared to many other existing types of anti­
fouling surfaces. 

Synthetic surfaces that are resistant to fouling by aqueous 
media, organic fluids, or biological organisms are critical in 
a broad range of industrial, commercial, and biomedical 
contexts. Surfaces that are superhydrophobic, superoleopho­
bic, or superomniphobic, for example, form a basis for the 
design of self-cleaning and antifogging materials, anti-cor­
rosive interfaces, and stain-resistant textiles, and have 
enabled new strategies for the transport and manipulation of 
complex fluids, including approaches to oil recovery and 
oil/water separation (see Liu et al., Chem. Soc. Rev. 2010, 
39, 3240; Banerjee et al., Adv. Mater. 2011, 23, 690; Yao et 
al., Adv. Mater. 2011, 23, 719; Liu et al., Ann. Rev. Mater. 
Res. 2012, 42,231; Campoccia et al., Biomaterials 2013, 34, 
8533; Ueda et al., Adv. Mater. 2013, 25, 1234; Bellanger et 
al., Chem. Rev. 2014, 114, 2694; Genzer et al., Science 
2000, 290, 2130; Tuteja et al., Science 2007, 318, 1618; Chu 
et al., Chem. Soc. Rev. 2014, 43, 2784; and Deng et al., 
Science 2012, 335, 67). 

2 
address practical limitations exhibited by conventional non­
wetting ( e.g., superhydrophobic) surfaces, and introduce 
new principles for the design of robust, injury-tolerant, and 
mechanically compliant synthetic anti-fouling surfaces (see 

5 Wong et al., Nature 2011, 477, 443; Grinthal et al., Chem. 
Mater. 2014, 26, 698; Epstein et al., Proc. Natl. Acad. Sci. 
U.S.A. 2012, 109, 13182; Yao et al., Nat. Mater. 2013, 12, 
529; Liu et al., Adv. Mater. 2013, 25, 4477; Smith et al., Soft 
Matter 2013, 9, 1772; Vogel et al., Nat. Commun. 2013, 4; 

10 Huang et al., ACS Macro Lett. 2013, 2, 826; Leslie et al., 
Nat. Biotechnol. 2014, 32, 1134; Glavan et al., Adv. Funct. 
Mater. 2014, 24, 60; Wei et al., Adv. Mater. 2014, 26, 7358; 
Yao et al.,Adv. Mater. 2014, 26, 1895; and Zhang et al.,Adv. 

15 
Funct. Mater. 2014, 24, 1074.) 

Previous reports demonstrate that SLIPS can be designed 
to resist fouling by bacteria and other marine organisms that 
can colonize and form biofilms on biomedical devices or 
commercial and industrial equipment (see Epstein et al., 
Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 13182; Leslie et al., 

20 Nat. Biotechnol. 2014, 32, 1134; Howell et al., ACS Appl. 
Mater. Inter. 2014, 6, 13299; Li et al., ACS Appl. Mater. 
Inter. 2013, 5, 6704; and Xiao et al., ACS Appl. Mater. Inter. 
2013, 5, 10074). Those studies suggest that appropriately 
designed liquid-infused surfaces can resist the attachment, 

25 colonization, and organization of communities of these 
organisms in ways that exceed those exhibited by some 
conventional anti-fouling surfaces (such as surfaces modi­
fied with polyethylene glycol and non-wetting superhydro­
phobic surfaces, etc.), even in complex media with proteins, 

30 surfactants, or at high ionic strengths typical of environmen­
tal conditions encountered in many applied and biologically 
relevant contexts. 

Additionally, SLIPS can be loaded with active agents, 
where the active agents are able to be controllably released 

35 into surrounding environments over time, either to further 
enhance anti-fouling properties or to impart other useful 
functions (see U.S. Pat. No. 10,557,042). However, because 
those past approaches involve the design of SLIPS using 
hydrophobic liquids (e.g., oils), the utility of those 

40 approaches has been limited to the loading and release of 
hydrophobic agents that have at least some appreciable 
solubility in hydrophobic liquids. It is generally very diffi­
cult or not feasible to use such methods to load and release 
hydrophilic agents, including small molecule drugs, pro-

45 teins, peptides, and nucleic acids, that are not appreciably 
soluble in liquid oil phases. For example, slippery liquid-infused porous surfaces 

(SLIPS) are a class of synthetic materials that exhibit unique 
and robust antifouling behavior (see U.S. Pat. Nos. 8,071, 
210, 10,487,217, 10,557,042, and 10,557,044). These mate­
rials are generally fabricated by infusion of viscous oils into 50 

porous surfaces, yielding interfaces that allow other fluids to 
slide off with sliding angles sometimes as low as 2°. This 
slippery behavior arises from an ability to host and maintain 
thin films of oil at their surfaces, placing a premium on 
chemical compatibility between the matrix and the oil and 55 

revealing design criteria that can be exploited to manipulate 

Accordingly, what is needed are materials and methods 
that enable a wider range of active agents, especially hydro­
philic agents, to be loaded and controllably released from 
slippery anti-fouling surfaces and similar materials, thus 
greatly expanding the types of agents that can be used in 
such materials and the range of potential functionalities that 
can be imparted. 

SUMMARY OF THE INVENTION 

the behaviors of contacting fluids ( e.g., to tune sliding angles 
and velocities or create responsive surfaces that allow con-
trol over these and other interfacial behaviors). Surfaces and 
materials that exhibit these characteristics have enabled the 60 

design of new anti-icing surfaces, slippery containers for the 
dispensing of commercial liquids and gels, and new liquid­
infused interfaces that are resistant to biofouling in complex 
aqueous, biological, and marine environments. 

Recent reports on alternative approaches to the develop- 65 

ment of SLIPS have enabled the design of new classes of 
synthetic and highly 'slippery' anti-fouling materials that 

The present invention provides materials and methods of 
making materials, where at least one surface of the material 
utilizes an emulsion to controllably release desired mol­
ecules into the surrounding environment. Preferably, the 
materials are 'slippery' in that liquid droplets and other 
compounds, such as aqueous fluids, organic compounds and 
microorganisms, are able to easily slide off the surface 
without adhering to the surface. 

One embodiment of the present invention provides a 
material able to controllably release molecules into a sur­
rounding environment, wherein the material comprises: a) a 
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porous matrix; b) an emulsion covering at least a portion of 
4 

plasma, and other bodily fluids). Preferably, the surrounding 
media does not promote the degradation of the emulsion, or 
does so at a slow rate. 

The ability to store and control the release of molecules or 
other active agents from the emulsion allows for a wide 
range of applications for these emulsion-infused materials. 
Preferably, the one or more molecules to be released are 
loaded into the emulsion without compromising the 'slip­
pery' characteristic of the material, thereby providing new 

the porous matrix, the emulsion comprising a liquid con­
tinuous phase and a plurality of liquid droplets dispersed 
within the continuous phase, and c) one or more molecules 
dispersed within the plurality of liquid droplets. In an 
embodiment, the surrounding environment is a liquid envi­
ronment, such as a liquid medium. Alternatively, the sur­
rounding environment can be a gas medium, such as air. 
Preferably, the surrounding environment is an aqueous liq­
uid. The emulsion at least partially fills the pores of the 
porous matrix, and the material is able to controllably 
release the one or more molecules into the surrounding 
environment, such as when the material is immersed into a 
liquid medium. In an embodiment, the porous matrix has 
nanoscale, microscale, or macroscale porosity. Preferably, 15 

the porous matrix has macroscale porosity. 

10 approaches to the design of multi-functional or dual-action 
materials with improved antimicrobial properties. Provided 
that the embedded molecules can diffuse into the continuous 
phase and/or into the surrounding environment, the present 

In an embodiment, the continuous phase of the emulsion 
is hydrophobic and the droplets of the dispersed phase 
comprise water or a hydrophilic liquid. For example, the 
emulsion may be a water-in-oil emulsion. Alternatively, the 20 

continuous phase may be hydrophilic and the dispersed 
droplets are hydrophobic, such as in an oil-in-water emul­
sion. In an embodiment, the plurality of liquid droplets 
comprise water or other aqueous solutions. In an embodi­
ment, the continuous phase comprises a natural or synthetic 25 

oil, preferably selected from the group consisting of a 
hydrocarbon-based oil, a silicone oil, a vegetable oil, a 
mineral oil, a perfluorinated oil, a thermotropic liquid crys-
tal, and combinations thereof. Preferably, the continuous 
phase comprises a hydrocarbon-based oil, including but not 30 

limited to hexadecane. 
In general, the one or more molecules to be released by 

invention offers opportunities to design anti-fouling mate­
rials that kill or influence the behaviors of planktonic 
microorganisms. 

In one aspect of the invention, the materials are able to 
sustain the release of molecules, including hydrophobic, 
hydrophilic and/or amphiphilic molecules able to prevent 
adhesion and colonization by fungal and bacterial patho­
gens. These molecules may further be able to kill and/or 
attenuate the colonization and virulence of non-adherent 
pathogens in surrounding media. For example, the surface 
emulsion may promote the sustained release of broad­
spectrum antimicrobial agents, antifungal agents, antibacte­
rial agents, agents that modulate bacterial or fungal quorum 
sensing, agents that attenuate virulence, or combinations 
thereof. 

Preferably, the one or more molecules dispersed within 
the plurality of liquid droplets and which are released by the 
material, are able to reduce, inhibit, or modulate the behav­
iors of non-adherent pathogens in the surrounding media. As 
non-limiting examples, the molecules to be released kill or 
otherwise reduce at least a portion of the pathogens, slow 

the material into the surrounding environment are at least 
partially contained in the liquid droplets of the dispersed 
phase of the emulsion. Accordingly, the liquid droplets 
should have an average diameter large enough to encompass 
the desired molecules to be released from the material. 
Preferably, the emulsion is a nanoemulsion or macroemul­
sion where the liquid droplets of the dispersed phase have an 
average diameter between 10 nm and 100 µm, between 50 
nm and 5 µm, between 50 nm and 1 µm, between 100 nm and 
900 nm, between 100 nm and 500 nm, between 100 nm and 
200 nm, between 200 nm and 800 nm, or between 200 nm 
and 500 nm. 

35 reproduction or growth of least a portion of pathogens, or 
modulate behavior such as preventing or reducing the ability 
of pathogens to communicate with each other. In an embodi­
ment, the molecules to be released comprise natural or 
synthetic antibiotic agents, natural or synthetic antifungal 

The molecules dispersed within the plurality of liquid 
droplets can be any molecule having a desired function 
when released into the surrounding environment, and can 
include hydrophobic, hydrophilic and amphiphilic mol­
ecules. In an embodiment, the molecules released by the 
materials of the present invention comprise hydrophilic 
molecules. In an embodiment, the molecules to be released 
by the materials comprise hydrophobic molecules. 

The materials preferably also comprise one or more 
surfactants to help form or maintain the emulsion. In an 
embodiment, the one or more surfactants comprise sorbitan 
monooleate (span 80), polyoxyethylene sorbitan monooleate 
(polysorbate 80), or combinations thereof. 

40 agents, quorum sensing modulators, or combinations 
thereof. 

In an embodiment, the one or more molecules to be 
released comprise proteins, peptides, saccharides, nucleic 
acids, plasmid DNA, biologics, small molecules, or combi-

45 nations thereof. In an embodiment, the molecules to be 
released comprise one or more anti-microbial peptides hav­
ing a molecular weight of 900 daltons or less. 

Optionally, the molecules to be released are of any size, 
and are preferably hydrophilic. However, in an embodiment, 

50 the one or more molecules released by the materials of the 
present invention comprise one or more small-molecule 
compounds. As used herein, "small molecules" and "small­
molecule compounds" refer to compounds having a molecu­
lar weight of approximately 900 daltons or less, preferably 

55 approximately 700 daltons or less, preferably approximately 
500 daltons or less, or preferably approximately 300 daltons 
or less. 

In an embodiment, the surrounding medium is an aqueous 
medium where the surface may encounter fungi, bacteria, 
and/or other microorganisms. Types of surrounding media 60 

include, but are not limited to, salt water environments ( such 

It is understood that the chemical structure of the mol­
ecules to be released will influence the solubility in the 
continuous phase and dispersed phase, as well interactions 
between the molecules and the polymer matrix in ways that 

as sea water or saline solutions), fresh water environments 
( such as swamp water or fresh lake water), and physiological 
or physiologically relevant media (including but not limited 
to phosphate-buffered saline solutions, TRIS-buffered saline 65 

solutions, HEPES-buffered saline solutions, Ringer's solu­
tion, cell culture media as known in the art, blood or blood 

will influence, and which can be used to modulate, the 
release profile into the surrounding media. In an embodi­
ment, the molecule to be released is soluble to very soluble 
in water (at least 3.3 g/100 g H2 0). In an embodiment, the 
molecule to be released is sparingly soluble in water (0.1 to 
3.3 g/100 g H20). In an embodiment, the molecule to be 
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released is slightly soluble in water (0.01 to 0.1 g/100 g 
H20). In an embodiment, the molecule to be released is 
practically insoluble in water (less than 0.01 g/100 g H20). 
In an embodiment, the molecule to be released has drug-like 
characteristics such as good absorption, distribution, 5 

metabolism, excretion and toxicity (ADMET) profiles as 
known in the art (see, for example, Lipinski, Journal of 
Pharmacological and Toxicological Methods 2000, 44: 235-
249). 

Preferably, the one or more molecules to be released are 10 

able to reduce, inhibit, or modulate fungal and bacterial 
pathogens including, but not limited to, Candida species, 
Aspergillus species, Cryptococcus species, Histoplasma 
species, Helicobacter species, Neisseria species, Pneumo- 15 
cystis species, Stachybotrys species, Pseudomonas species, 
Escherichia species, Streptococcus species and Staphylo­
coccus species. 

In further embodiments, the one or more molecules to be 
released comprise compounds selected from the group con- 20 

sisting of acyl L-homoserine lactone (AHL) derivatives, 
aminobenzimidazole (ABI) derivatives, and combinations 
thereof. Classes of useful small-molecule drugs are modu­
lators and particularly antagonists of bacterial quorum sens­
ing. Many such small-molecule modulators are known in the 25 

art and several exemplary quorum sensing modulators are 
illustrated below. Eibergen et al., ChemBioChem 2015, 
16:2348-2356, reports among others certain classes of quo­
rum sensing antagonists designated PHL's and POHL's 
therein as exemplified by compounds A and B shown below. 30 

Moore et al., J. Amer. Chem. Soc. 2015, 137:14626-14639 
reports among others AHL mimics which are quorum sens-
ing antagonists such as compound C and certain non-AHL 
modulators such as compound D (shown below). O'Reilly et 
al., ACS Infect. Dis. 2016, 2:32-38, for example, reports 35 

among others hydrolytically stable LasR antagonists such as 
compounds E and F (shown below). Starkey et al., PLoS 
Pathog. 2014, 10, e100432,1 report compounds that disrupt 
quorum sensing such as compound G (shown below). Frei et 
al., Angewandte Chemie 2012, 124:5316-5319 report 2-ami- 40 

nobenzimidazoles, such as compound H (shown below), 
which inhibit and disperse biofilms. Each of these references 
is incorporated by reference herein in its entirety for descrip­
tions of quorum sensing modulators, particularly antagonists 
of quorum sensing, including descriptions of their prepara- 45 

tion and their activities. U.S. Pat. Nos. 8,815,943; 8,624, 
063; 8,367,680; 8,269,024; 7,910,622; and 7,642,285 relate 
to small molecule quorum sensing modulators useful in the 
methods of the present invention. 

In further embodiments, the molecules to be released 50 

comprise compounds selected from the group consisting of: 

A 
55 

B 60 

65 
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The porous matrices used in the materials of the present 
invention are macroporous, microporous or nanoporous. 
Preferably, the porous matrix comprises a plurality of pores 
having a pore size from 100 nm to 50 µm, 100 nm to 5,000 
nm, 100 nm to 1,000 nm, 200 nm to 1,000 nm, 200 nm to 
950 nm, or 500 nm to 950 nm. 

In an embodiment, the porous matrix is a polymer-based 
multilayer film. For example, porous matrix may comprise 
a multilayer film having two or more layers comprising a 
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first polymer in contact with a second polymer, and where 
the multilayer film has nanoscale or microscale porosity. In 
an alternative embodiment, the porous matrix is not a 
multilayer film and may be any porous material that is 
chemically compatible with the emulsion and one or more 
molecules to be released into the surrounding environment. 
For example, in an embodiment, the porous matrix is 
microporous polytetrafluoroethylene (PTFE) (Teflon™), a 
fiber mat (preferably where the fibers are in the micron scale 
or nanoscale range), or a nanofiber mesh (including but not 10 

limited to nanofibers formed by electrospinning or blow 
spinning). In a further embodiment, the material comprises 
a microporous PTFE matrix, a nanoemulsion having a 
continuous phase comprising a hydrocarbon-based oil, pref­
erably hexadecane, and a dispersed phase comprising water 15 

droplets, and one or more hydrophilic molecules dispersed 
within the plurality of liquid droplets. 

In an embodiment, the porous matrix is based on slippery 
liquid-infused porous surfaces (SLIPS) fabricated by the 
infusion of an emulsion comprising a hydrophobic liquid oil 20 

into microporous or nanoporous polymer multilayers fabri­
cated by reactive/covalent layer-by-layer assembly, such as 
described in Manna et al., Adv. Mater. 2015, 27, 3007; Buck 
et al.,Adv. Mater. 2007, 19, 3951; Bucket al., Polym. Chem. 
2012, 3, 66; and Manna et al., Adv. Funct. Mater. 2015, 25, 25 

1672. These polymer-based SLIPS can substantially prevent 
surface fouling, including biofilm formation, by several 
types of common fungal and bacterial human pathogens. 
Furthermore, biofilm formation on SLIPS-coated surfaces of 
planar objects and polymer-based catheter tubes can be 30 

reduced further by using porous polymer matrices loaded 
with one or more antifungal or antibacterial agents, such as 
triclosan, a model broad-spectrum antimicrobial agent. 
Materials fabricated by infusing a macroemulsion or nanoe­
mulsion into a microporous or nanoporous matrix, such as a 35 

multilayer film, are referred herein to as slippery nanoemul­
sion-infused porous surfaces (SNIPS). 

In an embodiment, the present invention provides a mul­
tilayer film comprising one or more layers infused with the 
emulsion, wherein each layer comprises an optionally func- 40 

tionalized first polymer in contact with a second polymer, 
and wherein the multilayer film has a nanoscale or 
microscale porosity. Preferably, the multilayer film has 
nanoscale porosity. The infusion of the emulsion into at least 
a portion of the rough or porous surfaces of the multilayer 45 

film causes other liquids placed in contact with the multi­
layer film to slide off the multilayer film or a surface coated 
with the multilayer film. Additionally, the multilayer film 
comprises one or more hydrophilic molecules able to be 
controllably released from the multilayer film into the sur- 50 

rounding media. 
In an embodiment, the present invention provides a 

method for fabricating materials as described above com­
prising the steps of: a) providing a porous matrix, wherein 
the porous matrix has macroscale, nanoscale or microscale 55 

porosity; and b) exposing the porous matrix to a macro­
emulsion or nanoemulsion, where the macroemulsion or 
nanoemulsion comprises a liquid continuous phase and a 
plurality of liquid droplets dispersed within the continuous 
phase, where the plurality of liquid droplets contain one or 60 

more desired molecules, and where the macroemulsion or 
nanoemulsion at least partially fills the pores of the porous 
matrix. The method may further comprise the step of form-
ing the macroemulsion or nanoemulsion prior to step b ), 
where the plurality of liquid droplets in the macroemulsion 65 

or nanoemulsion are formed from a liquid, preferably an 
aqueous liquid, containing the one or more molecules, so 

8 
that the one or more molecules are present in the plurality of 
liquid droplets. Preferably, the fabricated materials are able 
to reduce, inhibit, or modulate the behaviors of non-adherent 
pathogens in surrounding media. The method may further 
comprise the step of adding one or more surfactants to the 
emulsion. 

In an embodiment, the porous matrix is a fiber mat or 
mesh where the fibers are in the micron scale or, preferably, 
in the nanoscale range. The fiber mats or meshes are able to 
be fabricated using any method known in the art, including 
electrospinning, blows pinning, melt spinning, dry spinning, 
wet spinning and gel spinning. 

In an embodiment, providing a porous matrix comprises 
electrospinning or blow spinning a nanofiber-based mesh or 
fiber mat. Electrospinning is a method for producing ultra­
fine fibers by charging and ejecting a polymer melt or 
solution through a spinneret under a high-voltage electric 
field, followed by solidifying or coagulating to form a 
filament (see, for example, Bhardwaj et al., Biotechnology 
Advances 2010, 28(3): 325-347; and Subbiah et al., Journal 
of Applied Polymer Science 2005, 96: 557-569). Blow 
spinning is a method for producing ultrafine fibers using an 
apparatus having concentric nozzles, where a polymer solu­
tion is ejected through an inner nozzle while a constant, high 
velocity gas flow is sustained through the outer nozzle (see, 
for example, Medeiros et al., Journal of Applied Polymer 
Science 2009, 113: 2322-2330; and Daristotle et al., ACS 
Appl. Mater. Interfaces 2016, 8(51): 34951-34963). This 
allows the solvent component to evaporate and deposit 
strands of the polymer. Preferably, the filaments formed by 
electrospinning and blow spinning are in the micron scale 
range, more preferably in the nanometer scale range. 

In a further embodiment, additional amounts of the one or 
more molecules are loaded into the emulsion when levels of 
the one or more molecules drop below a desired level, such 
as from prolonged use of the material. Preferably, when 
levels of the one or more molecules drop below a desired 
level, the porous matrix is exposed to an additional macro­
emulsion or nanoemulsion containing additional amounts of 
the one or more molecules. The newly added one or more 
molecules can be the same or different than the original 
small-molecule compounds. For example, a different anti­
fungal or anti-bacterial compound can be added to the 
material using the additional macroemulsion or nanoemul­
sion depending on which pathogens are currently present in 
the surrounding media. In an embodiment, the porous matrix 
is in fluid communication with a reservoir containing addi­
tional amounts of the emulsion, one or more molecules, or 
both. When the amount of emulsion or one or more mol­
ecules at the surface of the material is depleted, additional 
amounts of the emulsion can be supplied from the reservoir. 
Alternatively, the additional macroemulsion or nanoemul­
sion can be added by depositing the additional macroemul­
sion or nanoemulsion to the top surface of the porous matrix. 

Optionally, the liquid continuous phase is an oil and the 
plurality of liquid droplets comprise water. In a further 
embodiment, forming the macroemulsion or nanoemulsion 
further comprises the steps of: i) forming an oil-in-water 
emulsion, ii) adding additional amounts of the oil to the 
oil-water-emulsion, and iii) mixing the oil-in-water emul­
sion with the additional amounts of the oil to cause an 
emulsion inversion and form a water-in-oil macroemulsion 
or nanoemulsion. Preferably, the one or more molecules are 
added to the aqueous liquid forming the oil-in-water emul­
sion so that the liquid droplets in the formed water-in-oil 
emulsion contain the desired one or more molecules. 
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In another embodiment, the material comprises a slippery 
liquid-infused porous surface (SLIPS) multilayer film able 

10 

to reduce or inhibit non-adherent pathogens in surrounding 
media, where the multilayer film comprises one or more 
layers. The method comprises the steps of: exposing a 
surface of the substrate to a first solution comprising a first 
polymer wherein the first polymer is deposited on at least a 
portion of the substrate; and exposing the substrate to a 
second solution comprising a second polymer wherein the 
second polymer reacts with the first polymer and the second 10 

polymer is deposited on at least a portion of the first 
polymer. This process is performed one or more times to 
form the multilayer film. The macroemulsion or nanoemul­
sion coats at least a portion of the multilayer film and least 

15 
partially fills the pores of at least a portion of said multilayer 
film. 

tionalized with an amine or hydroxyl group having the 
formula R-NH2 or R-OH, where R is hydrophobic. In a 
further embodiment, a second specified portion of the sub­
strate is not covered by the emulsion infused porous matrix, 
or, alternatively, a portion of the one or more layers on the 
second specified portion of the substrate is further function­
alized with an amine or hydroxyl group having the formula 
R-NH2 or R---OH, where R is hydrophilic. 

Additionally, in a further embodiment, a portion of the 
one or more layers on the first specified portion of the 
substrate is further functionalized with an amine or hydroxyl 
group having the formula R-NH2 or R-OH, where R is 
hydrophobic, a second specified portion of the substrate is 
not covered by the emulsion infused multilayer film, and a 
third portion of the substrate is covered by a layer where a 
portion of the one or more layers on the third specified 
portion of the substrate is further functionalized with an 
amine or hydroxyl group having the formula R-NH2 or 

Preferably, the first and second polymer solution are 
repeatedly added one or more times until the multilayer film 
reaches the desired thickness or desired number of layers 
before the substrate is exposed to the emulsion, where each 
cycle deposits a new layer on the substrate. In specific 
embodiments, the multilayer polymer film comprises more 
than two layers. In a further embodiment, steps a) and b) are 
repeated 2 or more times, 5 or more times, 10 or more times, 
20 or more times, 30 or more times, 50 or more times, or 100 
or more times. The substrate can be exposed to the solutions 
containing the polymer solutions using methods known in 
the art, including but not limited to, dip coating and spraying 
techniques. 

The fabrication method relating to the multilayer film 
optionally comprises a rinsing step comprising exposing or 
washing the substrate with a rinse solvent or solution each 
time the first polymer solution is added and each time step 
the second polymer solution is added. In an embodiment, a 
fresh rinse solvent or solution is employed for each rinsing 
step. In a further embodiment, the same rinse solution is 
re-used for each rinsing step. 

The substrate can be any material able to support the 
formation of the nanoporous or microporous porous matrix, 
including but not limited to glass, metals and plastics. The 
substrate can include curved and irregularly shaped three 
dimensional surfaces, as well as completely solid surfaces 
and mesh surfaces (e.g., having a porosity between 100 µm 
and 250 µm). For example, the substrate can be the interior 
of a tube or container for a liquid or gel where it is 
undesirable for the contents of the tube or container to stick 

20 R---OH, where R is hydrophilic. 
The first and second polymers can comprise any polymers 

or combination of polymers able to form stable multilayer 
films and where the first polymer is optionally able to be 
functionalized and the second polymer is optionally also 

25 able to be functionalized (as described in U.S. Pat. No. 
8,071,210). The chemical reactivity of the functionalized 
polymers provides means to tune interactions between the 
matrix and infused emulsion phases. Spatial control over the 
functionalization can be used to create SLIPS with regions 

30 devoid of emulsion that can prevent or arrest the sliding of 
aqueous fluids, extract samples of liquid from contacting 
media, or provide control over the trajectories of sliding 
droplets. Preferably, the first polymer is covalently cross-

35 
linked with the second polymer. In further embodiments, the 
polymers are reacted with small chemical groups containing 
a hydrophobic or hydrophilic amine to further functionalize 
the polymers (i.e., to install secondary surface functionality). 

In an embodiment, materials useful for generating porous 
40 meshes useful for the infusion of emulsions in the present 

invention include homopolymers and copolymers of natural 
and synthetic monomers. Preferably, the polymer or copo­
lymer is hydrophobic, such that it is chemically compatible 
with and can promote the stable infusion and retention of 

45 liquid oil or a water-in-oil emulsion. In certain embodiments 
the polymer or polymers are degradable, including but not 
limited to degradable polyesters, degradable polyanhy­
drides, degradable polyorthoesters, hydrolytically degrad-
able polymers, and combinations thereof. Examples of mate-

50 
rials that are useful for the invention include, but are not 
limited, to homopolymers and copolymers comprising pol­
caprolactone, polylactic acid, poly glycolic acid, poly(lactic­
co-glycolic acid), and combinations thereof. 

or adhere to the surface, such as a packaging material or the 
surface of a container meant to contain foods or other 
consumer products. Other examples include medical devices 
used to transport a substance to or from a patient's body. The 
porous matrix, first polymer, second polymer, and emulsion 55 

are therefore selected so that the liquid or gel has reduced 
adhesion to the container. Alternatively, the substrate can be 

Alternatively, the polymer or polymers are non-degrad-
able or not readily degradable, including but not limited to 
non-degradable polyamides, polyesters, polyvinyls, polycar­
bonates, polyanhydrides, polyorthoesters, polyurethanes, 
polyacrylates, polyketones, polyacetals, and combinations 

a display of a sensor where the degree or extent to which a 
liquid adheres to the substrate indicates the presence of a 
substance in the liquid. 

A further embodiment of the invention provides for 
patterning the substrate so that the multilayer film is formed 
on a first specified portion of the substrate, thereby creating 
a substrate having one or more "slippery" regions and one or 
more "sticky" regions. A portion of the multilayer film on 
the first specified portion of the substrate is further func-

60 thereof. Additional examples of materials that are useful for 
the invention include, but are not limited, to homopolymers 
and copolymers comprising polyvinyl chloride (PVC), poly­
carbonate, polytetrafluoroethylene (PTFE), poly(methyl 

65 methacrylate), PDMS, polystyrene (PS), polyvinylidene dif­
luoride (PVDF), polyethylene, polybutadiene and combina-
tions thereof. 
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In an embodiment, the first polymer comprises a func­
tionalized azlactone having the formula: 

"X 
l YR

1 

01?' w "R1, 

RI RI 

wherein x is O or the integers 1 or 2; and each R1 is 
independently selected from the group consisting of: hydro­
gen, alkyl groups, alkenyl groups, alkynyl groups, carbocy­
clic groups, heterocyclic groups, aryl groups, heteroaryl 
groups, alkoxy groups, aldehyde groups, ether groups, and 
ester groups, any of which may be substituted or unsubsti­
tuted. In an embodiment, the first polymer comprises func­
tionalized poly(vinyl-4,4-dimethylazlactone) (PVDMA). In 
an embodiment, the first polymer consists of functionalized 
poly(vinyl-4,4-dimethylazlactone) (PVDMA). In a further 
embodiment, the PVDMA is synthesized by free-radical 
polymerization of PVDMA with intentionally added cyclic 
azlactone-functionalized oligomer in an amount ranging 
from 1 wt% to 10 wt%, preferably between 5 wt% and 8 
wt%. 

Useful functionalized azlactone polymers include, but are 
not limited to, poly(vinyl-4,4-dimethylazlactone ), poly(2-
viny 1-4,4-dimethyl-2-oxazolin-5-one ), poly(2-isopropenyl-
4,4-dimethy 1-2-oxazolin-5-one ), poly(2-viny 1-4,4-diethyl-2-
oxazolin-5-one ), poly(2-vinyl-4-ethyl-4-methyl-2-oxazolin-
5-one), poly(2-vinyl-4-dodecyl-4-methyl-2-oxazolin-5-
one ), poly(2-vinyl-4,4-pentamethylene-2-oxazolin-5-one ), 
poly (2-vinyl-4-methyl-4-phenyl-2-oxazolin-5-one ), poly(2-
isopropenyl-4-benzyl-4-methyl-2-oxazolin-5-one ), or poly 
(2-vinyl-4,4-dimethyl-1,3-oxazin-6-one). Useful azlactone 
functionalized polymers further include azlactone function­
alized polyisoprenes and azlactone functionalized polybuta­
dienes. 

In an embodiment, the second polymer is optionally 
functionalized and comprises an amine functionalized poly­
mer, an alcohol functionalized polymer, or a thiol function­
alized polymer. Creating specific functionalities with amine, 
alcohol, and thiol groups is a process well known in the art 
(for example, see Bioconjugate Techniques, 2nd Edition, 
2008, Greg T. Hermanson). In embodiments, the second 
polymer comprises an optionally functionalized polymer 
selected from the group consisting of poly( ethylene imine) 
(PEI), polylysine, pollyallylamine, poly(amidoamine) den­
drimers, polyvinyl alcohol, poly hydroxyl ethyl methacry­
late, poly(methacrylic acid) functionalized with crystamine, 
and linear and hyperbranched and dendritic polymers func­
tionalized with primary amines, hydroxyl groups, or thiol 
groups. 

In embodiments, the second polymer comprises a poly­
mer, which is optionally functionalized, selected from the 
group consisting of polyolefins, poly(alkyls), poly(alk­
enyls), poly(ethers), poly(esters), poly(imides), polyamides, 
poly(aryls), poly(heterocycles), poly(ethylene imines), poly 
(urethanes), poly( a,~-unsaturated carboxylic acids), poly( a, 
~-unsaturated carboxylic acid derivatives), poly(vinyl esters 
of carboxylic acids), poly(vinyl halides), poly(vinyl alkyl 
ethers), poly(N-vinyl compounds), poly(vinyl ketones ), poly 

12 
(vinyl aldehydes) and any combination thereof. In an 
embodiment, the second polymer comprises poly(ethylene 
imine) (PEI). 

For some embodiments, it may be desirable to further 
5 functionalize a portion of the film formed by the polymers. 

This can be achieved, for example, by reacting a portion of 
any residual functional groups in the polymers with an 
amine group or hydroxyl group, or by reacting a portion of 
the first or second polymer with an amine reactive group or 

10 hydroxyl reactive group. 
In an embodiment, at least a portion of the residual 

functional groups in the polymers is reacted with an amine 
or hydroxyl group having the formula R-NH2 or R-OH, 
where R is hydrophobic or hydrophilic. In embodiments, R 

15 is a substituted or unsubstituted C1 to C20 alkyl group, 
preferably a C1 to C12 alkyl group. In other embodiments, R 
is a substituted or unsubstituted C2 to C20 alkenyl group, 
preferably a C2 to C12 alkenyl group. In further embodi­
ments, at least a portion of the residual functional groups in 

20 the polymers is reacted with an amine selected from the 
group consisting of methylamine, ethylamine, propylamine, 
butylamine, pentylamine, hexylamine, heptylamine, 
octylamine, nonylamine, decylamine, and combinations 
thereof, preferably n-propylamine, n-octylamine, or 

25 n-decylamine. In other embodiments, R is an alkyl group 
substituted with one or more hydroxyl groups or charged 
groups such as coo- or NR3+. In an embodiment, at least 
a portion of the residual functional groups in the polymers 
is reacted with an amino sugar, amino alcohol, amino polyol, 

30 glucamine (preferably D-glucamine), dimethylaminopro­
pylamine (DMAPA), and combinations thereof. 

In an embodiment, the first polymer is further function­
alized with a hydrophobic (such as decylamine orpropylam­
ine) or hydrophilic (such as glucamine) primary amine-

35 containing small molecule. 
As used herein, a liquid hydrophobic phase (either the 

continuous phase or dispersed phase) refers to any water­
immiscible phase, preferably a non-polar, hydrophobic 
chemical substance which is a liquid at ambient temperature 

40 and which has no or very low solubility in water ( e.g., an 
oil). The liquid hydrophobic phase can be a synthetic oil or 
a natural oil, and is preferably a biocompatible oil. Prefer­
ably, the oil is selected from the group consisting of a 
hydrocarbon-based oil, a silicone oil, a vegetable oil, a 

45 mineral oil, a perfluorinated oil, a thermotropic liquid crys­
tal, and combinations thereof. Suitable vegetable oils 
include, but are not limited to, canola oil, coconut oil, olive 
oil, soybean oil, cannabidiol (CBD) oil, and combinations 
thereof. Suitable hydrocarbon-based oils include, but are not 

50 limited to hexadecane. In some embodiments, silicone oil is 
selected due to improved solubility with the one or more 
small-molecule compounds. 

A specific embodiment of the present invention provides 
a SLIPS design based on the infusion of emulsions into 

55 nanoporous or microporous (preferably nanoporous) poly­
mer coatings fabricated by reactive layer-by-layer assembly 
of polymer multilayers using branched poly( ethylene imine) 
(PEI) and the amine-reactive polymer poly(vinyl-4,4-dim­
ethylazlactone) (PVDMA). In an embodiment, the multi-

60 layer film comprises one or more PVDMA/PEI bilayers, 
which are further functionalized with a decyl group by 
reacting with n-decylamine and wherein the one or more 
bilayers are infused with an emulsion. 

One aspect of the invention provides thin multilayer 
65 polymer films and coatings ( e.g., equal to or less than 100 

µm, equal to or less than 50 µm, preferably less than or equal 
to 10 µm, preferably less than or equal to 5 µm). Preferably, 
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the multilayer film comprises 2 or more layers, 5 or more 
layers, 10 or more layers, 20 or more layers, 30 or more 
layers, 50 or more layers, or 100 or more layers. Preferably 
the first polymer forms one or more first polymer layers that 
alternate with one or more second polymer layers. In 
embodiments, the multilayer films have a nanoscale or 
microscale porosity. Preferably, the multilayer films have 
nanoscale porosity. 

14 

In an embodiment, the present invention provides a 
method for reducing, inhibiting, or modulating the behaviors 
of non-adherent pathogens in media surrounding a substrate 
comprising the steps of: a) providing a material on the 
substrate, said material comprising: 

throughout a hydrophobic continuous phase, and molecules 
of an active agent are embedded in the water droplets. The 
active agent is released into the surrounding area where it 
can interact and inhibit adhesion by a microorganism. B) 
Plot showing the intensity weighed particle size distribution 
of a water-in-oil (w/o) nanoemulsion. A unimodal distribu­
tion is obtained with Z-average size of 134 nm and PDI of 
0.134. The inset shows a digital picture of a 'clear' w/o 
nanoemulsion. C) Digital pictures, acquired from a top down 

10 vantage point, of a 25 µL water droplet sliding on a SNIPS 
membrane (in this instance, an emulsion-infused PTFE 
membrane). 

i) a porous matrix; 
ii) an emulsion covering at least a portion of the porous 

matrix, said emulsion comprising a liquid continuous phase 
and a plurality of liquid droplets dispersed within the 
continuous phase, wherein said emulsion at least partially 
fills the pores of the porous matrix; and 

FIG. 2: A) Plot showing the amount of fluorescein isoth-

15 iocyanate-dextran (FITC-dextran) released over time from 
FITC-dextran loaded SNIPS, incubated in PBS buffer at 37° 

iii) one or more molecules dispersed within the plurality 20 

of liquid droplets, wherein said one or more molecules are 
able to reduce, inhibit, or modulate the behaviors said 
pathogens upon contact with said pathogens; and 

b) controllably releasing the one or more molecules from 
the emulsion into said media, wherein the one or more 25 

molecules contact the pathogens thereby reducing the num-
ber of pathogens, inhibiting the growth or colonization of the 
pathogens, or modulating the behaviors of the pathogens. 
Additional amounts of the one or more molecules may be 
added by depositing an additional macroemulsion or nanoe- 30 

mulsion containing additional amounts of the one or more 
molecules on the porous matrix when levels of the mol­
ecules drop below a desired level. 

Preferably, the emulsion is a macroemulsion or nanoe­
mulsion, the liquid continuous phase is hydrophobic, the 35 

plurality of liquid droplets comprise water or a hydrophilic 
liquid, and the one or more molecules are hydrophilic. 
Optionally, the one or more molecules are selected from the 
group consisting of proteins, peptides, saccharides, nucleic 
acids, plasmid DNA, biologics, small molecules, and com- 40 

binations thereof. Preferably, the non-adherent pathogens 
are bacteria, fungi, or a combination thereof, and the one or 
more molecules are antimicrobial agents, antifungal agents, 
antibacterial agents, agents that modulate bacterial or fungal 
quorum sensing, agents that attenuate virulence, or combi- 45 

nations thereof. Optionally, the one or more molecules can 
modulate the odor, texture, or color of the surrounding 
environment and chemically or physically associate with 
other molecules or species in the surrounding environment. 

The methods described herein can be used to fabricate 50 

physically and chemically durable materials and coatings on 
objects of arbitrary shape, size, and topology ( e.g., on curved 
surfaces, insides of hollow tubes, etc.). Specifically these 
slippery surfaces could be used as antifouling surfaces, 
anti-bacterial/fungal surfaces where the emulsion is used to 55 

release of other active agents ( e.g., antibiotics, antimicrobial 
agents, or anti-biofilm agents) that can reduce or inhibit 
non-adherent pathogens in the surrounding media. 

C. Data points represent the mean of four replicates and 
error bars represent standard deviation. The inset shows the 
release of FITC-dextran from SNIPS over the first day of 
incubation in PBS buffer. B,C) Fluorescence microscopy 
images of the surfaces of FITC-dextran loaded SNIPS B) 
before and C) after (t=85 days) incubation in PBS buffer at 
37° C. Scales bars are 400 µm. 

FIG. 3: A) Plot showing the sliding time of water droplets 
on SNIPS at predetermined time points after incubation of 
SNIPS in PBS buffer at 37° C. A 25 µL water droplet was 
used for the sliding time measurements and the SNIPS were 
tilted to 30°. B) Plot showing the viability of the S. aureus 
cells associated with the surfaces of control (porous PTFE 
membrane) and SNIPS (nanoemulsion-loaded PTFE mem­
branes; after 85 days of incubation in PBS at 37° C.). The 
cell viability values are normalized to the control. 

FIG. 4: A) Plot showing the viability of S. aureus cells 
associated with the surfaces of control (bare PTFE mem­
brane; black) and SNIPS (nanoemulsion-loaded PTFE mem­
branes; grey) after each of seven consecutive 24 h chal­
lenges in S. aureus inoculum, as determined using BacTiter­
Glo™ assay. B,C) Microscopy images showing the surfaces 
ofB) control (porous PTFE membrane) and C) SNIPS after 
seven consecutive 24 h challenges with S. aureus suspen­
sions. D-I) Fluorescence microscopy images of the surfaces 
of control (porous PTFE membrane) and SNIPS after incu­
bation in suspensions of E. coli (D,E), S. aureus (F,G), and 
P. aeruginosa (H,I) for 24 h. Scale bars are 400 µm. Error 
bars represent standard deviation. 

FIG. 5: Plot showing Z-average size vs time for w/o 
nanoemulsion incubated at 37° C. Data points represent 
mean of three independent DLS measurements. Error bars 
denote standard deviation. 

FIG. 6: Top-down SEM image of a porous PTFE mem­
brane (pore size of 5 µm, thickness of 152-254 µm). 

FIG. 7: Plot showing the sliding time of25 µL droplets of 
complex liquids on SNIPS tilted to 30°. 

FIG. 8: A) Plot showing the intensity weighed particle 
size distribution of w/o nanoemulsion loaded with FITC­
dextran. A unimodal distribution is obtained with Z-average 
size of124 nm and PDI of0.153. B) Additional plot showing 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1: A) Schematic illustration showing cross-sections 
of a slippery nanoemulsion-infused porous surface (SNIPS). 
A chemically-compatible porous substrate is infused with a 
nanoemulsion resulting in formation of a smooth lubricating 
layer on top of the surface. In an embodiment, the nanoe­
mulsion comprises a plurality of water droplets dispersed 

60 Z-average size vs time for FITC-loaded w/o nanoemulsion 
incubated at 37° C. Data points represent the mean of three 
independent DLS measurements. Error bars denote standard 
deviation. 

FIG. 9: Fluorescence image showing combined Z-stack of 
65 SNIPS loaded with FITC-dextran obtained from confocal 

microscopy. The bounding box shows the x-z plane. Scale 
bar is 250 µm. 
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FIG. 10: Fluorescence microscopy images of the surfaces 
ofFITC-dextran loaded SNIPS at different time points (t=0, 
19, 42, and 85 days) upon incubation in PBS buffer at 37° 
C. Scales bars are 400 µm. 

FIG. 11: Structures of small molecule anti-virulence 
agents used in an embodiment of the invention. 

FIG. 12: Structures of an oil (hexadecane) making up a 
hydrophobic continuous phase and of the surfactants used to 
form the nanoemulsion in an embodiment of the invention. 

16 
as well as water-in-oil emulsion where water is the dispersed 
phase and the oil is the continuous phase. In an emulsion, 
one liquid (the dispersed phase) is dispersed in the other 
liquid (the continuous phase) often in the form of droplets. 

As used herein, the term "hydrophilic" refers to a mol­
ecule or substance attracted to water, or able to form ionic 
or hydrogen bonds with polar solvents, in particular with 
water, or with polar groups. The term "hydrophobic" refers 
to a molecule or substance that repels water or that is 

FIG. 13: Illustrates forming a water-in-oil nanoemulsion 
using phase inversion. The continuous phase (oil) is slowly 
added to an initial oil-in-water (o/w) macroemulsion. The 
system passes through a region of very low interfacial 
tension where small nanometer size (water) droplets are 
formed resulting into a w/o nanoemulsion. 

10 insoluble in water. 
As used herein, the term "slippery" refers to surfaces that 

allow liquid droplets and other compounds to slide off the 
surface with sliding angles of 90° or less, 70° or less, 50° or 
less, 40° or less, 30° or less, 20° or less, 10° or less, 

15 preferably 5° or less, 2.5° or less, or 2° or less. 
FIG. 14: Plot showing diameter of water droplets over 

time, from 5 hours to 11 days. This model nanoemulsion 
system showed adequate monodispersity (PDI<0.2) and was 
stable for more than a week at 37° C. Water droplet size 
increases gradually over time as measured by Dynamic 20 

Light Scattering (DLS). 
FIG. 15: Digital pictures of a 25 µL water droplet sliding 

on a Teflon-membrane infused with nanoemulsion (substrate 
at <30° angle). 

FIG. 16: Plot showing amount of FITC released from 25 

nanoemulsion-infused SLIPS over time (0 to 200 hours). 
FIG. 17: Plot showing metabolic activity of microorgan­

isms on or surrounding SLIPS for a control (no emulsion) 
and emulsion infused SLIPS (0 days, 8 days, and 15 days). 
The nanoemulsion-infused SLIPS retains antifouling char- 30 

acteristics for 15 days. 
FIG. 18: Top-down (A) and cross-sectional (B) SEM 

images of an electrospun PVDF (polyvinylidene fluoride) 
mesh. C) Fluorescence microscopy image ofFITC-dextran­
infused PVDF meshes showing combined Z-stack obtained 35 

using confocal microscopy; scale bars are 200 µm. The 
bounding box shows the x-z plane. D) 'Top-down' fluores­
cence microscopy image of a FITC-dextran-infused PVDF 
mesh; scales bars are 400 µm. (E) Plot showing the amount 
of FITC-dextran released over time upon incubation in PBS 40 

buffer at 37° C. Data points represent the mean of three 
replicates and error bars represent standard deviation. The 
total loading amount ofFITC-dextran in these materials was 
-0.55 µg/cm2

. 

FIG. 19: Top-down (A) and cross-sectional (B) SEM 45 

images of a blow spun PCL (polycaprolactone) mesh. C) 
Fluorescence microscopy image of FITC-dextran-infused 
PCL meshes showing combined Z-stack obtained using 
confocal microscopy; scale bars are 500 µm. The bounding 
box shows the x-z plane. D) 'Top-down' fluorescence 50 

microscopy image of a FITC-dextran-infused PCL mesh; 
scale bars are 400 µm. (E) Plot showing the amount of 
FITC-dextran released over time upon incubation in PBS 
buffer at 37° C. Data points represent the mean of three 
replicates and error bars represent standard deviation. The 55 

total loading amount ofFITC-dextran in these materials was 
-0.68 µg/cm2

. 

As used herein, the term "controllably released" refers to 
a molecule, drug and/or compound that is initially contained 
within the porous matrix and/or emulsion and is progres­
sively released into the surrounding media over a consistent 
period of time. In some embodiments, the time required to 
release at least 50% of the molecule, drug and/or compound 
into the surrounding media is 6 hours or more, preferably 24 
hours or more, 4 days or more, preferably 10 days or more, 
20 days or more, 30 days or more, 60 days or more, 100 days 
or more, 120 days or more, or 180 days or more. 

As used herein, "functionalized polymer" refers to a 
polymer in which at least a portion of the individual mono­
mer units are substituted with a specific functional group. 
For the functionalized polymers of the present invention, at 
least 1 % or more, at least 2% or more, at least 5% or more, 
at least 10% or more, at least 15% or more, at least 20% or 
more, at least 30% or more, at least 50% or more, at least 
7 5% or more, or at least 90% or more of the portion of the 
monomer units is substituted with a specific functional 
group. 

An "amine reactive group" or "hydroxyl reactive group" 
can be any functional group able to react with an amine 
group or hydroxyl group, respectively. 

As used herein, the term "anti-fouling" refers to a mate­
rial's ability to resist adhesion by an undesirable material, 
such as oils, organic compounds, and organisms. In particu­
lar, it is desirable to prevent or reduce the adhesion of 
hydrophobic compounds and organisms to a material that is 
submerged or in contact with water. 

The term "nanoscale" refers to a length less than 1,000 
nm, preferably less than 100 nm, and the term "micro scale" 
refers to a length less than 1,000 µm, preferably less than 
100 µm. 

The term "alkyl" refers to a monoradical of a branched or 
unbranched (straight-chain or linear) saturated hydrocarbon 
and to cycloalkyl groups having one or more rings. Alkyl 
groups as used herein include those having from 1 to 20 
carbon atoms, preferably having from 1 to 12 carbon atoms. 
Alkyl groups include small alkyl groups having 1 to 3 
carbon atoms. Alkyl groups include medium length alkyl 
groups having from 4-10 carbon atoms. Alkyl groups 
include long alkyl groups having more than 10 carbon 
atoms, particularly those having 10-20 carbon atoms. 
Cycoalkyl groups include those having one or more rings. DETAILED DESCRIPTION OF THE 

INVENTION 

Definitions 

As used herein, an emulsion refers to a mixture of two or 
more liquids that are normally immiscible. For example, 
emulsions can include an oil-in-water emulsion, wherein the 
oil is the dispersed phase, and water is the continuous phase, 

60 Cyclic alkyl groups include those having a 3-, 4-, 5-, 6-, 7-, 
8-, 9-, 10-, 11- or 12-member carbon ring and particularly 
those having a 3-, 4-, 5-, 6-, or 7-member ring. The carbon 
rings in cyclic alkyl groups can also carry alkyl groups. 
Cyclic alkyl groups can include bicyclic and tricyclic alkyl 

65 groups. Alkyl groups are optionally substituted. Substituted 
alkyl groups include among others those which are substi­
tuted with aryl groups, which in turn can be optionally 
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substituted. Specific alkyl groups include methyl, ethyl, 
n-propyl, iso-propyl, cyclopropyl, n-butyl, s-butyl, t-butyl, 
cyclobutyl, n-pentyl, branched-pentyl, cyclopentyl, n-hexyl, 
branched hexyl, and cyclohexyl groups, all of which are 
optionally substituted. Substituted alkyl groups include fully 
halogenated or semihalogenated alkyl groups, such as alkyl 
groups having one or more hydrogens replaced with one or 
more fluorine atoms, chlorine atoms, bromine atoms and/or 
iodine atoms. Substituted alkyl groups include fully fluori­
nated or semifluorinated alkyl groups, such as alkyl groups 10 

having one or more hydrogens replaced with one or more 
fluorine atoms. An alkoxy group is an alkyl group linked to 
oxygen and can be represented by the formula R-O. 
Examples of alkoxy groups include, but are not limited to, 
methoxy, ethoxy, propoxy, butoxy and heptoxy. Alkoxy 15 

groups include substituted alkoxy groups wherein the alky 
portion of the groups is substituted as provided herein in 
connection with the description of alkyl groups. 

rings can include those with one, two or three N, those with 
one or two 0, and those with one or two S, or combinations 
of one or two or three N, 0 or S. Ary! groups are optionally 
substituted. Substituted aryl groups include among others 
those which are substituted with alkyl or alkenyl groups, 
which groups in turn can be optionally substituted. Specific 
aryl groups include phenyl groups, biphenyl groups, pyridi­
nyl groups, and naphthyl groups, all of which are optionally 
substituted. Substituted aryl groups include fully haloge­
nated or semihalogenated aryl groups, such as aryl groups 
having one or more hydrogens replaced with one or more 
fluorine atoms, chlorine atoms, bromine atoms and/or iodine 
atoms. Substituted aryl groups include fully fluorinated or 
semifluorinated aryl groups, such as aryl groups having one 
or more hydrogens replaced with one or more fluorine 
atoms. Ary! groups include, but are not limited to, aromatic 
group-containing or heterocylic aromatic group-containing 
groups corresponding to any one of the following benzene, The term "alkenyl" refers to a monoradical of a branched 

or unbranched unsaturated hydrocarbon group having one or 20 

more double bonds and to cycloalkenyl groups having one 
naphthalene, naphthoquinone, diphenylmethane, fluorene, 
fluoranthene, anthracene, anthraquinone, phenanthrene, tet-

or more rings wherein at least one ring contains a double 
bond. Alkenyl groups include those having 1, 2 or more 
double bonds and those in which two or more of the double 
bonds are conjugated double bonds. Alkenyl groups include 
those having from 2 to 20 carbon atoms, preferably having 
from 2 to 12 carbon atoms. Alkenyl groups include small 
alkenyl groups having 2 to 3 carbon atoms. Alkenyl groups 
include medium length alkenyl groups having from 4-10 
carbon atoms. Alkenyl groups include long alkenyl groups 
having more than 10 carbon atoms, particularly those having 
10-20 carbon atoms. Cycloalkenyl groups include those 
having one or more rings. Cyclic alkenyl groups include 
those in which a double bond is in the ring or in an alkenyl 
group attached to a ring. Cyclic alkenyl groups include those 
having a 3-, 4-, 5-, 6-, 7-, 8-, 9-, 10-, 11- or 12-member 
carbon ring and particularly those having a 3-, 4-, 5-, 6- or 
7-member ring. The carbon rings in cyclic alkenyl groups 
can also carry alkyl groups. Cyclic alkenyl groups can 
include bicyclic and tricyclic alkyl groups. Alkenyl groups 
are optionally substituted. Substituted alkenyl groups 
include among others those which are substituted with alkyl 
or aryl groups, which groups in turn can be optionally 
substituted. Specific alkenyl groups include ethenyl, prop-
1-enyl, prop-2-enyl, cycloprop-1-enyl, but-1-enyl, but-2-
enyl, cyclobut-1-enyl, cyclobut-2-enyl, pent-1-enyl, pent-2-
enyl, branched pentenyl, cyclopent-1-enyl, hex-1-enyl, 
branched hexenyl, cyclohexenyl, all of which are optionally 
substituted. Substituted alkenyl groups include fully halo­
genated or semihalogenated alkenyl groups, such as alkenyl 
groups having one or more hydrogens replaced with one or 
more fluorine atoms, chlorine atoms, bromine atoms and/or 
iodine atoms. Substituted alkenyl groups include fully fluo­
rinated or semifluorinated alkenyl groups, such as alkenyl 
groups having one or more hydrogens replaced with one or 
more fluorine atoms. 

The term "aryl" refers to a chemical group having one or 
more 5-, 6- or 7-member aromatic or heterocyclic aromatic 
rings. An aromatic hydrocarbon is a hydrocarbon with a 
conjugated cyclic molecular structure. Ary! groups include 
those having from 4 to 30 carbon atoms, preferably having 
from 6 to 18 carbon atoms. Ary! groups can contain a single 
ring (e.g., phenyl), one or more rings (e.g., biphenyl) or 
multiple condensed (fused) rings, wherein at least one ring 
is aromatic ( e.g., naphthyl, dihydrophenanthrenyl, fluorenyl, 
or anthryl). Heterocyclic aromatic rings can include one or 
more N, 0, or S atoms in the ring. Heterocyclic aromatic 

racene, naphthacenedione, pyridine, quinoline, isoquinoline, 
indoles, isoindole, pyrrole, imidazole, oxazole, thiazole, 
pyrazole, pyrazine, pyrimidine, purine, benzimidazole, 

25 furans, benzofuran, dibenzofuran, carbazole, acridine, acri­
done, phenanthridine, thiophene, benzothiophene, dibenzo­
thiophene, xanthene, xanthone, flavone, coumarin, azulene 
or anthracycline. As used herein, a group corresponding to 
the groups listed above expressly includes an aromatic or 

30 heterocyclic aromatic radical, including monovalent, diva­
lent and polyvalent radicals, of the aromatic and heterocyclic 
aromatic groups listed above provided in a covalently 
bonded configuration in the compounds of the present 
invention. Ary! groups optionally have one or more aromatic 

35 rings or heterocyclic aromatic rings having one or more 
electron donating groups, electron withdrawing groups and/ 
or targeting ligands provided as substituents. 

Arylalkyl groups are alkyl groups substituted with one or 
more aryl groups wherein the alkyl groups optionally carry 

40 additional substituents and the aryl groups are optionally 
substituted. Specific alkylaryl groups are phenyl-substituted 
alkyl groups, e.g., phenylmethyl groups. Alkylaryl groups 
are alternatively described as aryl groups substituted with 
one or more alkyl groups wherein the alkyl groups option-

45 ally carry additional substituents and the aryl groups are 
optionally substituted. Specific alkylaryl groups are alkyl­
substituted phenyl groups such as methylphenyl. Substituted 
arylalkyl groups include fully halogenated or semihaloge­
nated arylalkyl groups, such as arylalkyl groups having one 

50 or more alkyl and/or aryl having one or more hydrogens 
replaced with one or more fluorine atoms, chlorine atoms, 
bromine atoms and/or iodine atoms. 

Optional substitution of any alkyl, alkenyl and aryl groups 
includes substitution with one or more of the following 

55 substituents: halogens, -CN, -COOR, -OR, -COR, 
---OCOOR, ----CON(R)2 , ---OCON(R)2 , -N(R)2 , -NO2 , 

-SR, -SO2R, -SO2N(R)2 or -SOR groups. Optional 
substitution of alkyl groups includes substitution with one or 
more alkenyl groups, aryl groups or both, wherein the 

60 alkenyl groups or aryl groups are optionally substituted. 
Optional substitution of alkenyl groups includes substitution 
with one or more alkyl groups, aryl groups, or both, wherein 
the alkyl groups or aryl groups are optionally substituted. 
Optional substitution of aryl groups includes substitution of 

65 the aryl ring with one or more alkyl groups, alkenyl groups, 
or both, wherein the alkyl groups or alkenyl groups are 
optionally substituted. 
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Optional substituents for alkyl and alkenyl groups include 
among others: 

--COOR where R is a hydrogen or an alkyl group or an 
aryl group and more specifically where R is methyl, ethyl, 
propyl, butyl, or phenyl groups all of which are optionally 5 

substituted; 
----COR where R is a hydrogen, or an alkyl group or an 

aryl groups and more specifically where R is methyl, ethyl, 
propyl, butyl, or phenyl groups all of which groups are 
optionally substituted; lO 

----CON(R)2 where each R, independently of each other R, 
is a hydrogen or an alkyl group or an aryl group and more 
specifically where R is methyl, ethyl, propyl, butyl, or 
phenyl groups all of which groups are optionally substituted; 15 
R and R can form a ring which may contain one or more 
double bonds; 

---OCON(R)2 where each R, independently of each other 
R, is a hydrogen or an alkyl group or an aryl group and more 
specifically where R is methyl, ethyl, propyl, butyl, or 20 

phenyl groups all of which groups are optionally substituted; 
R and R can form a ring which may contain one or more 
double bonds; 

-N(R)2 where each R, independently of each other R, is 
an alkyl group, acyl group or an aryl group and more 25 

specifically where R is methyl, ethyl, propyl, butyl, or 
phenyl or acetyl groups all of which are optionally substi­
tuted; or R and R can form a ring which may contain one or 
more double bonds. 

20 
defined herein. Cycloalkenylene groups in some embodi­
ments function as attaching and/or spacer groups in the 
present compositions. 

Specific substituted alkyl groups include haloalkyl 
groups, particularly trihalomethyl groups and specifically 
trifluoromethyl groups. Specific substituted aryl groups 
include mono-, di-, tri, tetra- and pentahalo-substituted 
phenyl groups; mono-, di-, tri-, tetra-, penta-, hexa-, and 
hepta-halo-substituted naphthalene groups; 3- or 4-halo-
substituted phenyl groups, 3- or 4-alkyl-substituted phenyl 
groups, 3- or 4-alkoxy-substituted phenyl groups, 3- or 
4-RCO-substituted phenyl, 5- or 6-halo-substituted naphtha­
lene groups. More specifically, substituted aryl groups 
include acetylphenyl groups, particularly 4-acetylphenyl 
groups; fluorophenyl groups, particularly 3-fluorophenyl 
and 4-fluorophenyl groups; chlorophenyl groups, particu­
larly 3-chlorophenyl and 4-chlorophenyl groups; meth­
ylphenyl groups, particularly 4-methylphenyl groups, and 
methoxyphenyl groups, particularly 4-methoxyphenyl 
groups. 

As used herein, the term "halo" refers to a halogen group 
such as a fluoro (-F), chloro (--Cl), bromo (-Br) or iodo 
(-I). 

As to any of the above groups which contain one or more 
substituents, it is understood, that such groups do not contain 
any substitution or substitution patterns which are sterically 
impractical and/or synthetically non-feasible. In addition, 
the compounds of this invention include all stereochemical 

-SR, -SO2R, or -SOR where R is an alkyl group or 
an aryl groups and more specifically where R is methyl, 
ethyl, propyl, butyl, phenyl groups all of which are option­
ally substituted; for -SR, R can be hydrogen; 

30 isomers arising from the substitution of these compounds. 
Overview 
Surface-associated fouling by bacteria is a common and 

persistent challenge facing the use of biomedical devices, 
---OCOOR where R is an alkyl group or an aryl groups; 
-SO2N(R)2 where Risa hydrogen, an alkyl group, or an 

aryl group and R and R can form a ring; 
-OR where R is H, alkyl, aryl, or acyl; for example, R 

can be an acyl yielding ---OCOR * where R * is a hydrogen 

35 
industrial equipment, and many consumer products. The 
development of strategies that can slow or prevent microbial 
attachment and attenuate other bacterial behaviors on sur­
faces is an important element in the design of materials and 

or an alkyl group or an aryl group and more specifically 40 

where R * is methyl, ethyl, propyl, butyl, or phenyl groups all 
of which groups are optionally substituted. 

coatings intended for use in wet environments. 
The materials of the present invention comprise a porous 

or textured surface infused with a macroemulsion or nanoe­
mulsion. The infused emulsion is maintained as a dynamic 
film at the surface, creating a typically hydrophobic or 
omniphobic interface that allows other fluids and substances 
to more easily slide or 'slip' off the surface. Several recent 
reports suggest SLIPS materials that utilize hydrophobic oils 
(no emulsion) on the surface to be a promising platform for 
the development of new anti-biofouling interfaces for bio­
logical and environmental applications. Indeed, SLIPS have 

As used herein, the term "alkylene" refers to a divalent 
radical derived from an alkyl group or as defined herein. 
Alkylene groups in some embodiments function as attaching 45 

and/or spacer groups in the present compositions. Com­
pounds of the present invention include substituted and 
unsubstituted C1 -C30 alkylene, C1 -C12 alkylene and C1 -Cs 
alkylene groups. The term "alkylene" includes cycloal­
kylene and non-cyclic alkylene groups. 

As used herein, the term "cycloalkylene" refers to a 
divalent radical derived from a cycloalkyl group as defined 
herein. Cycloalkylene groups in some embodiments func­
tion as attaching and/or spacer groups in the present com­
positions. Compounds of the present invention include sub- 55 

stituted and unsubstituted C1 -C30 cycloalkenylene, C1 -C12 

cycloalkenylene and C1 -Cs cycloalkenylene groups. 

50 been reported to resist fouling by a broad range of organ­
isms, including clinically important bacterial and fungal 
pathogens, marine barnacle cyprids, and mammalian cells. 

However, conventional SLIPS-coated surfaces cannot 
prevent bacteria from colonizing other nearby (non-SLIPS­
coated) surfaces. Conventional SLIPS also do not kill bac­
teria; organisms that are prevented from adhering to SLIPS-
coated surfaces remain alive in the surrounding medium, 
and SLIPS do not currently have inherent mechanisms 
through which they can prevent these non-adherent ( or 
'planktonic') bacteria from producing toxins or engaging in 
other virulent behaviors, including forming biofilms on 
nearby unprotected surfaces. 

As used herein, the term "alkenylene" refers to a divalent 
radical derived from an alkenyl group as defined herein. 
Alkenylene groups in some embodiments function as attach- 60 

ing and/or spacer groups in the present compositions. Com­
pounds of the present invention include substituted and 
unsubstituted C1 -C20 alkenylene, C1 -C12 alkenylene and To address these issues and develop new slippery anti­

fouling surfaces that also exert control over the behaviors of 
65 microorganisms in surrounding media, previous applications 

(see U.S. Pat. No. 10,557,042) described a controlled 
release-based approach to the design of multifunctional 

C1 -Cs alkenylene groups. The term "alkenylene" includes 
cycloalkenylene and non-cyclic alkenylene groups. 

As used herein, the term "cycloalkenylene" refers to a 
divalent radical derived from a cylcoalkenyl group as 
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SLIPS that prevent biofouling by pathogenic fungal and 
bacterial cells and kill planktonic microorganisms in sur­
rounding media. 

In this approach, the long-term release of small-molecule 
compounds, particularly agents directed toward microorgan- 5 

isms (such as bacteria and fungi), are released from the 
SLIPS to the surrounding media. Experimental studies dem­
onstrated that such small-molecule anti-microbial agents can 
be readily incorporated into SLIPS without impacting the 
anti-fouling properties of the SLIPS surfaces, and that the 10 

slow release of such anti-microbial agents can kill plank­
tonic fungal cells effectively and improve the overall anti­
fouling and antifungal properties. 

Such anti-microbial agents include, but are not limited to 
triclosan and other broad-spectrum antibiotics. It should be 15 

noted, however, that the use oftriclosan and other cytotoxic 
drugs ( e.g., antibiotics) have several disadvantages in 
applied contexts, including the fact that the widespread use 

22 
ware. Scanning electron micrographs were acquired using a 
LEO 1550 SEM at an accelerating voltage of 3 kV using 
in-lens SEM detector. The porous PTFE membranes were 
mounted on a SEM stub by conductive carbon tape, and the 
sides of the membranes were grounded to the stub using 
conductive carbon cement. Samples were coated with a thin 
layer of gold using a gold sputterer operating at 45 mA under 
a vacuum pressure of 50 mTorr for 2 min before imaging. 

Preparation of water-in-oil nanoemulsions: 7.5 parts by 
weight of polyoxyethylene (20) sorbitan monooleate 
(Tween® 80) and 22.5 parts by weight of sorbitan 
monooleate (Span® 80) were dissolved in 70 parts by 
weight of n-hexadecane (structures shown in FIG. 12). The 
surfactant solution in n-hexadecane was then vortexed for 1 
minute and filtered through a 0.2 µm PTFE filter. 100 µL (5% 
v/v) ofMiliQ water was added to a glass vial (16x50 mm), 
and the surfactant mixture in n-hexadecane was gently 
added to the vial (@ a rate of 200 µL per 20 s) under constant 
stirring by magnetic stir plate (generally illustrated in FIG. of these agents has led to evolved resistance in many 

clinically relevant pathogens. 
Additionally, because those past approaches involve the 

design of SLIPS using just hydrophobic liquids, the utility of 
those approaches has been limited to the loading and release 

20 13). The formed nanoemulsion was then left stirring at room 
temperature for 10 min and finally filtered through 1 µm 
PTFE filter. 

of hydrophobic agents that have at least some appreciable 
solubility in hydrophobic liquids. It is generally very diffi- 25 

cult to use such methods to load and release hydrophilic 
agents, including small molecule drugs, proteins, peptides, 
and nucleic acids, that are not appreciably soluble in liquid 
oil phases. 

Accordingly, by infusing the porous matrix with macro- 30 

emulsions and nanoemulsions, the present invention enables 
a wider range of active agents, especially hydrophilic agents, 
to be loaded and controllably released from slippery anti­
fouling surfaces and similar materials. Materials fabricated 
by infusing a macroemulsion or nanoemulsion into a 35 

microporous or nanoporous matrix are referred herein to as 
slippery nanoemulsion-infused porous surfaces (SNIPS). 

Example 1 

FITC-dextran loaded nanoemulsions were also prepared 
using the above-mentioned protocol. The concentration of 
FITC-dextran in water was kept at 5 mg/ml. Structures of 
small molecule anti-virulence agents used in one embodi-
ment of the invention prepared in a similar manner are 
shown in FIG. 11. 

Infusion ofnanoemulsion: Lubricating liquid (w/o nanoe­
mulsion or n-hexadecane) was added on the top of the 
porous PTFE membrane (pore size of 5 µm, thickness of 
152-254 µm, see FIG. 6) using a pipette (15 µL/cm2). The 
lubricating liquid was then spread using tweezers to form a 
uniform over-coated layer. After waiting a few minutes for 
lubricating liquid to get infused in the porous PTFE mem­
brane ( evident by change in opacity of the membrane) 
through capillary wicking, the excess lubricating was 
removed from the surface by dabbing with a weighing paper. 

A schematic illustration of a nanoemulsion-infused 

Fabrication of Microporous Materials Having Emulsions 
Able to Controllably Release Hydrophilic Active Agents 

General Considerations: Dynamic light scattering mea­
surements were performed using a Malvern Zetasizer ZS 
Nano. Aliquots (1 mL) ofnanoemulsions were transferred to 
a 1 cmxl cm plastic cuvette, the cuvette was then placed in 
the Zetasizer for 2 min at 24° C., and the scattered light 
intensity was measured by the detector placed at an angle of 
173° from the 632.8 nm incident laser. The correlator 
measured the intensity correlation function for delay times 
ranging from 2 µs to 200 ms. 

40 porous surface (SNIPS) is shown in FIG. 1, panel A. FIG. 1, 
panel B, shows the particle size distribution of a formed 
water-in-oil (w/o) nanoemulsion. The sliding time of 25 µL 
droplets of water on the SNIPS are shown in FIG. 1, panel 
C. The sliding time of 25 µL droplets of "complex" liquids 

45 on SNIPS are shown in FIG. 7. 
Loading and release of FITC-dextran: The FITC-dextran 

loaded nanoemulsion was infused into the porous PTFE 
membranes (lx3 cm) to fabricate SNIPS using the protocol 
described above. Characterization of a nanoemulsion loaded 

50 with FITC-dextran and SNIPS loaded with FITC-dextran are 

Sliding time was measured by placing a desired volume of 
water droplet on SNIPS held at an angle of 30°. The time 
required by the droplet to slide through the length of SNIPS 
(3 cm) was measured using a digital timer. Measurements of 55 

the fluorescence of solutions used to characterize the release 
of fluorescein isothiocyanate-dextran (FITC-dextran) from 
SNIPS were made using a NanoDrop3300 (Thermo Scien­
tific). Fluorescence microscopy was performed using an 
Olympus IX71 inverted microscope and images were 60 

obtained using the MetaMorph Advanced version 7.7.8.0 
software package (Universal Imaging Corporation). Images 
were processed using NIH Image J software and Microsoft 
Powerpoint for Office 365. 

Laser-scanning confocal microscopy (LSCM) images 65 

were acquired using a Nikon Al-R high-speed confocal 
microscope and processed using Nikon Instruments Soft-

shown in FIGS. 8-10. 
Characterization of the release of FITC-dextran from 

these SNIPS was performed by incubating SNIPS in 3 mL 
of PBS buffer at 37° C. (FIG. 2). At predetermined time 
points, SNIPS were removed from the incubator for sliding 
time, biofouling, and fluorescence imaging assay. The buffer 
was removed for analysis and the solution fluorescence was 
measured at an excitation of 490 nm and an emission of 525 
nm, corresponding to the excitation and emission maxima of 
the FITC-dextran. Fluorescence measurements resulting 
from these experiments were converted to FITC-dextran 
mass using a calibration curve generated using known 
concentrations of FITC-dextran. After each measurement, 
the SNIPS were immersed in an aliquot of fresh PBS and 
returned to the incubator. The plot shown in FIG. 2A was 
made by cumulatively adding the concentration of FITC­
dextran released into solution at each of the time points. A 
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release curve showing the amount of FITC released from a 
nanoemulsion-infused SLIPS over 200 hours is shown in 
FIG. 16. 

Estimation of anti-biofouling performance of SNIPS: 
Freezer stocks of S. aureus were maintained in 1: 1 brain 5 

heart infusion media (BHI): glycerol (50% v/v in MiliQ) and 
stocks of P. aeruginosa and E. coli were maintained in 1: 1 
Luria-Bertani (LB):glycerol at -80° C. Overnight cultures of 
bacteria were grown in LB medium (P. aeruginosa and E. 
coli) or BHI medium (S. aureus) at 37° C. with shaking at 10 

200 rpm. To prepare the inoculating subculture of S. aureus, 
the overnight cultures were washed 3 times with BHI + 1 % 
(w/v) glucose. For washing, a desired volume of S. aureus 
suspensions was transferred to sterilized 1.5 mL microcen- 15 
trifuge tubes, centrifuged at 16,l00xg for 5 min and fol­
lowed by resuspension of the cell pellet in an amount of 
fresh BHI+1% (w/v) glucose equivalent to the original 
volume of cell suspension. The final S. aureus cell pellet 
after 3 washes was resuspended in BHI ( + 1 % (w/v) glucose) 20 

in an amount equivalent to yield a starting inoculum absor­
bance (at 600 nm) of0.23 (-108 CFU/ml). An inoculating 
subculture of P. aeruginosa was prepared by centrifugation 
of the overnight culture at 4,000xg for 10 min followed by 
resuspension of the cell pellet in an amount of fresh M9+ 25 

medium, effecting a 1:10 dilution (v/v) of the overnight 
culture (M9+ medium consists of the M9 buffer, described 
above, supplemented with 0.4% arginine, 0.5% casamino 
acids, 0.2% glucose, 0.2% succinate, 0.2% citrate, 0.2% 
glutamate, lxl0-3 M MgSO

4

, and 0.lxl0-3 M CaC1
2

). E. 30 

coli subcultures were prepared by diluting overnight cultures 
1: 1000 into fresh LB medium. 

For multiple challenge experiments (FIGS. 3-4), sub­
strates were incubated with S. aureus inoculum (prepared as 
described above) in a 6-well plate at 37° C. At the end of 35 

each 24 h period, three SNIPS substrates and controls were 
removed from their wells using forceps, gently dabbed on a 
paper towel to remove excess liquid, and placed in the wells 

24 
Stability of SNIPS in presence of water droplets. A 

calculation for the stability of the SNIPS in the presence of 
a water droplet is provided below in Table 1. Unit of contact 
angle is in degree. The contact angles are measured on a flat 
smooth PTFE surface using 5 µL water droplet for E>ws(a) and 
5 µL w/o nanoemulsion for 8 0 s(a)· The unit of surface 
tension and interfacial tension is mN/m. Surface tension 
(Y 0a, Ywa) and interfacial tension (y 0w) measurements were 
performed by the pendant drop method at ambient condi­
tions (temperature=22 to 24° C. and relative humidity=18 to 
26%). Density of water used for measurements was 0.997 
gm/ml and density of w/o nanoemulsion was calculated by 
weighing multiple droplets of nanoemulsion on a weighing 
balance. The values denote mean of three independent 
measurements and error denotes standard deviation. 

TABLE 1 

Condition for stability of SNIPS in presence of water droplet: 
i\.E - y= cos 8 0 ,(a) - Ywa cos ew,(a) _Yow" 0 

i\.E for SNIPS - 47.4 ± 2 mN/m 

Parameters Values 

ew,(a) 114 ± 1 

eo,(a) 41 ± 1 

Yow 2.4 ± 0.4 

Y= 27.2 ± 0.6 

Ywa 72.1 ± 0.2 

A plot showing the average size versus time for w/o 
nanoemulsion incubated at 37° C. is also shown in FIG. 5. 

Example 2 

Fabrication of Nanofiber-Based Meshes 
In certain embodiments of the invention, the porous 

matrix is a nanofiber mesh formed by electrospinning or 
blowspinning. 

Fabrication of Nanofiber-Based Meshes by Electrospin­
ning. A 200 mg/mL polymer solution was prepared by 
dissolving PVDF (polyvinylidene fluoride) in a 1:1 mixture 
(v/v) of acetone and DMF. Electrospinning was performed 
using a custom-built electrospinning device with a digital 
syringe pump (Harvard Bioscience Company) at a flow rate 
of 1 mL/h. A 30 cm working distance separated the blunt 22 
G needle and the l0xl0 cm grounded collector. A 20 kV 
potential was applied between the needle tip and collector. 
Fibers were collected for -1 hour onto an aluminum foil 
directly placed on the ground collector. After fabrication, 
nanofiber coatings were stored in a vacuum desiccator prior 
to use. 

of a new 6-well plate to characterize for the extent of 
biofouling on the surface by BacTiter-Glo™ assay (as 40 

described below). The remaining SNIPS were then incu­
bated in fresh S. aureus inoculum to perform the next 
challenge (new bare porous PTFE membranes were used in 
control experiments). Seven such 24 h challenges were 
performed, and at the end of the seventh challenge, along 45 

with BacTiter-Glo™ assay the biofilms on the substrates 
were stained with a green fluorescent nucleic acid stain 
(SYTO-9) according to the manufacturer's protocol. Excess 
staining solution was removed by dabbing on a paper towel 
and the substrates were then transferred to the wells of a 50 

24-well plate and covered by 400 µL PBS. Biofilms were 
then imaged using an Olympus IX71 fluorescence micro­
scope. 

FIG. 18 (panels A, B) shows SEM images of an electro­
spun PVDF mesh. Fluorescence microscopy images of a 
FITC-dextran-infused electrospun PVDF mesh are also 

55 shown (panels C, D), as well as a plot showing the amount 
of FITC-dextran released from the electrospun mesh over a 
period of ten days. 

Metabolic activity of microorganisms on or surrounding a 
SLIPS control (no emulsion) and emulsion infused SLIPS 
over 15 days is shown in FIG. 17. 

For the BacTiter-Glo™ assay, the BacTiter-Glo™ solu­
tion (prepared as described by the manufacturer's protocol) 
was diluted 2x in Mili-Q water and added to 6-well plate 
containing SNIPS and control (porous PTFE membrane). 
The 6-well plate was incubated for 5 mins in the dark at 
room temperature. 50 µL of BacTiter-Glo™ solution from 
the plates was added to a clear-bottom white 96-well plate 
(Corning 3610). Luminesence was read in a Synergy 2 plate 
reader (Biotek) with Gen5 1.05 software. The luminescence 
values collected from the plate reader were normalized with 
respect to the control. 

Fabrication of Nanofiber-Based Meshes by Blow Spin­
ning. PCL solution (5% w/v in DCM) was loaded into a 6 

60 mL syringe. The syringe was then placed in a syringe pump 
(New Era Pump Systems Inc., NY, USA) and connected to 
the inner (22 G) nozzle. The outer (17 G) nozzle was 
connected to a compressed nitrogen tank. Before spraying, 
the substrate was positioned - 7 .5 cm from the nozzle tip. 

65 The syringe pump was set to deliver 40 µUmin and the gas 
pressure supplied was 20 psi. Each substrate was sprayed 
with PCL until a uniform coating was obtained. 
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FIG. 19 (panels A, B) shows SEM images of a blow spun 
PCL mesh. Fluorescence microscopy images of a FITC­
dextran-infused blow spun PCL mesh are also shown (panels 
C, D), as well as a plot showing the amount ofFITC-dextran 
released over a period of ten days. 

All samples of the electrospun PVDF mesh and blow spun 
PCL mesh were slippery during the course of the release 
experiments (20 µL droplets slid at an angle of) 20°. 

Example 3 

Loading and Release of Molecules from Nanoemulsion 
Materials 

Loading and Release of a Protein. Bovine serum albumin 
(BSA)-loaded nanoemulsions are prepared by dissolving 5 
mg/ml BSA in the water phase before adding to the oil phase 
(consisting of oil, such as n-hexadecane and mixture of 
surfactants with low and hydrophilic-lipophilic balance 
(HLB) value, such as Tween 80 and Span 80). The water 
phase is gently added to the oil phase under constant stirring, 
and then the mixture is left stirring at room temperature for 
-10 mins. 

26 
fabricate slippery nanoemulsion-infused surfaces. Charac­
terization of the release of nucleic acid from these slippery 
materials is performed by incubating these materials in PBS 
buffer at 37° C. and collecting and analyzing the PBS 
solution at predetermined timepoints by either UV absor­
bance, fluorescence, or other chemical characterization tech­
niques. Sliding times are also measured at predetermined 
time points during the controlled release experiments by 
placing the required volume of droplets -20 µL on the 

10 surfaces of these nucleic acid-loaded slippery materials 
tilted at -30°. 

Having now fully described the present invention in some 
detail by way of illustration and examples for purposes of 
clarity of understanding, it will be obvious to one of ordinary 

15 skill in the art that the same can be performed by modifying 
or changing the invention within a wide and equivalent 
range of conditions, formulations and other parameters 
without affecting the scope of the invention or any specific 
embodiment thereof, and that such modifications or changes 

20 are intended to be encompassed within the scope of the 
appended claims. 

One of ordinary skill in the art will appreciate that starting 
materials, reagents, purification methods, materials, sub­
strates, device elements, analytical methods, assay methods, 

25 mixtures and combinations of components other than those 
specifically exemplified can be employed in the practice of 
the invention without resort to undue experimentation. All 
art-known functional equivalents, of any such materials and 
methods are intended to be included in this invention. The 

The obtained nanoemulsion is then loaded into chemically 
compatible porous matrices, such as PTFE membranes, to 
fabricate slippery nanoemulsion-infused surfaces. Charac­
terization of the release of BSA from these slippery mate­
rials is performed by incubating these materials in PBS 
buffer at 37° C. and collecting and analyzing the PBS 
solution at predetermined timepoints by either UV absor­
bance, fluorescence, or other chemical characterization tech- 30 

niques. Sliding times are also measured at predetermined 
time points during the controlled release experiments by 
placing the required volume of droplets -20 µL on the 
surfaces of these BSA-loaded slippery materials tilted at 
-30°. 

terms and expressions which have been employed are used 
as terms of description and not of limitation, and there is no 
intention that the use of such terms and expressions exclude 
any equivalents of the features shown and described or 
portions thereof, but it is recognized that various modifica-

35 tions are possible within the scope of the invention claimed. 
Loading and Release of an Antimicrobial Peptide. Anti­

microbial peptide (AFP)-loaded nanoemulsions are prepared 
by dissolving 1 mg/ml AFP in the water phase before adding 
to the oil phase ( consisting of oil, such as n-hexadecane and 
a mixture of surfactants with low and hydrophilic-lipophilic 
balance (HLB) value, such as Tween 80 and Span 80). The 
water phase is gently added to the oil phase under constant 
stirring, and then the mixture is left stirring at room tem­
perature for -10 mins. 

The obtained nanoemulsion is then loaded into chemically 
compatible porous matrices, such as PTFE membranes, to 
fabricate slippery nanoemulsion-infused surfaces. Charac­
terization of AFP release from these slippery materials is 
performed by incubating these materials in PBS buffer at 3 7° 
C. and collecting and analyzing the PBS solution at prede­
termined timepoints by either UV absorbance, fluorescence, 
or other chemical characterization techniques. Sliding times 
are also measured at predetermined time points during the 
controlled release experiments by placing the required vol­
ume of droplets -20 µLon the surfaces oftheseAFP-loaded 
slippery materials tilted at -30°. 

Loading and Release of a Nucleic Acid. Nucleic acid­
loaded nanoemulsions are prepared by dissolving 1 mg/ml 
of a nucleic acid in the water phase before addition to the oil 
phase (consisting of oil, such as n-hexadecane and the 
mixture of surfactants with low and hydrophilic-lipophilic 
balance (HLB) value, such as Tween 80 and Span 80). The 
water phase is gently added to the oil phase under constant 
stirring, and then the mixture is left stirring at room tem­
perature for -10 mins. 

The obtained nanoemulsion is then loaded into chemically 
compatible porous matrices, such as PTFE membranes, to 

Thus, it should be understood that although the present 
invention has been specifically disclosed by preferred 
embodiments and optional features, modification and varia­
tion of the concepts herein disclosed may be resorted to by 

40 those skilled in the art, and that such modifications and 
variations are considered to be within the scope of this 
invention as defined by the appended claims. 

As used herein, "comprising" is synonymous with 
"including," "containing," or "characterized by," and is 

45 inclusive or open-ended and does not exclude additional, 
unrecited elements or method steps. As used herein, "con­
sisting of' excludes any element, step, or ingredient not 
specified in the claim element. As used herein, "consisting 
essentially of' does not exclude materials or steps that do not 

50 materially affect the basic and novel characteristics of the 
claim. In each instance herein any of the terms "compris­
ing", "consisting essentially of' and "consisting of' may be 
replaced with either of the other two terms. 

When a group of materials, compositions, components or 
55 compounds is disclosed herein, it is understood that all 

individual members of those groups and all subgroups 
thereof are disclosed separately. When a Markush group or 
other grouping is used herein, all individual members of the 
group and all combinations and subcombinations possible of 

60 the group are intended to be individually included in the 
disclosure. Every formulation or combination of compo­
nents described or exemplified herein can be used to practice 
the invention, unless otherwise stated. Whenever a range is 
given in the specification, for example, a temperature range, 

65 a time range, or a composition range, all intermediate ranges 
and subranges, as well as all individual values included in 
the ranges given are intended to be included in the disclo-
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sure. In the disclosure and the claims, "and/or" means 
additionally or alternatively. Moreover, any use of a term in 
the singular also encompasses plural forms. 

28 
7. The material of claim 1 wherein the one or more 

molecules are able to reduce, inhibit, or modulate the 
behaviors of non-adherent pathogens in surrounding media. 

8. The material of claim 1 wherein the one or more 
molecules are natural or synthetic antibiotic agents, natural 
or synthetic antifungal agents, agents that modulate bacterial 
or fungal quorum sensing, agents that attenuate virulence, or 
combinations thereof. 

9. The material of claim 1 wherein the one or more 
molecules are selected from the group consisting of acyl 
L-homoserine lactone (AHL) derivatives, aminobenzimida­
zole (ABI) derivatives, and combinations thereof. 

10. The material of claim 1 wherein other liquids and 

15 compounds are able to slide off the material with a sliding 
angle of 20°. 

All references cited herein are hereby incorporated by 
reference in their entirety to the extent that there is no 
inconsistency with the disclosure of this specification. Some 
references provided herein are incorporated by reference to 
provide details concerning sources of starting materials, 
additional starting materials, additional reagents, additional 
methods of synthesis, additional methods of analysis, addi- 10 

tional biological materials, and additional uses of the inven­
tion. All headings used herein are for convenience only. All 
patents and publications mentioned in the specification are 
indicative of the levels of skill of those skilled in the art to 
which the invention pertains, and are herein incorporated by 
reference to the same extent as if each individual publica­
tion, patent or patent application was specifically and indi­
vidually indicated to be incorporated by reference. Refer­
ences cited herein are incorporated by reference herein in 
their entirety to indicate the state of the art as of their 20 

publication or filing date and it is intended that this infor­
mation can be employed herein, if needed, to exclude 
specific embodiments that are in the prior art. For example, 
when composition of matter are claimed, it should be 
understood that compounds known and available in the art 25 

prior to Applicant's invention, including compounds for 
which an enabling disclosure is provided in the references 
cited herein, are not intended to be included in the compo­
sition of matter claims herein. 

The invention claimed is: 
1. A slippery material able to controllably release mol­

ecules into a surrounding environment, wherein said mate-
rial comprises: 

a) a porous matrix; 
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11. The material of claim 1 wherein the porous matrix is 
microporous polytetrafluoroethylene (PTFE), a nanofiber 
mesh, or a fiber mat. 

12. The material of claim 1 wherein the porous matrix 
comprises a multilayer film having two or more layers, 
wherein each layer comprises a first polymer in contact with 
a second polymer, where said multilayer film has nanoscale 
or microscale porosity. 

13. The material of claim 12 wherein the first polymer 
comprises a functionalized azlactone having the formula: 

"X 
l YR

1 

b) an emulsion covering at least a portion of the porous 35 

matrix, said emulsion comprising a liquid continuous 
phase and a plurality ofliquid droplets dispersed within 

017 w 'RI, 

RI RI 

the continuous phase, wherein said emulsion at least 
partially fills the pores of the porous matrix and allows 
other liquids and compounds to slide off the material 40 

without adhering to the material; and 

wherein x is 0 or the integers 1 or 2; and each R1 is 
independently selected from the group consisting of: 
hydrogen, alkyl groups, alkenyl groups, alkynyl 
groups, carbocyclic groups, heterocyclic groups, aryl 
groups, heteroaryl groups, alkoxy groups, aldehyde 
groups, ether groups, and ester groups, any of which 

c) one or more molecules dispersed within the plurality of 
liquid droplets, 

wherein the material is able to controllably release the one 
or more molecules when the material is immersed into 45 may be substituted or unsubstituted. 

the surrounding environment, and 
wherein other liquids and compounds are able to slide off 

the material with a sliding angle of 30°. 
2. The material of claim 1 wherein the liquid continuous 

phase is hydrophobic and the plurality of liquid droplets 
comprise water or a hydrophilic liquid, and wherein the one 
or more molecules able to be controllably released by the 
emulsion are water soluble. 

3. The material of claim 1 wherein the liquid continuous 
phase is hydrophilic and the plurality of liquid droplets are 
hydrophobic. 

4. The material of claim 1 wherein the emulsion is a 
macroemulsion or nanoemulsion. 

5. The material of claim 1 wherein the liquid continuous 
phase comprises an oil selected from the group consisting of 
a hydrocarbon-based oil, a silicone oil, a vegetable oil, a 
mineral oil, a perfluorinated oil, a thermotropic liquid crys­
tal, and combinations thereof. 

6. The material of claim 1 wherein the one or more 

14. The material of claim 12 wherein the first polymer 
comprises a polymer selected from the group consisting of 
poly(vinyl-4,4-dimethylazlactone ), poly(2-vinyl-4,4-dim­
ethyl-2-oxazolin-5-one ), poly(2-isopropenyl-4,4-dimethyl-

50 2-oxazolin-5-one ), poly(2-vinyl-4,4-diethyl-2-oxazolin-5-
one ), poly(2-vinyl-4-ethyl-4-methyl-2-oxazolin-5-one ), 
poly(2-vinyl-4-dodecyl-4-methyl-2-oxazolin-5-one), poly 
(2-vinyl-4,4-pentamethylene-2-oxazolin-5-one), poly (2-vi­
nyl-4-methyl-4-phenyl-2-oxazolin-5-one ), poly(2-isoprope-

55 nyl-4-benzyl-4-methyl-2-oxazolin-5-one), or poly(2-vinyl-
4,4-dimethyl-1,3-oxazin-6-one ). 

15. The material of claim 1 wherein materials used for the 
fabrication of porous meshes comprise homopolymers and 
copolymers comprising polyvinyl chloride (PVC), polycar-

60 bonate, polytetrafluoroethylene (PTFE), poly(methyl meth­
acrylate ), PDMS, polystyrene (PS), polyvinylidene difluo­
ride (PVDF), polyethylene, polybutadiene and combinations 
thereof. 

molecules are selected from the group consisting of proteins, 65 

peptides, saccharides, nucleic acids, plasmid DNA, biolog-

16. The material of claim 1 wherein the porous matrix 
comprises homopolymers and copolymers comprising pol­
caprolactone, polylactic acid, poly glycolic acid, poly(lactic­
co-glycolic acid). ics, small molecules, and combinations thereof. 
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17. The material of claim 12 wherein the second polymer 
comprises a primary amine functionalized polymer, an alco­
hol functionalized polymer, or a thiol functionalized poly­
mer. 

18. The material of claim 1 wherein the porous matrix is 
microporous polytetrafluoroethylene (PTFE), the liquid con­
tinuous phase comprises a hydrocarbon-based oil, the plu­
rality ofliquid droplets comprise water, and the one or more 
molecules are hydrophilic. 

19. The material of claim 1 wherein the time necessary to 10 

release at least 50% of the one or more molecules dispersed 
within the plurality of liquid droplets to the surrounding 
environment is 10 days or more. 

20. A method for fabricating a slippery material able to 
reduce, inhibit, or modulate the behaviors of non-adherent 15 

pathogens in surrounding media, said method comprising 
the steps of: 

a) providing a porous matrix; 
b) exposing the porous matrix to a macroemulsion or 

nanoemulsion, said macroemulsion or nanoemulsion 20 

comprising a liquid continuous phase and a plurality of 
liquid droplets dispersed within the continuous phase, 
wherein said plurality ofliquid droplets contains one or 
more molecules, and wherein said macroemulsion or 
nanoemulsion at least partially fills the pores of the 25 

porous matrix and allows other liquids and compounds 
to slide off the material without adhering to the material 

wherein other liquids and compounds are able to slide off 
the material with a sliding angle of 30°. 

21. The method of claim 20 wherein the liquid continuous 30 

phase is an oil and the plurality of liquid droplets comprise 
water, said method further comprising the step of forming 
the macroemulsion or nanoemulsion by: 

i) forming an oil-in-water emulsion, wherein the one or 
more molecules are added to an aqueous liquid forming 35 

the oil-in-water emulsion, 
ii) adding additional amounts of the oil to the oil-water­

emulsion, and 
iii) mixing the oil-in-water emulsion with the additional 

amounts of the oil to cause an emulsion inversion and 40 

form a water-in-oil macroemulsion or nanoemulsion, 
wherein the plurality of liquid droplets in the formed 
water-in-oil emulsion contain the one or more mol­
ecules. 

22. The method of claim 20 wherein providing a porous 
matrix comprises electrospinning or blow spinning a nano­
fiber-based mesh. 

45 
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23. The method of claim 20 wherein the one or more 

molecules are loaded prior to the exposing step, after the 
exposing step, or during the exposing step. 

24. A method for reducing, inhibiting, or modulating the 
behaviors of non-adherent pathogens in media surrounding 
a substrate comprising the steps of: 

a) providing a slippery material on the substrate, said 
material comprising: 
i) a porous matrix; 

ii) an emulsion covering at least a portion of the porous 
matrix, said emulsion comprising a liquid continuous 
phase and a plurality of liquid droplets dispersed 
within the continuous phase, wherein said emulsion 
at least partially fills the pores of the porous matrix 
and allows other liquids and compounds to slide off 
the material without adhering to the material; and 

iii) one or more molecules dispersed within the plural­
ity of liquid droplets, wherein said one or more 
molecules are able to reduce, inhibit, or modulate the 
behaviors said pathogens upon contact with said 
pathogens, 

wherein other liquids and compounds are able to slide 
off the material with a sliding angle of 30°; 

b) controllably releasing the one or more molecules from 
the emulsion into said media, wherein the one or more 
molecules contact the pathogens thereby reducing the 
number of pathogens, inhibiting the growth or coloni­
zation of the pathogens, or modulating the behaviors of 
the pathogens. 

25. The method of claim 24 wherein the liquid continuous 
phase is hydrophobic, the plurality of liquid droplets com­
prise water or a hydrophilic liquid, and the one or more 
molecules are water soluble. 

26. The method of claim 24 wherein the one or more 
molecules are antimicrobial agents, antifungal agents, anti­
bacterial agents, agents that modulate bacterial or fungal 
quoruni sensing, agents that attenuate virulence, or combi­
nations thereof. 

27. The method of claim 24 wherein the one or more 
molecules are hydrophilic and have a molecular weight of 
500 daltons or less. 

28. The method of claim 24 wherein the non-adherent 
pathogens are bacteria, fungi, or a combination thereof. 

* * * * * 


