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(57) Abstract: Methods and compositions disclosed herein relate to liquid repellant surfaces having selective wetting and transport
properties.
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SELECTIVE WETTING AND TRANSPORT SURFACES

CROSS-REFERENCE TO RELATED APPLICATIONS

[BO61] The present application claims priority to ULS. Patent Application No. 61/671,442,
filed hudy 13, 2012; U.S, Patent Application No., 61/671,645, filed July 13,2012, U.S. Patent
Application No. 61/673,705, filed July 19, 2012; and U.8. Patent Application No. 61/746,296,

filed December 27, 2012, the entive contents of which are hereby incorporated by reference.
[6062] This application is related to the following co-pending applications filed on even
datc herewith:

International Patent Application entitled SLIPS SURFACE BASED ON METAL-
CONTAINING COMPOUND;

International Patent Apphication entitled MULTIFUNCTIONAL REPELLENT
MATERIALS;

International Patent Application entitled STRUCTURED FLEXIBLE SUPPORTS
AND FILMS FOR LIQUID-INFUSED OMNIPHOBIC SURFACES; and

International Patent Application entitled SLIPPERY LIQUID-INFUSED POROUS
SURFACES HAVING IMPROVED STABILITY, which are incorporated in their entivety by

reference.

STATEMENT OF GOVERMNMENT SUPPORT

6083} This invention was made with government support under N660G1-11-1-
4130 awarded by the U.S. Departmerd of Defense. The government has certain rights in the
mvention.

TECHNICAL FIELD

[8084] The ficld of this application generally relates to slippery surfaces, methods for

forming them, and their uses.

BACKGROUND

{6665} Current development of Hquid-repelient surfaces is inspired by the self-cleaning
abilitics of many natural surfaces on animals, insects, and plants. Water dropleis on these
natural surfaces roll oft or slide off casily, carrving the dirt or insects away with them. The
presence of the micro/manostiructures on many of these natural surfaces has been attributed to
the water-repellency fimetion. These observations have led to enormous interests in

]
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manufacturing biomimetic water-repelient surfaces in the past decade, owing to their broad
spectrum of potential apphications, ranging from water-repellent fabrics to friction-reduction
surfaces. Previously 1t has been challenging to provide a non-wetting, water-repellant surface
that can also allow sclective wetting and transport of fhuids, which is important for certain
applications such as lab-on-a-chip devices or wound dressings that require a non-stick,
hydrophebic surface and an ability 1o drain exudate thiids. Bandages and wound dressings
often have a problem of adhesion 1o the wound tissue, causing damage upon removal. There is
a need for a non-adherent wound dressing that can allow absorbent wicking, and oxygen

permeability.
SUMMARY

16606] Liquid-repellant surfaces baving sclective wetting and transport propertics are

described.

(86467} In one aspect a liguid-coated substrate includes a subsirvate having a spatially
heterogeneous surface pattern. The spatially heterogencous pattern inchudes at feast one first
region having surface characteristics that provide a stable lguid film with a first lubricating
fiquid; and at lcast one second region having one of surface chavacteristics that provide one of
an unstable lquid film with said first lubricating Hquid or apertures or holes that provide bguid
conduits through the substrate; and a first lubricating lquid disposed over at least a portion of

said first region to provide an immeobilized liguid layver.

[6068] In one or more embodiments, the Higuid-coated substrate is a non-adherent article
capable of absorbent wicking, wherein the spatially heterogeneous surface pattern 1s disposed
through at least a portion of the thickness of the subsirate; wherein the first lubricating Haguid s
substantially tmmobilized in and on the at least one first region of the substrate to form a
stabilized liguid overlayer, said overlayer providing a non-adherent surface; wherein the first
hibricating liquid has a lower affinity for the second region of the substraie as compared to the
at least one first region or the second region comprises a hole or aperture that does not retain
the first lubricating liquid; and wherein the second region is capable of wicking a wicking

hquid into or through said second region.
1680691 In any preceding cmbodiment, the sccond region includes apertures or holes.

{8618} I one or more embodiments, the substrate comprises a perforated material with

large holes that provide liquid conduits through the material.
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(6611} In one or more cmbodiments, the subsirate is selected from a flat solid, a textured

solid, a porous solid and combinations thereof.

8812} In one or more embodiments, at least one of the first region or second region is
chemically functionalized to provide surface characteristics that provide cither a stable liguid

film or an unstable quid o with the first lubricating hguid.

(6613} In one or more embodiments, the article firther includes an absorbent backing.
{3014} In one or more embodiments, the wicking bguid 15 immiscible in the first
fabricating liquid.

18615} In ome or more embodiments, the wicking liguid has a greater affinity for the

apertures than the fivst lubricating hiquid.

{8016} In one or more embodiments, wicking liquid comprises at least one of proteins,

bacteria, cells or nov-biological enditics.

18171 In one or more embodiments, the first region is hydrophobic, and the second region
comprises chemically etched bydrophilic regions or holes allows the wicking and transport of

an aqueous phase.

[6018] In one or more embodiments, the substrate is porous and wherein the second region

is capable of wicking a wicking Hiquid indo or through said porous substrate.

[8819] In one or more embodiments, the article is configured and arranged to collect the

absorbed/wicked liquid without the removal of the article.

18624} In one or more embodiments, the article 1s configured and arranged to mmject/wick

through the conduits certain liquids to reach the target arca without the removal of the article.

821} In any preceding embodiment, the apertures have an average diameter or width of at
feast about 200 nm, or at least about (.2 mm, or at least about (.25 mum, at least about (1.5 mm,
at least about 0.75 mm, at least about 1.00 mm, at least about 1.25 mm, at lcast about 1.50 nux,

at feast about 1.75 mm, or at least about 2.00 mm.

[8022] In any preceding embodiment, the liguid-coated substrate is imcorporated into
wound dressing, diaper, surgical dressing, sanitary pad or antiperspirant dressing.

8023} In any preceding embodiment, the article comprises a liquid-coated substrate

surrounded by an adhesive area.
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[8024] In any preceding embodiment, spatially heterogeneous surface is non-adhesive to at

teast one of skin, hair, dried blood or clotted biood.

3025} In any preceding embodiment, the hiquid-coated substrate is anti-bacterial, or the
hiquid-coated substrate is pathogen-resistant, or the liquid-coated substrate is anti-adhesion

against biclogical cells, or the hiquid-coated substrate has anti-coagulating propertics.

[8H26] In one or more embodiments, the substrate is a flat solid, the at least one first region

comprising chemical functionalization.

(68271 In one or more embodiments, the substrate 13 a roughened solid, the at least one first

region comprising at least one of chemical functionalization or the roughened solid.

18628} I one ov more embodiments, the substrate is a porous solid, the at least one first
region comprising at least one of chemical functionalization or the porous selid.
[6029] In one aspect, a Hquid-coated substrate, wherein the Hquid-coated substrate is a non-
adhesive article capable of absorbent wicking., The liquid-coated substrate inclades a substrate;
at least one first region disposed on an upper portion of the substrate, said at least one first
region having surface characteristics that provide a stable liquid film with a first lubricating
hiquid; at least one second region disposed on the lower portion of the substrate, said at least
one second region having surface characteristics that provide an unstable liguid film with said
first tubricating liquid, wherein the at least one second region is capable of wicking a wicking
hquid Undo or through said second region; a first lubricating Hquid disposed over at feast a
portion of said at least one first region, wherein:
the first lubricating liguid is substardially immobilized i and on the at Jeast one
first region of the substrate to form a stabilized liquid overlaver, said overlayer
providing a non-adherent surface;
the first lubricating lquid has a lower affinity for the at least one second region
as compared to the at least one first region; and
said wicking liguid is immiscible in the first hubricating liquid and has a lower
affinity for the at least one first region as compared to the at least one second
region.
[6038] In one or more embodiments, the upper porous layer of the substrate is
hydrophobic, oleophobic or ommiphobic and the lower porous layer of the substrate is

hydrophitic or oleophilic or omniphilic.



WO 2014/012078 PCT/US2013/050402

{8031} In one or more embodiments, the sccond liquid comprises a curable polymer.
{3832} In one or more embodiments, the second hquid comprises an adhesive.
16033} In one or morg embodiments, the Higuid-coated substrate further includes a

composite backing layer comprising a solid polymer infused in the lower porous layer of the
substrate.
[6034] In one or more embodiments, the first lubricating liquid is optical refractive index-

matched with the substrate.

16835} In one or more embodiments, at least one of the first lubricating liquid or the second
fiquid is transparent to at least one of infrared, visible, or ultva-viclet ights and whercin at least
one of the first lubricating Hquid or the second hquid 1s opague o at least one of infrared,

visibig, or ultra-violet lights,

8036} In one or more embodiments, the Hiquid-coated substrate is suitable as an optical
filter.
18637} In ome or more embodiments, the spatially heterogeneous surface pattern comprises

at least one of a predetermined pattern, a symbol or a drawing.

[8038] In one or more embodiments, the upper layer inclodes a spatially heterogencous
surface pattern, said spatially heterogencous pattern comprising at feast one first region having

surface characteristics that provide a stable liquid film with the fivst lubricating hqud.

18639} In omne or more embodiments, the spatially heterogeneous paitern of the upper layer
further fncludes at least one second region having surface characteristics that provide an

unstable Houid film with the first lubricating liguid.

[8048] In one or more embodiments, at least a portion of said lower layer having affinity

for an adhesive.

13041} In one or more embodiments, at least one of the first side or the second side

comprises an adhesive.

(8042} In one aspect, a liquid-coated substrate is configured as a bandage to be applied (o a
woutmnd, wherein the liquid-coated substrate is a noun-adhesive article capable of absorbent
wicking. The hqud-coated substrate includes a substrate having a spatially heterogeneous
surface pattern disposed through at least a portion of the thickness of the substrate, The

spatially heterogencous paitern includes at least one first region having surface characteristics

o
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that provide a stable liquid film with a first lubricating liquid; at least one second region having
surface characteristics that provide an unstable liguid film with said first lubricating liguid; and
a first lubricating Hquid disposed over at least a portion of said first region to provide an
mmmobilized liquid layer; an absorbent backing; and a protective overlayer to protect the
wound from the environment and to adhere to healthy tissue surrounding the wound; wherein
the first lubricating liquid is substantially ivvnebilized in and on the at least one first region of
the substrate to form a stabilized hquid overlayer, said overlaver providing 8 non-adherent
surface; wherein the first lubricating liqund has 2 lower affinity for the sccond region of the
porous substrate as compared to the at least one fivst region; and wherein the second region is
capable of wicking a wicking liquid into or through said second region.
13043} In one aspect, a liquid-coated substrate is configured as fluid-transport devices,
wherein the Hquid-ceated substrate is a non-adhesive article capable of fluid transport for
biomedical and diagnostic purposes. The Hguid-coated substrate includes:
a substrate having a spatially heterogencous surface pattern disposed through at feast a
portion of the thickness of the substrate, said spatially heterogencous pattern comprising:
at least one first region having surface characteristics that provide a stable Hquid
film with a first lubricating liguid;
at least one second region having surface characteristics that provide an unstable
tiquid film with said first lubricating Hquid; and
a first lubricating Hquid disposed over at least a portion of said first region to provide an
immobilized hquid layer;
wherein the first lubricating lquid is substantially inmmobilized in and on the at least
one first region of the substrate to form a stabilized Heuid overlayer, said overlayer providing a
non-adherent surface;
wherein the fivst lubricating haquid has a lower affinity for the second region of the
porous/roughened substrate as compared to the at least one first region; and
wherein the second region is capable of transporting fluids into or through said second
region.
[B044] In one aspect, a liquid-coated substrate is configured as sclective patterning devices

for biological species, such as proteins, DNA, RNA, viruses, cells, tissues, ete., wherein the

6
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hiquid-coated substrate is a non-adhesive article capable of preventing adhesion from biological
species. The liguid-coated substrate includes:
a substrate having a spatially heterogeneous surface pattern disposed through at least a
portion of the thickness of the substrate, said spatially heterogensous pattern comprising:
at least one first region having surface characteristics that provide a stable hiquid
film with a first lubricating liguid;
at lcast one second region having surface characteristics that provide an unstable
tiquid film with said first lubricating liquad; and
a first lubricating liquid disposed over at least a portion of said first region to provide an
mmobilized Hguid layer;
wherein the first lubricating liquid is substantially iramobilized in and on the at ieast
one first region of the substrate to form a stabilized liquid overlayer, said overlayer providing a
non-adherent surface;
wherein the first lubricating liquid has a lower affinity for the second region of the
porous/roughencd substrate as compared to the at least one first region; and
wherein the second region is capable of selectively patterning biological species into or
through said second region.
In another aspeet, a8 method for absorbing a fluid, inclades:
providing the non-adhesive Hquid-coated substrate of any of claims 1-38; and
exposing the liquid-coated substrate to a third liquid to be absorbed that is immiscible
with the first lubricating lquid, wherein the third higuid fills the one or more apertures or
second region of the hquid-coated substrate without displacing the stabilized liquid overlayer
of the Hiquid-coated substrate to thereby retain the low adhesion properties of the Hauid-coated
substrate doring absorption.

(6645} In one or more embodiments, the Haoid-coated substrate is exposed to 2 wound.

8846 In one or more embodiments, the method further includes disposing an oxygen-
E pod o

permeable fubricant between said ligquid-coated substrate and said wound.

166471 In one or more embodiments, the fubricant is selected from perflucrocarbons and

stlicone oils.
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[0048] In another aspect, a method of adhering a liquid-coated substrate to an exposed

surface of an object includes:

{(a} providing a Hguid-coated substrate, the liquid-coated substrate comprising a first
region; the first region having surface characieristics that provide a stable hiquid film

with a first lubricating Hquid; a first lubricating liquid disposed over at least a portion of
said first region; and a second region swround the first region, the sccond region having

surface characteristics that provide an adhesive; and

{b) contacting the portion of the hquid-coated substrate containing the first region to
an exposed surface of the object, said contacting causing the second region of the

liquid-coated substrate to adhere to the exposed surface of the object.

16649} In some embodiments, the first region is hydrophobic and the second region is
hydrophitic. In further embodiments, the first region is lipophobic and the second region is
lipophilic. In still further embodiments, the first region is oleophobic and the second region is
oleophilic. In still further embodiments, the first region or the second region is omniphobic. In
still forther embodiments, the first region or the second region 1s ommiphilic. In still forther

embodiments, the first region is adhesive o a target surface and the second region is nonesticky.

16634 In one aspect, a method of making a hquid-coated subsirate is disclosed, the hquid-
coated substrate comprising: a substrate having a spatially heterogencous sarface pattern, said
spatially heterogeneous pattern comprising: at least one first region having surface
characteristics that provide a stable liquid film with a first lubricating liquid; and at Jeast one
second region having surface characteristics that provide an unstable Hauid fibm with said fivst
fabricating liquid; and a first lubricating Hauid disposed over at least a portion of said first
region to provide an immoebilized liquid layer; the method comprising chendeally
functionalizing the substrate to provide a fivst region characterized at least in part by surface

characteristics that provide a stable hiquid film with the first lubricating liquid.

8051} In some embodiments, the substrate is porous/roughened and the second region of
the substrate 15 formed by physical or chemical ctching to provide a second region having at
feast in part surface characteristics that provide an unstable film with the first labricating liquid.
In further embodiments, the sccond region of the substrate is formed by chomically
functionalizing the substrate and subsequently removing the chemical functionalization in

selected regions to provide a chemically functionalized first region having at least in part
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surface characteristics that provide a stable film with the first fubricating liquid and a second

region that is substantially free of chemical functionalization.

(6852} In some embodiments, the chemical fimctionalization is removed by at least one of
physical ctching, chomical ciching, oxygen plasma or use of a mask. In some ebodiments,
the hquid-coated substrate is formed by masking the substrate to provide exposed regions and
masked regions, and chemically fimetionalizing the exposed regions of the substrate to form
the first region of the substrate, said chemical functionalization providing a first region having
at loast tn part surface characteristics that provide a stable filio with the first lubricating Hauid,
and a second region that 1s free of chemical functionalization. In some embodiments, chemical
functionalization is accomplished by vapor or liquid phase processes. In some embodiments,
the substrate is chemically functionalized with moictics that provide high affinity to lubricating
iquid, such as functionalized with heptadecafluoro-1,1,2,2-tetrabydrodecyltrichloresilane when

hydrophobic and fluorinated lubricants are used.

{8053} In some embodiments, the first region of the substrate is formed by physically
roughening the substrate to provide at least in part surface chavacteristics that provide a stable
Fauid film with the first lubricating Liquid. In some embodiments, the physically roughening
comprises at least one of additive or subtractive processes. In further embodiments, the process
i subtractive and s sclected from at least one of sand-blasting, sputtering, reactive ion ctching,
or chemical etching. In still further embodiments, the process is chemical ransformation. In
still further embodiments, the chemical transformation comprises bochmite formation from an
afumioum oxide substrate, In stilf further embodiments, the process is additive and is selected
from at least one of sol-gel deposition, colloidal deposition, growth of norganic nanostructures
{such as carbon nanctubes), growth of polymeric nanostructures (such as polypyrrole), particies
spraying, layer-by layer deposition, or the formation of nanostructures. In still finther
embodiments, the substrate is pattemed by shadow masking, photolithography or soft
hithography. In still further embodiments, the hiquid-coated substrate is formed by masking the
substrate to provide exposed regions and masked regions, and chemically functionalizing the
exposed regions of the subsirate to form the first region of the substrate, said chemical
functionalization providing a first region having at least in part surface characteristics that
provide an unstable film with the first lubricating hquid and a second region that is free of
chemical functionalization, yet the intrinsic material has strong affinity with the first

fobricating liquid to form a stable film, In still further embodiments, the liquid-coated substrate
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comprises at least one of holes, apertures, pores, channels, wells, voids or perforations, the

method further comprising punching apertures in the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

16654} The following figures arc provided for the purpoese of tllustration only and are not

intended 1o be imiting,

[G055] FiG. 1 shows a schematic of a self-healing slippery Hguid-infused porous surface

{(SLIPS) in accordance with certain emboediments of the present disclosure.
(6056}

18657} FIG.2 shows an illustration of a method of ereating SLIPS and non-SLIPS regions
by controlling the interfacial energies of the solid surface with a suitable hubricant to create
stable and unstablc regions with region-specific properties in accordance with certain

embodiments of the present disclosure,

1058} Fi(s. 3 shows a schematic for formation of patterned absorbing material in

accordance with certain embodirents of the present disclosure.

(8635} FIG. 4 shows a schematic for formation of a 2-layer porous solid that is composed
of two different types of materials in accordance with certain embodiments of the present

disclosure.

8066} FIG. 5 shows a schematic for the preparation of a patterned SLIPS on a flat, smooth
solid in accordance with certain embodiments of the present disclosure.

{8061} FIG. 6 shows a schematic for the preparation of a patterned SLIPS ona 2.5 D
patterned solid (i.e. beginning with a smooth substrate) in accordance with certain
embodiments of the present disclosure,

8062} FIG. 7 shows a schematic for the preparation of a patterned SLIPS on a 3D porous
solid {i.e. beginning with a porous substrate) in accordance with certain embodiments of the
present disclosure.

[8063] FiG. 8 shows an alternative schematic for the preparation of a pattermed SLIPS ona
3D porous sohid in accordance with certain embodiments of the present disclosure.

6064} FIG. 9 shows an alternative schematic for the preparation of a patterned SLIPS on a

3D porous solid in accordance with certain embodiments of the present disclosure

16
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[8065] FiGs, 18A through 18 shows a diagram of a3 patterned SLIPS layer allowing an
acqucous phase to pass through a perforated SLIPS layer when placed into contact with the

surface mn accordance with certain embodiments of the present disclosure.

18066} Fi(s. 11 shows a schematic image of a SLIPS wound dressing or bandage in

accordance with certain cmbodiments of the present disclosure.

18667} FIG. 12 contains an SEM image showing the photo-patterned structured boehmite
{AIO(OH)) coating on 3 glass substrate produced from UV-sensitive sol-gel alomina precursors

and the resulting bochmite morphology.

[B868] Fi(s. 13 shows an example of a sccond liquid displacing a first liquid in a
heterogencously functionalized SLIPS substrate in accordance with certain embodiments of the

present disclosure.

(68691 FiG. 14 shows SEM images of inverse monolayer structures prepared from colloids
with sizes as specified in the insets in accordance with certain erobodiments of the presont

disclosure.

18676} FIG. 18 shows a schematic iHustration for forming a patierned SLIPS surface over

surface features USING inverse monolayer structures in accordance with certain embodiments.

18671} FIG. 16 shows patterned transparent SLIPS coatings generated by selective

colloidal deposition in accordance with certain embodiments of the present disclosure.

18672} FiG. 17A-17D shows a series of images demounstrating a SLIPS membrane (cPTFE
saturated with perfluorocarbon hiquid) which contains an array of 1 mim diameter holes coupled
with an absorbent backing layer (hydrophilic tissue) used as a bandage in which FIG. 174
shows an aqueous test fhud, FIG, 178 shows the SLIPS membrane in contact with the test
fluid, whereby the bandage immediately causes wicking through the SLIPS layer, to wet only
the absorbing layer, FIG, 17C shows the separated absorbing material, which contaios the test

fluid, while FIG. 17D shows that the SLIPS layer has not absorbed any of the test fluid.
BETAILED DESCRIPTION

18673} The patent and scientific Hterature referred to herein establishes knowledge that is
available to those of skill in the art. The issued U.S. patents, allowed applications, published
foreign applications, and references, that are cited herein are hereby incorporated by reference
to the same extent as if each was specifically and individually indicated to be incorporated by
reference.

11
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[8074] For convenicnce, certain torms employed in the specification, examples and claims
are collected here. Unless defined otherwise, all technical and scientific torms used in this
disclosure have the same meanings as comomonly understood by one of ordinary skill in the ant
to which this disclosure belongs. The initial definition provided for a group or term provided
in this disclosure applics to that group or term throughout the present disclosure individually or

as part of ancther group, unless otherwise indicated.

{66751 The present disclosure describes slippery surfaces referred to herein as Slippery
Liguid-Infused Porous Surfaces (SLIPS). In certain embodunents, the slippery surfaces of the
present disclosure exhibit anti-adhesive and anti-fouling properties. The shippery surfaces of
the present disclosure are able to prevent adhesion of a wide range of materials, Exemplary
materials that do not stick onto the surface inchude liquids, solids, and gases (or vapors). For
exaraple, Hquids such as water, oil-based paints, hydrocarbons and thetr mixtures, organic
solvents, complex fluids such as crude oil, protein-containing fluids and the like can be
repelled. As another example, complex biclogical fluids, such as bodily fluids (blood, saliva,
grine, secretions, mucus, and the like) can be repelled. The liquids can be both pure Hauids and
complex flnids. In certain embodiments, SLIPS can be desigoed to be omniphobic, where
SLIPS exhibit both hydrophobic and oleophobic propertics. As another example, solids such
as bacteria, spores, insccts, fungi, algae, and the like can be repelied. As another example,
solids such as ice, paper, sticky notes, or inorganic particle-containing painis, dust particles can
be repelled or cleaned. SLIPS surfaces are discussed in International Patent Application Nos.
PCT/US2012/21928 and PCT/US2012/21929, both filed January 19, 2012, the contents of

which are hereby incorporated by reference in their entireties.

8876} Such materials that can be prevented from sticking to the slippery surfaces disclosed
herein are veferred to herein as “Object A7 Object A that is in hquid form is referred to as
“Object A o Higuid form,” or “liquetied Object A, or “Liquid A" Object A that 15 in solid
form is referred to as “Object A in solidified form,” or “solidified Object A” or “Sohd A7 In

certain embodiments, Object A can contain a mixture of both solids and fluids.

6877} A wide range of materials can be repelied by the slippery surfaces of the present
disclosure. For example, Object A can include polar and non-polar Liquids A and their
solidified forms, such as hydrocarbons and their mixtures {e.g., from pentane op to hexadecane
and minceral oil, paraffinic extra light crude oil; paraffinic light crude oil; paraffinic hight-
medium crude oil; paratfinic-naphthenic medium crude oil; naphthenic reedivm-heavy crude
oil; aromatic-intermediate medium-heavy crude oil; aromatic-naphthenic heavy crude oil,
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arpmatic-asphaltic crode oil, etc.), ketones {e.g., aceione, cic.}, alcohols {e.g., methanol,
ethanol, sopropanol, dipropylene glycol, ethylene glyeol, and glycerol, ete.), water (with a
broad range of salinity, e.g., sodiunm chloride from 0 to 6.1 M; potassium chloride from 0 to 4.6
M, ete. ), acids {e.g., concentrated hydrafluoric acid, hydrochloric acid, nitric acid, etc.} and
bases {(e.g., potassiom hydroxide, sodium hydroxide, etc.), and ice, ete. Object A can inchude
biological objects, such as insects, small animals, protozoa, bacteria, viruses, fungi, bodily
flinds and tssues, proteins and the like. Object A can include solid particles suspended m
Equid. Object A can include non-biological objects, sach as dust, colloidal suspensions, spray
paints, food Hems, conmmon houschold materials, and the hike. Object A can include adhesives
and adhesive films. The hist is intended 1o be exemplary and the slippery surfaces of the

present disclosure are envisioned to successfully repel mumerous other types of materials,

1B678] In certain embodiments, the shippery surface of the present disclosurc has a
coefficient of friction that is lower than that of polytetrafluorocthylene (PTFE or TEFLON)
surface. In certain embodiments, the coefficient of friction may be less than 0.1, less than $.05,
or cven less than 0.04. In certain embodiments, the coefficient of friction can be measured by
shding two different surfaces agaiost each other. The value of the coetficiont will depend on
the load applicd onto the surfaces, the sliding velocity, and the materials of the surfaces. For
example, a reference surface, such as a polished steel, could be used to slide against the target
surfaces, such as Teflon, or the SLIPS of the present disclosure could be used to slide agaiost

itself {e.g., SLIPS/SLIPS) to obtain the coefficients of friction (both static and dynamic).

[8079] A schematic of the overall design of Slippery Liquid-Infused Porous Surfaces
(SLIPS) is iHustrated i FIG. 1. As shown, the article includes a solid surface 168 having
surface features 11§ that provide a certain roughness (7.e. roughened surface) with Liquid B
128 applied thereon. A fumctional layer 115 can be applied to the substrate surface 188/118 to
provide affiuuty of Liquid B for the surface. Liguid B wets the roughencd surface, filling the
hills, valieys, and/or pores of the roughened surface, and forming an ultra-smooth surface 136
over the roughened surface. This surface can either create an overcoat layer covering the
topography of the substrate, or form a conformal coating that follows the topography of the
structured surface. Due to the ultra-smooth surface resulting from wetting the roughened

surface with Liquid B, Object A 148 does not adhere 1o the surface.

10881 SLIPS can be designed based on the surface energy matching between a lubricating
fluid and a solid {i.e. formation of a stable lubricating film which 15 not readily displaced by
other, mmiscible fluids). In some embodiments, SLIPS can be designed based on at least the

13
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following three factors: 1) the lubricating liquid (Liguid B) can infuse into, wet, and stably
adhere within the roughened surface, 2) the roughened surface can be preferentially wetted by
the lubricating Liquid (Liquud B) rather than by the liquid, complex fluids or andesirable solids
to be repelled {Object A), and 3) the lubricating fluid (Liguid B) and the object or liquiid to be
repelled {Object A} can be immiscible and may not chemically interact with cach other. These
factors can be designed 1o be permanent or lasting for time periods sufficient for a desired life
or service time of the SLIPS surface or for the time till a reapplication of the partially depleted

mfusing liquid is performed.

[BO81] The first factor {a lubricating hiquid (Liquid B) which can infuse into, wet, and
stably adhere within the roughened surface) can be satisfied by using micro- and/or
nanctextured, rough subsirates whose large surface arca, combined with chemical affinity for
Liquid B, facilitates complete wetting by, and adhesion of, the lubricating fhuid. More
specifically, the roughness of the roughened surface, R, can be selected such that R 2 1/cosfpx,
where R 15 defined as the ratio between the actual and projected areas of the surface, and fex is
the equilibrivm contact angle of Liquid B on 2 flat solid substrate immersed under medivm X
(¥ = water/air/other founiscible fluid medium). In certain embodiments, R may be any value
greater than or equal to 1, such as 1 (this will correspond to a flat, unstructured surface), 1.5, 2,

5, or higher.

16682} To satisfy the second factor (that the roughened surtace can be preferentially wetted
by the lubricating hiquid (Liquid B) rather than by the lquid, complex fhuids or undesirable
solids to be repelled (Object A)), a determination of the chemical and physical properties
required for working corabinations of substrates and lubricants can be made. This relationship
can be qualitatively described in terms of affinity; to ensure that the Object A to be repelied
{fhuid or solid) remains on top of a stable lubricating film of the lobricating liquid, the
hubricating liquid moust bave a higher aftimity for the substrate surface than materials 1o be
repelled, such that the lubricating layer carmot be displaced by the haquid or solid to be
repelled. This relationship can be described as a “stable” region. As stated above, these
relationships for g “stabic” region can be designed to be satisfied permanently or for a desired
period of time, such as lifetime, service time, o7 for the time till the replenishment/reapplication

of the partially depleted infusing haquid is performed.

18083} A cormparison of the total interfacial encrgies between textured solids that are
completely wetted by cither an arbitrary immiscible liquid (£4), or a lubricating fluid with (&)
or without (£72) a fully wetted mumiscible test iquid floating on top of it can be caleulated.
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This can ensure that Object A remains on fop of a stable lubricating film of Liguid B. 1o order
to ensure that the solid is wetted preferentially by the lubricating fluid, both AE, = £, - £,> 0

and AEy = £ — £, > ( should be true. The equations can be expressed as:
AEy = R(ypcosfly — yacosfs) —yap > 0 {eq. 1)
Afy = R{vgeosfig — yacosta) +va —yp >0 {eq. 2)

where y, and yg are the surtace tensions for the test Hquid to be repelied and the lubricating
fluid, yap is the interfacial tension at the bguid-ligund interface, 8, and &g are the equilibriunm
contact angles of the immiscible test liguid and the lubricating thuid on a flat solid surface, and
R is the roughness factor {i.e. the ratio between the actual and projecied surface arcas of the
textured solids). This relationship can also be qualitatively described in terras of affinity; to
ensure that Object A remains on top of a stable lubricating film of Liquid B, Liguid B must
have a higher affinity for the substrate than Object A. This relationship can be described as a
“stable” region. Conversely, where Object A has a higher affinity for the substrate {for
example, and unfimctionalized region of the substrate) than Liguid B, Object A will displace

Liguid B in that region. This relationship can be described as an “unstable” region.

18684] To satisfy the third factor (that the lnbricating fluid (Liguid B) and the object or
hiquid to be repelled (Object A} can be immiscible and may not chemically interact with cach
othery, the enthalpy of mixing between Object A and Liguid B shoeld be sufficiently high (e.g.,
water/oil; insect/oil; ice/oil, otc.) that they phase separate from cach other when mixed together,
and/or do not undergo substantial chemical veactions between cach other. In certain
embodiments, Object A and Liquid B are substantially chemically inert with cach other so that
they physically remain distinct phascs/materials without substantial mixing between the two.
For excellent immiscibility between Liguid A and Liquid B, the solubility in either phase
should be < 500 parts per million by weight (ppmw). For example, the solubility of water
{Liquid A) i perflucrinated floid (Liqud B, e.g., 3M Fluorinert™) is on the order of 10 ppmw;
the solubility of water (Liquid A) in polydimethyisiloxane (Liguid B, MW = 1200} is on the
order of 1 ppo In some cases, SLIPS performance could be maintained transiently with
sparingly immuseible Ligquid A and Liguid B. In this case, the solubility of the liquids in either
phase is < SO0 parts per thousand by weight (ppthw). For solubility of > 500 ppthw, the Hguids
are said to be miscible. For certain embodiments, an advantage can be taken of sufficiently

slow miscibifity or mutual reactivity between the infusing Higuid and the Hguids or solids or

i
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objects to be repelled, ieading to a satisfactory performance of the resolting SLIPS overa

desired period of time.

[BBES] A meta-stable state is created when the lubricant’s low surface tension wets the
surface but a “lock in”, that is, the energetical minimum situation is not supported by the
surface chemistry, As a result, the SLIPS state will eventually break down upon addition of a
second Hquid that has a higher affimity to the umderlying surface. However, this may take time,
and the surface will remain in a SLIPS state until the stable sorface lubricating layer is
disrupted. Thus, a2 meta-stable slips surface can be created even though the conditions for
thermodynamic stability are not satisfied. A meta-stable state could also be created on a
surface on which the supporting roughmess is not high enough to allow a stabilized liquid layer
(SLIPS) to form. The formation of such meta-stable slips surface is still advantageous over
non-slippery materials, 1f it can maintain its shippery properties for a desired period of time,
such as lifetime, service time, or for the time till the replenishment/reapplication of the partially
depleted infusing hquid is performed.

(8886} The propertics of the SLIPS surfaces disclosed hersin, namely, an ultra-smooth
surface resolting from wetting the roughened surface with the wetling Hepid, such that other
fiquids, solids and gases do not adhere to the surface, make it suitabie for a bandage or wound
dressing. The SLIPS surface can provide protection without sticking to the wound. However,
the high slip and low adhesive properties of SLIPS surfaces provides challenges as a wound
dressing. The same repellant surface that prevents adhesion to the wound, also prevents
absorption of wound exudates. In addition, the low adhesive propertics of SLIPS surfaces
makes it difficult to adbere such surfaces to other layers, such as a backing layer. Accordingly,
disclosed herein are articles exhibiting different propertics on different surfaces of the article,

e.g., different surfaces having ship and non-slip properties.

18687} Further detail on the selection of components for a SLIPS surface can be found in
Interpational Patent Application Nos. PCT/US2012/21928 and PCT/US2012/21929, both filed
January 19, 2012; International Patent Application No, PCT/US2012/63609, filed November §,
2012; U.S. Patent Application No. 61/555,957, filed November 4, 2011, entitled Dynamic
Shppery Surfaces; U.S. Patent Application No. 61/671,442, filed July 13, 2012, entitled
SELECTIVE WETTING AND TRANSPORT SURFACES; U.S. Patent Application
No.61/671,645, filed July 13, 2012, entitied HIGH SURFACE AREA METAL OXIDE-
BASED COATING FOR SLIPS; and U.S. Patentt Application No. 61/673,705, filed July 19,
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2012, entitled MULTIFUNCTIONAL REPELLENT MATERIALS, the contents of which are

bereby incorporated by reference in their entireties.
Y Y

[B0ER] In some embodiments, a spatially heterogencous pattern on a liguid-coated sorface
is created by first functionalizing a solid surface with spatially defined regions having different
surface energics. Spatially defined regions are those which occupy less than the total arca of a
given surface of the substrate, that is, the surface energy properties of the surface varies
laterally. Exemplary methods of creating such spatially defined regions include chemical
functionalization with different surface functionalities, patterning with different materials and
variation in surface roughness of the same material. Any other patterning methods that vesult
in the localized changes of the surface properties are applicable. When a given labricant is
contacted with such a pattorned surface, certain regions form a stable lubricant film owing to
the matching tn surface coergics between the solid and lubricant (e, AK) > O and AE > ),
whereas the rest of the regions remain unstable (e, A, <0 and/or AE, <0). When 4 suitable
imniscible Hquid, which can have higher affinity to the surface in the unstable region,
encounters the unstable hubricating region, it can displace the lubricant and remain &rapped

within the patterned region (see FiGs. 2-4).

10891 FI(s. 3 shows the concept of patterning on shippery liquid-coated solid. Instep 1, 2
functionalized porous material is provide. In some embodiments, the matorial s textured. Tn
step 2, a mask is applied and functionalization is locally and selectively removed by ctching,
Step 3 shows spatially defined patterns formed within the porous material as a result of the
ctching in step 2. In step 4, Liquid B is infosed into the porous material. As shown in step 4,
Liguid B bas affinity for the functionalized porous material, and a lesser degree of affinity for
the areas where functionalization has been removed. In step 3, immiscible Liguid A is applied
to the porous material. As shown in step 5, because Liquid A has a greater affinity for the
arcas where functionalization has been removed when compared to Liguid B, Liguid A
displaces Liguid B and occupies these arcas. As also shown in step S, Liquid B remains in the
fimctionalized porous areas, as Liquid A lacks sufficient affinity for the fonctionalized porous
areas to displace Liguid B from this regions. The result of step S shows an embodiment of
spatially heterogencous patterned SLAPS. Potential applications include spatially defined
patterning of cells for tissue enginecring, mechanobiology, and single cell study, patterning of
biclogical fluids, as well as high sensitivity biological sensors. Other applications include
microfluidics, conirolied placement of molecules or materials without cross-contamination, etc.

In some cmbodiments, the material provided in step 1 can be smooth, and functionalization can

1
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be added locally to provide a spatially heterogeneous surface (see FIG. 8). Insome
embodiments, functionalization can be removed by providing a hole, pore, aperture, channel,
well, void or perforation through the solid, such that the material defines holes, pores, apertures,
voids or perforations. In some embodiments, Liquid B has a lesser degree of affinity for the
holes, pores, apertures, channels, wells, voids or perforations than for the functionalized porous
material and is displaced in these arcas by Liquid A, which has a higher affinity for the hole,

nore, aperture, channel, well, void or perforation as compared fo Ligud B.
9 g 9

[8054] In certain embodiments, the hiquid-coated substrate comprises patterning throngh at
least a portion of the vertical thickness of the subsirate. In some embodiments, the Hgud-
coated sobstrate comprises a heterogeneoos surface pattern which is disposed through at least a
portion of the thickness of the substrate. Tn certain embodiments, the second region is capable
of wicking a wicking hqguid into or through the substrate. Iu further embodiments, the Hiquid-
coated substrate comprises a thickness, at least an upper layer comprising less than the total
thickness of the substrate and a lower layer comprising less than the total thickness of the
subsirate; wherein said upper layer comprises a first side of said substraie; at least a portion of
said first side baving surface characteristics that provides a stable hiquid film with a first
tubricating liquid; and a first lubricating Bauid disposed over said at least a portion of said at

fcast a portion of said first side.

EHIMEY I some embodiments, vertically patterned hquid-coated substrates are formed by
adhering two different materials together to form a single substrate, sach that the substrate
comprises at least a top layer and a bottom layer which display different surface characteristics.
For exaraple, as shown in FIG. 4, Porous Material | and Porous Material 2 may be joined
together such that the formed subsirate has an upper laver comprising Porous Material | which
has an affinity for Liquid B and a8 lower layer comprising Porous Material 2 which has an
affinity for Liquid A. In other combodiments, a substrate can be formed of a single material
having a thickness with a particular surface characteristic, wherein a sccond surface
characteristic is selectively mtroduced onto one side of the substrate. In some embodiments,
the second surface characteristic is introduced by additive or subtractive processes. For
example, in some embodiments a substrate having a first surface characteristic is chemically or
physically etched selectively on one side through less than the total thickness of the substrate to
provide a single substrate having different surface characteristics on opposing sides. In other

embodiments, a subsirate having a first surface characteristic is physically or chemically
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functionalized selectively on one side to provide a single substrate baving different surface

characteristics on opposing sides.

6093} In certain embodiments, heterogeneous topographies or spatially-defined patterns of
selective wettability on a iquid-coated or liquid-infiltrated solid substrate (SLIPS) impart
different functionalitics to different regions of the articles. The regions that allow selective
wetting {e.g., of an aqueous phase) can allow, by way of non-hmiting example, local culture of
cells, or transport of Hguid through a SLIPS layer for sensing or drainage functions. The
combination of these ultra-low adhesion and selective wetting (or wicking) propertics can be
used for applications for patterning of biological and non-biclogical substances, printing of
characters, creating lquid adhesives, or permeable/non-permeable solid support, or for the

design of bandage or “breathing skin layer” biomedical materials

16693} In certain embodiments, a non-adhesive article capable of absorbent wicking 1s
disclosed which comprises a wound dressing, or bandage, specifically for protecting wounds,
burns or skin frauma from exposure and infection. The absorbent wicking allows drainage of
the exudate thitd from the wound (to an absorbent layer), and the non-adhesive surface
prevents adhesion of the wound tissue to the bandage. The SLIPS lobricant can be highly
soluble and permeable to oxygen, to allow a high flox of oxygen to the wound tissue surface, to
aliow improved wound repair. In addition, the bandage can provide one or more of the
following properties. The bandage can be sclected from materials to provide oxygen
permeability to the wound surface. The non-adhesive article capable of absorbent wicking can
be selected from materials to provide absorbance of wound exudate fluid, blood, pus, etc. It
can be non-adhesive to the underlying tissue, but include an adhesive strip for securing 1o

healthy tissue.

18894 In some cmbodiments, the first region of the substrate is chemically fimetionalized
to provide at least in part a surface encrgy that provides a stable or meta-stable liquid film with
the lobricating liquuid. In further embodiments, the second region of the substrate is chemically
functionalized to provide at [east in part a surface energy that provides a stable film with a
second hquid. The exact surtace functionalization is substrate specific. For example,
alkylphosphonates can be used to fimetionalize alumina, while silanes are good for surfaces
that contain or that were pretreated to contain hydroxyl groups. In some embodiments,
chemical functionalization is accomplished with silanes, and can be for example chlorosilanes,
cthoxysilanes, methoxysilancs with a range of hydrocarbon and fluorocarbon chatns. A
common surface treatment can be hexamethyldisilane (HMDS) or heptadecathioro-1,1,2.2-
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tetrabydrodecyltrichlorosilane. In some embodiments, chemical functionalization is

accoraplished by vapor deposition.

{6895} In some embodiments, before the wetting layer-coated substrate is exposed to the
second liquid, the substrate is completely wetted by the first lubricating liguid, notwithstanding

the lesser affinity of the first lubricating Hquid for the second region.

(6696} In some embodiments, the article is functionabized on a first surface with a
roughened, structured or porous surface nfused with a lubricating liquid that provides an
ultrasmooth, shippery surface (i.e. a stable Hguid film). The roughened, stractured or porous
surface can be a functionalized or modified portion of the first surface, or it can be a layer that
is apphied to the article. By way of example, the roughened, structured or porous surface can
be a porous sheet applied onto the article. In other embodiments, the roughened, structured or
porous surface can be a molded micro- or nanostructure, or it can be a roughened surface
obtained by particle spraying, sandblasting, embossing, imprinting, electrodeposition, or
ctching the surface of the substrate. In some embodiments, the roughened surface is further
chemically or physically functionalized, wher needed, to provide the high affinity to 2
febricant that allows the hubricant to be stably attached to the surface. In some embodiments,
the layer of ubricating liguid is thin and relatively immobilized on the roughened or porous
surface, that 1s, the interaction between the substrate and the lubricating liquid is sufficiently
strong enough to prevent the free flow of the hiquid over and from the surface (f.e. a stable
hquoid film is formed). In some embodiments, volome of lubricating Liquid is present at a level

sufficient to just cover the highest projections of the roughened surface.

{3097} In certain embodiments, the present disclosure describes solid matrices comprising
a SLIPS suorface and a Hguid adhesive surface provided by selective displacement of lubricant.
In certain embodiments, a 2-layer porous solid composed of two different types of material is
provided, wherein one layer has matching surface encrgy to Ligquid B {but does not have
matching surface energy to Liquid A), while the other layer has matching surface encrgy to
Liguid A {but does not having matching surface cnergy to Liquid A} Accordingly, in certain
embodiments, the material can be treated with a non-adhesive Liquid B, while an adhesive
Ligud A displaces the portion of Liquid B in contact with the laver of the material which has
matching surface energy to Liquid A. This embodiment therefore provides a 2-layer material
which can adhere to a secondary substrate on one side, while providing an outer SLIPS surface.
In certain embodiments, Liguid A is chosen such that it can polymerize to form permanent
bonding with the secondary solid substrate.

pit
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(8098} In certain embodiments, the upper porous region of the porcus substraie is
chemically functionalized to provide at lcast in part a surface encrgy that provides a stable
hiquad film with the lubricating liquid. In further emnbodiments, the lower povous region of the
porous substrate i3 chemically functionalized to provide at least n part a surface energy that
provides an unstable film with the hubricating liguid. In some embodiments, chemical
functionalization is accoroplished with heptadecafivero-1,1,2,2-tetrahydrodecyttrichlorostiane.

In some embodiments, chemical functionalization 1s accomplished by vapor deposition,

[6899] In certain erobodiments, the upper porous layer of the substrate is hydrophobic or

omniphobic and the lower porous layer of the substrate is hydrophilic.
Roughened Suriace

161681 As used herein, the term “‘roughened surface” includes both the surface of a three-
dimensionally porous material as well as a solid surface having certain topographies, whether

they have regular, quasi-regular, or random patterns.

#1901} In certain embodiments, the roughened surface may have a roughness factor, R,
greater than 1, where the roughuness factor is defined as the ratio between the real surface area
and the projected surface arca. For conplete wetting of Liguid B fo oceur, i 18 desirable to
have the roughness factor of the roughened surface to be greater or equal to that defined by the
Wenrel relationship (e, R = eos, where § s the contact angle of Liquid B on a flat solid
surface). For example, if Liquid B has a contact angle of 50° on a flat surface of a specific
material, it is desirable for the corresponding roughened surface to have a roughness factor

greater than ~1.5,

(8192} In certain embodiments, the presence of a roughened surface can promote wetting
and spreading of Liquid B over the roughened surface. In cortain embodiments, the roughened
surface can be manufactured from any suitable materials. For example, the roughened surface
can be manafactured from polymers {e.g., epoxy, polycarbonate, polyester, nylon, Teflon, etc.),
metals {e.g., tungsten, aluminum, stainfess steel, copper, zine, and titaniom), ), sapphire, glass,
carbon in different forms (such as diamond, graphite, black carbon, ete.), ceramics (e.g.,
alumina, silica), and the fike. For example, fluoropolymers such as polytetrathioroethylene
{PTFE), polyvinytfluoride, polyvinylidene fhuoride, fluorinated ethylene propylene, and the
like can be wtilized. In addition, roughened surfaces can be made from materials that have

functional propertics such as conductive/non-conductive, and roagnetic/non-magnetic,



WO 2014/012078 PCT/US2013/050402

clastic/non-clastic, light-sensitive/non-iight-sensitive materials. A broad range of functional

materials can make SLIPS.

[#183] In certain embodiments, the roughened surface may be the porous surface layer of 2
substrate with arbitrary shapes and thickness. The porous surface can be any suitable porous
network having a sutficiont thickness to stabilize Liquid B, such as a thickness from above 100
nm, or the effective range of intermolecular force felt by the hquid from the sohid material.
Below 100 nm thick, the hquid may start to lose its Hquid property. The substrates can be
constderably thicker, however, such as metal sheets and pipes. The porous surface can have
any suitable pore sizes to stabilize the Ligud B, such as from about 10 nm to about 2 mm.
Such a roaghened surface can also be gencrated by creating surface patterns on a solid support

of indefinite thickness.

[8164] Many porous materials are commercially available, or can be made by a number of
well-established manufacturing techoigues. For example, PTFE filter materials having a
randomly arranged three-dimensionally interconnected network of holes and PTFE fibrils are

commercially available.

16105} Porous materials can be produced through direct modification of an aluminom
substrate. For exarple, aluminum can be sandblasted to create hicrarchical ronghness,
followed by ultrasonic cleaning in acetone and finally boiling in distilled water. The resulting
Boechmite surface can then be chemically modified by a mimber of methods known in the art.
In some embodiments, the substrate can be partially or selectively functionalized in this
maunner, resulting in a substrate with both roughened and non-roughened regions. Production
of porous materials produced through divect modification of an aluminum or other metal
substrate are discussed in further detail in U.S. Patent Application No. 61/671,645, filed July
13, 2012, titled HIGH SURFACE AREA METAL OXIDE-BASED COATING FOR SLIPS
and co-pending International Application entitied SLIPS SURFACE BASED ON METAL-
CONTAINING COMPOUND, the contents of which are hereby incorporated by reference in

their entirety.

[8186] SLIPS surfaces can also be made from transparent sol-gel alumina-based Bochmite
coatings. For example, an alumina sol-gel precursor can be prepared from ahominum tri-fert-
butoxide, ethylacetoacetate, 2-propanol and water and then spin or spray coated on a substrate,
dried and treated with distilled water to provide a thin Bochmite coating which can be

subsequently used to form a SLIPS surface. Sol-gel coatings can be applied to a variety of
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substrates, such as polysalfone, poly(methyl methacrylate) (PMMA), polycarbonaie,
polystyrene, polyurcthane, epoxy, polyolefins, polyvinylehloride (PVC), polyethylene
terephthalate (PET), glass and stainless steel. Sol-gel coatings can be applied in a variety of
thicknesses, for example, 10 am, 50 nm, 100 om, 110 nm 150 nm, 200 om, 250 nm, 300 nm,
400 nm and 500 nm. 1n some embodiments, sol-gel derived Bochmite coatings arc transparent

and/or anti-reflective.

16167} Patterned roughened surfaces can alse be obtained in a variety of well-established
techniques. In some embodiments, a substrate 1s patterned with non-uniform chemical

fimctionalization of a structurally umiform substrate.

16108} In some embodiments, a substrate is functionalized using select colloidal deposition,
Colloidal deposition can be used to prepare thin filres on substrates that give rise to rough
surfaces with effective ommiphobic behavior without affecting the optical properties of the
substrate. Colloidal surface coatings comprise inverse opal stractures, either in form of
monclayers (20} or 3D arrangements of colloids that arc backf{ilied with silica precursor
materials, The colloids can be removed to give rise to an inverse porous network of silica. The
surface fumctionalities of the silica can be tuned according to the desired application.
Specifically, it can be made hydrophilic, hydrophobic or fluorophilic by silanization reactions.
Using tluoro-silanization, a stable SLIPS state 1s created by addition of fluorinated lubricants.
This addition induces omniphobic behavior to the substrate: higuids or dispersions are
effectively repellied from the substrate and do not leave traces. Colloidal deposition can be
selectively applied by photolithographic methods using a structured substrate, followed by
selective silanization of the exposed regions of the surface. Full transparency of the coating
can be achieved by three methods: 1) applying colloidal monolayers as templates with colloid
sizes smaller than 400 nm; 2) applying colloidal monolayer with a high degree of damage to
thin out the optical thickness of the filra; 3} applying 3D opal films conmposed of two or more
different colloids with sizes chosen in a way to prevent the formation of 4 regularly ordere
crystal. Functionalization of a substrate using colloidal deposition is discussed in further detail
in co-ponding Tnternational Patent Application entitled SEIPPERY LIQUID-INFUSED
POROUS SURFACES HAVING IMPROVED STABILITY, filed on cven date herewith, the

contents of which are hereby incorporated by reference i their entirety.

161691 A schematic for a series of processes of making patterned SLIPS from a flat smooth
solid is shown in FIG. 8. The process includes an optional conditioning step, a paticrning step

and a lubrication step. Chemical functionalization can be used to provide surface energies used
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to satisfy SLIPS conditions. In some embodiments, a flat smooth sclid is chemically
functionalized by vapor or liquid phase processes, patterned by either screcning, printing,
shadow masking or photolithography, with the resulting solid being physically or chemically
etched. The etched solid is then either dip coated, spray coated, rubbed or subjected to vapor
deposition prior to exposure {o a lubricating lquid, resulting in patterned SLIPS. In other
embodiments, a flat solid 18 patterned without chemical functionalization by cither screening,
printing, shadow masking or photolithography, with the resulting solid being physically or
chemically etched. The etched solid is then either dip coated, spray coated, rubbed or subjected

ta vapor depesition prior to exposure to a lubricating liquid, resolting in patterned SLIPS.

{116} In some embodiments, 1t is desired to provide regions of varying characteristics that
extend not only along the surface of the article, but also into the bulk or thickness of the layer.
A schematic for a serics of processes of making 2.5 patterned SLIPS, e.g., a surface patiern
that is carvied out through at least a portion of the thickness of the layer of an mitially smooth
substrate is shown in FIG. 6, which is processed to create roughness. In some embodiments, a
solid is roughened either by additive or subtractive processes. The resuliing roughened solids
are cither chemically fumctionalized and then patierned, or divectly patterned by cither pringing,
shadow masking or photolithography. The patterned solid 1s then either physically or
chemically etched. The resulting solid can then be dip coated, spray coated, rubbed or undergo
vapor deposition. Lastly, a lubricating hquid is added to form a patterned SLIPS surface. In
other embodiments, a pre-roughened solid is patterned by either shadow masking or
photohithography. The patterned solid is then cither physically or chemically etched. The
resuiting sclid can then be dip coated, spray coated, rubbed or undergo vapor deposition.

Lastly, a lubricating hiquid is added 1o form a patterned SLIPS surface.

{111} Roughening processes known in the art may beused. Exemplary processes for
roughening include application of ligquid phasc material (paint or wk, spray, spin, dip, air brash,
screen printing, inkjet printing); -deposition or reaction of gas phase matenial (CVD, plasma,
corona, ALD, PVD), -sputtering or evaporation of metal or metal oxide, composite phase
material deposition {particle + binder), electrodeposition or other solution phase growth of
material {conducting polymer, electroplated metal, electrophoretic deposition of particles,
surface-initiated polymerization, mineralization), gas phasc growth of material (nanofibers),
multiple layer deposition (repeated coating, layer-by-layer deposition), seif~assembly of

precursor material (minerals, small molecules, biomolecules, polymers, nanoparticles,
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colloids), or growth of layers by oxidation -transfer coating and printing {contact printing,

pattern fransfer).

{113} A schematic for a series of processes of making 3D patterned SLIPS is shown in
FIG. 7. Inconirast to FHG. 6, the starting material in FIG, 7 is porous, and can be used to
create a SLIPS surface. In some embodiments, a solid is roughened etther by additive or
subtractive processes. The resulting roughened solids are either chemically functionalized and
then patterned, or directly patterned by either printing, screening, shadow masking or
photolithegraphy. The patteroed solid is then either physically or chemically etched. The
resulting solid can then be dip coated, spray coated, rubbed or undergo vapor deposition.
Lastly, a lubricating liquid 1s added to form a patterned SLIPS surface. In other embodiments,
a pre-roughened solid is patterned by either shadow masking or photolithography. The
patterned sohid is then either physically or chendcally etched. The resulting selid can then be
dip coated, spray coated, rubbed or umdergo vapor deposition. Lastly, a lubricating lquid is

added to form a patterned SLIPS surface.

[8113] In some embodiments, the solid used to create SLIPS has chemical affinity fora

fobricating lipnd. In these embodiments, when a hubricating Hauid is applied to the subsirate,
g 1 £ i DY

the lubricating liguid will preferentially wet portions of the substrate which have not been

functionalized or roughened, causing these regions to also act as SLIPS,

(8114} In some embodiments, a SLIPS surface is applied as a coating 1o an article, as
depicted in FIG. BA. A solid is coated with a patternable with our without an adhesion
promoter, and the film is patterned through a mask. The remaining filio regions are then
roughened, chemically functionalized, and a lubricant is added to infiltrate the fumctionalized
arcas. In some embodiments, this scheme depicts the formation of a patterned Bochmite

substrate.

(8115} In some embodiments, a SLIPS article is generated from a solid as depicted in FIG.
8B. A solid is coated with a patiernabiec with or without an adhesion promoter, and the film is
patterned through a mask. An adhesion propomoter may be used to create a strong adhesion of
the patternable surface to the underlying based substrate. Roughened materials are then grown
or deposited on selected regions of the sarface. The roughened regions are then chemieally
functionalized, and a lubricant is added to infilirate the functionalized arcas. In some

embodiments, this scheme depicts selective colloidal disposition or localized growth of
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nanofibers on metalized regions of the substrate. In some embodiments, the nanofibers

comprise polypyrrole,

[B11s] In some embodiments, a SLIPS article is gencrated using the coating and pattering
process depicted in FIG, 9A. A solid is coated with a paticrnable material with our without an
adhesion promoter, and the film is roughened. The filio is then optionally chemically
functionalized, and the film is patterned through a mask and a lubricant is added to infiltrate the
functionalized areas. In some embodiments, this scheme depicts the formation of a patterned

Boehmite substrate.

8117} In some embodiments, a SLIPS article is gencrated from a solid as depicted in FIG,
9B. A solid is coated with a patternable with our without an adhesion promoter, and roughened
material 15 grown ot deposited on the substrate. Roughened materials are then grown or
deposited on the subsirate. The roughened regions are then optionally chemically
fumctionalized, the film is patterned through a mask, and a lobricant is added to infiltrate the
functionalized arcas. In some embodiments, this scheme depicts selective colloidal disposition
or localized growth of nanofibers on metalized regions of the substrate. o some embodiments,

the nanofibers comprise polypyrmrale.

Object A
Physical Size of Object A Relative to Its Capillary Length

[G118] In certain erobodiments, Objoct A may shide off from SLIPS by gravity when the
surface is tilted at an angle with respect to the horvizontal, given that the size of Object A, either
n hgquid form or in solidified form, is larger than a characteristic size. Specifically, the effect
of gravity on Object A may be more dominant when its size is much larger than the capillary
fength of Liguid A. Specifically, capillary length is a characteristic length scale that quantifies
the dominance of body force over surface force on an object, which can be quantitatively
expressed as (y/pg)’?, where y, p, and g are surface tension and density of the liquid, and
gravity, respectively. For example, size of Solid A or of Liguid A may be at least 3 times

larger than the capillary length of Liquid A,

#3119} As noted previously, a wide range of materials can be repelled by the slippery
surfaces of the present disclosure. For example, Object A can include polar and non-polar

Liguids A and their solidified forms, such as hydrocarbons and their mixtures {e.g., from
pentanc up to hexadecane and mineral oil, paraffinic extra lght crude oil; paraffinic light crude
oil; paraffinic light-medun crude oil; paraffinic-naphthenic medium crude 0il; naphthenic
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medium-heavy crude oil; aromatic-intermediate medium-heavy crude oil; aromatic-naphthenic
heavy crude oil, aromatic-asphalitic crude oil, ete.), ketones {e.g., acetong, ¢ic.), alcohols {e.g.,
methanol, ethanol, isopropano, dipropylene glyeol, ethylenc glyeol, and glycerol, ete.), water
{with a broad range of salinity, e.g., sodiom chloride from  to 6.1 M; potassium chloride from
{1to 4.6 M, otc.), acids {e.g., concentrated hydroflucric acid, hydrochloric acid, nitric acid, etc.)
and bases {e.g., potassium hydroxide, sodium hydroxide, etc.), wing, soy sauce and the like,
ketchup and the like, olive oils and the like, grease, soap water, sarfactant solutions, and frost
or and ice, ete. Object A can inchude bislogical objects, such as insects, blood, small animals,
protozoa, bacteria (or bacterial biofilm), viruses, fungi, bodily fluids and tissues, proteins and
the hike. Object A can include sohid particles {e.g., dust, smog, dirt, etc.) suspended in Hguid
{e.g., rain, water, dew, ete.). Object A can include non-biclogical objects, such as dust,
collotdal suspensions, spray paints, fingerprings, food items, common houschold items, and the
fike, Object A can include adhesives and adhesive films. The list is intended to be exemplary
and the slippery surfaces of the present disclosure are envisioned to suceessfully repel

numercus other types of materials.

8326 In certain emobodiments, more than ove differcot Object A can be repelled. 1o
certam embodiments, the combination of two or more Object A may together be more readily
repelled as compared to just one Object A,

Liguid B

{121} Liguid B (alematively referred (o as the “lubricant” or “wetting lquid™ through the
specification) can be selected from a number of different materials, and is chemically nert with
respect to the solid sarface and Object A. Ligmd B flows readily into the surface recesses of
the roughened surface and generally possesses the ability to form an ultra-smooth surface when
provided over the roughened surface. In certain crabodiments, Liquid B possesses the ability to
form a substantially molecularty flat surface when provided over a roughened surface. The
Hquid can be ecither a pure Hquid, a maxture of Hiquids (solution), or a complex fluid (le, a

kquid + sclid components).

[8123] In certain other embodiments, Liquid B possesses the ability to form a substantially
molecularly or even atomically flat surface when provided over a roughened sorface. This
surface can make cither a flat overlayer coating the entire structured surface, or follow the

topography of the surface structures conformally.
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[8123] In other embodiments Liquid B follows the topography of the structured surface and
forms a conformal smooth coating {c.g., instead of forming a smooth layer that overcoeats all
the textures). For example Liguid B may follow the topography of the structured surface if the
thickness of the layer is less than the height of the textures. While a smooth layer that overcoats
all the textures provides the best performance, conformal smooth lubricant coating, which
follows the topography of the structured surface and can arise from the diminished lubricant
fayer, still shows sigmificantly better performance than the underlying substrate that was not

infused with Liquid B,

Materials for Liguid B

1124} Liquid B can be selected from a nursber of different liquids and the nixtures
thereof. For example, perfluorinated hydrocarbons, organosilicone compound (e.g., silicone
clastomer), or fhuorinated silicones and the like can be utilized. In particolar, the tertiary
perflucroaliylamines (such as perfluorotri-n-pentylamine, FC-70 by 3M, perfluorotri-n-
butylamine FC-44, ete ), perfluorodecalin, perflubron, perfluorcalkylsulfides and
perfluoroalkyisulfoxides, perfluorcalkylethers, perfluorocyeloethers (like FC-77) and
perfluoropolyethers (such as Krytox™ family of lubricants by DuFont),
perfluoroalkyiphosphines and perfluoroalkyiphosphineoxides as well as their mixtures can be
used for these applications, as well as their mixtures with perfluorocarbons and any and all
members of the classes mentioned. In addition, long-chain perfluorinated carboxylic acids
{e.g., perfluorooctadecanoic acid and other homologues, including diacids, triacids, polyacids,
and their hydroxy-substituted derivatives), fluorinated phosphonic and sulfonic acids,
fluorinated silanes, alcohols, and combinations thereof can be used as Liquid B. The
perfluoroalkyl grovp in these compounds could be linear, branched, or cyelic and some or all
lincar, branched, or cyclic groups can be only partially fluorinated. In addition, Liquid B can
be selected from a number of different biocompatiable or food-compatible higuids, fnchuding
but not Hmited to water, aqueous solutions, olive oil, canocla oil, coconut oil, corn oil, rice bran
oil, cottonseed oil, grape sced oil, hemyp oil, mustard oil, palm oil, peamut oil, pumpkin seed odl,
safflower oil, scsame oil, soybean oil, sunflower oil, tea seed 0il, wahut oil, and a mixtures of
any of the above oils. In addition, water or other agueous fluids can be used for selective
patterning that involves hydrophobic/hydrophilic pattern or and oils for selective patterning

that involves olcophobic/olcophilic pattorn.
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Bensity of Liguid B

[B125] In certain embodiments, Liquid B has a high density. For example, Liguid B has a
density that is more than 1.0 g/em’, 1.6 g/em’, or even 1.9 glon’. In certain embodiments, the
density of Liquid B is greater than that of Object A to enhance liquid repellency. High deusity
fluids reduce the tendency of any impacting lquid te “sink’ below the surface of Liquid B and
1o become entrained therein. For Object A that is smaller than its capillary length {assume
Object A is in liquid form), it is possible that the Liguid B has a density lower than that of the

Object A, where the SLIPS formed by Liquid B can remain functional,
Selidification Temperature

19126} In certain embodibments, Liquid B has a low freezing temaperature, such as Jess
than -5 °C, -25 °C, or even less than -80 °C. Having a low freezing temperature will aliow
Liguid B to maintain its slippery behavior at reduced temperatures and to repel a variety of

hquids or solidified fhuids, such as ice and the like, for applications such as anti-icing surfaces.
Evaporation Rate

18127} In certain embodiments, Liguid B can have a low evaporation rate, such as fess than
1 nn/s, less than 0.1 n/s, or even less than 0.01 nm/s. Taking a typical thickness of Liquid B
to be about 10 pum and an evaporation rate of about 0.01 nm/s, the surface can remain highly

hquid-repeliant for a long period of time without any refilling mechanisms.

16128} In certain embodiments, the lifetime of the surface can be further extended by using

a self-refilling mechanism,
Viscosity of Liguid B

[6129] Experimentally, it is observed that Liguid A can become highly mobile on the
surface of Liquid B when the kinematic viscosity of Liquid B is less than 1 cor’/s. Since liquid
viscosity is a function of temperature (7.e., iquid viscosity reduces with increasing
temperature), choosing the appropriate hubricant that operates at the aforementioned viscosity
(i.e. < 1 cm’/s) at specific temperature range is desirable. Particularly, various different
commercially available Liquid B can be found at the specified viscosity, such as perfluorinated
oils {e.g, 3M™ Fluorinert™ and DuPont™ Krytox® oils), at temperatures ranging from less
than — 80 °C to greater than 260 °C. For example, the temperatore dependence of Haguid
viscosity of DniPont Krytox oils is shown in the Table A as a specific example (note: data is

provided by the manutacturer of DuPont Krytox oils).
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Film Thickness

[#138] Ligquid B can be deposited to any desived thickness. Thickness of Liguid B on the
grder of the surface roughness peak-to-valley distance of the porous substrate provides good
liquid-solid interaction between the substrate and Liguid B. When the solid substrate is tifted at
& position normal to the horizountal plane, Hquid layer with thickness below a characteristic
length scale can maintain good adherence 1o the roughened surface, whereas liguid layers
above the characteristic length can flow, creating flow lings (surface defects) and disrupting the
flatness of the fluid surface. For example, non-limiting thicknesses for the flid layer (as
measured from the valleys of the roughened surface are on the order of 5-20 um when the peak

to valley height is ~S pm.
Reactivity between Liguid B and Roughened Surface

{8131} The roughened surface material can be selected to be chemically inert to Liqud B
and to have good wetting properties with respect to Liquid B, In cortain embodiments, Liguid
B {and similarly Object A) may be non-reactive with the roughened surface. For example, the
roughened surface and Liquid B (or Object A) can be chosen so that the roughened surface
docs not dissolve upon contact with Liquid B (or Object A). In particular, perfluorinated
hiquids (Liquid B) work exceptionally well to repel a broad range of polar and nou-polar
Liguids A and their solidified forms, such as hydrocarbons and their mixtures {e.g., from
pentane op to hexadecane and mineral oil, paraffinic extra light crude oil; paraffinic Hght crude
oil; paraffinic light-medium crude oil; paraffimic-naphthenic medium crude oil; naphthenic
medium-heavy crude oil; aromatic-intermediate medium-heavy crude oil; aromatic-naphthenic
heavy crude oil, aromatic-asphaltic crude oil, ete.), ketones (e.g., acetone, ete.), aleohols {e. g,
methanol, ethanol, isopropanol, dipropylene glycol, ethylene glyeol, and glycerol, ete.), water
{with a broad range of salinity, e.g., sodiom chloride from { to 6.1 M; potassium chioride from
010 4.6 M, ctc.), acids (e.g., concentrated hydrofluoric actd, hydrochloric acid, nitric acid, ete.)
and bases {e.g., potassium hydroxide, sodium hydroxide, etc.), soap water, detergent,
surfactant-rich solutions, frosi, and ice, etc.

Wettability of Liguid B

1132} In addition, the roughened surface topographics can be varied over a range of
geometries and size scale to provide the desived interaction, e.g., wettability, with Liquid B. To
certain embodiments, the micro/nanoscale topographies underneath the Liguid B can enhance

the liquid-wicking property and the adherence of Liquid B to the roughened surface. As s
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result, the Liquid B can uniformiy coat the roughened surface and get entrapped inside at any

tilting angles.

Combination of Objcct A and Liguid B

Foumiscibility

{6133} In certain embodiments, Object A (e, the test liguid) and Liquid B (i.e., the
functional liquid layer) may be immiscible. For example, the enthalpy of mixing between
Object A and Liguid B may be sufficiently high (e.g., water and o1l) that they phase separate

from each other when mixed together.

16134} In certain embodiments, Liquid B can be sclected such that Object A has a small or
substantially no contact angle hysteresis. Liguid B of low viscesity (ie., < | em’/s) tends to
produce surfaces with low contact angle hysteresis. For example, contact angle hysteresis less
than about 5°, 2.5, 2°, or even less than 1° can be ovained. Low contact angle hysteresis
encourages test Object A sliding at low tilt angles (e.g., < 5%}, further enhancing liquid repeliant
properties of the surface. The mechanics of SLIPS surfaces are discussed in International
Patent Application Nos. PCT/US2012/21928 and PCT/US2012/21929, both filed January 19,

2012, the contents of which are hereby incorporated by reference in their endireties.

APPLICATIONS

[B135] Numerous different applications for SLIPS can be envisioned where surface that
repel a wide range of materials is desired. Some non-bmiting exemplary applications are

described below.
Patterning of Biological and Non-Biological Substances

{6136} In one aspect of the present disclosure, a subsiraie i1s fumctionalized so as to
comprise both SLIPS and non-SLIPS regions so as to allow for selective displacement of
shppery liguid (Liguid A) by the materials selected to occupy these spaces {Object A),
according to the exemplary methods described above. According to one or more embodiments,
the sclective wetting and fluid transport on the SLIPS surface can be used to selectively locate
& sccond fluid (and any solutes or particles contained within that sccond fluid) at selected
locations on the substrate surface. Exemplary embodiments of this aspect of the present
disclosure are shown in FIG. 2. In one embodiment, a SLIPS surface is functicnalized as
previously described to provide regions baving a strong affinity to the lubricating hiquid so as

to form an SLIPS surface and regions that have a lesser affinity 1o the lubricating liquid, e.g.,
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the liquid layer is not stable, therehy providing a surface having , a spatiaily heterogeneous
pattern on a hguid-coated surface. See (35.) of FIG, 2. The spatially heterogencous SLIPS
surface is exposed to a second liquid containing a solute (molecule) or particle/cell of interest
such that the second liguid displaces the lubricating Hquid on the substrate. See (6.) of FIG, 2.
The resulting liquid layer includes the second Hguid loealized on non-SLIPS regions of the

substrate. See (7.} m FIG, 2.

{8137} In some embodiments, Object A is particles, such that the particies are selectively
located on ounly the non-SLIPS regions of the substrate. In further embodiments, Object A s
molecules, such that the molecules are selectively located on only the non-SLIPS regions of the
substrate. In still further embodiments, Object A is cells, such that the cells are selectively

focated on only the non-SLIPS regions of the substrate.

18138} I some embodiments, these patterned substances are useful for patterning of cells
for tissue engineering, mechanobiclogy and single cell study. For example, the spatially
heterogeneous SLIPS surface can be used to create nanowells for biclogical screening. In other
embodiments, the spatially heterogeneous SLIPS surface can be used to create nanowells for
1solation and culturing of different cells. In further embodiments, the patterned substances are
usefuol for patterning of biological fluids or high seusitivity biclogical sensors. In further
embodiments, the patiorned substances are useful for patterning biclogical fluids and sclective

adhesion in lab-on-a-chip devices.
Patterned Absorbing Materials/Fluid Transport Devices

[#139] In another aspect of the present disclosure, a spatially heterogeneous SLIPS surface
18 used to provide a patterned absorbing material having non-stick characteristics. In some
embodiments, the absorbing material comprises a nou-adhesive surface to aliow infiltration,
wicking or active transport of another ligquid phase through the SLIPS surface. n some
embodiments, the non-adhesive surface serves as a conduit for transport of a liguid phase. In
some embodiments, the non-adhesive surface is hydrophobic, and the hiquid phase being

wicked is aqueous.

#3146} FIG. 18 shows a diagram of an exemplary embodiment of the present disclosure
where a paiterned SLIPS layer allows an agqueous phase to pass through a perforated SLIPS
flayer when placed tato contact with the surface. FIG. 18A shows a substrate having porous or
roughened regions 918 that can retain a lubricating layer and form a SLIPS surface. The
subsirate also includes holes, apertures, pores, aperture, channels, wells, voids or perforations

3
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928 that pass through at least some thickoess of the substrate. The holes, aperturgs, pores,
chanuels, wells, voids or perforations arc larger thao any pores used in the SLIPS surface
Large holes, apertures, pores, channels, wells, voids or perforations 824 in the SLIPS layer (fe
the non-SLIPS regions) allow an infiltration of the aqueous phase 838, after overcoming an
initial activation energy barrier to wetting within the holes, apertures, pores, channels, wells,
voids or perforations, as illustrated in FIG. 10B and 18C. In some embodiments, the agueous

phase passes through to the substrate or to a backing material (not shown).

8341} In some embodiments, a patterned SLIPS layer is provided which incorporates an
array of hydrophilic holes, apertures, pores, channels, wells, voids or perforations by patterned
etehing (such as plasma etching). In some embodiments, the hydrophilic holes, apertures,
pores, channels, wells, voids or perforations become infiltvated with the infilivating liquid phase
(Liquid B, e.g., PFC or silicone}, but become displaced by an agucous phase (Liquid A} when
coming i contact with an agueous layer. In some embodiments, an aqueous phase such as
blood, sweat, urine or exudate is able to wick throogh the SLIPS layer through holes, apertures,

pores, channels, wells, voids or perforations 928,

#3143} FIG. 3 shows formation of patterned absorbing material in an exemplary
embodiment of the present disclosure. In Step 1, 8 functionalized porous material s provided.
In Step 2, the functionalized porous material 1s etched locally to remove the chemical
functionalization. Conversely, an unmfimcetionalized porous material can be provided instep |
and functionalization can be introduced in selected areas in Step 2. The net effect of these two
steps is o provide laterally heterogeneous regions in the subsirate having different energetic
interactin {affinity} with the infiltrating Hquid phase (Liquid B, e.g., PFC or silicone) and the
displacing biguid (Liquid A, e.g., aqueous phase), as illustrated in Step 3. In Step 4, the
spatially defined porous material is infiltrated with a Liquid B, In this embodiment, the Liguid
B and the non-patterned Porous Material have matching surface enorgy (fe. AE; > 0 and A, >
() such that the hiquid will be stably attached within the porous material as shown in Step 4.
On the other hand, the Liguid B and patterped Porous Material do not have matching surface
energy (i.e. AF; < and/or AE, <0). In Step S, 8 Liguid A displaces Liquid B that is trapped
within the unfunctionalized porous material. In this embodimnent, the patterned region can

provide drainage for Liguid A.

#8143} In some cmbodiments, the material is a wound dressing, bandage, sanitary pad or
other medical {or surgical) non-bioresorbable tissue repair material. The non-sticking
properties of SLIPS surfaces is used, for example, in medical applications such as wound or
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burn care, where it is desirable to provent adhesion of sensitive skin. In some embodiments,
the patterned absorbing materials comprises regiouns characterized by penetrability and non-
penetrability of bodily fhuids (such as blood, plasma, exudate, ete.). Tn certain embodiments,
the regions characterized by penetrability of bodily fluids also provide air transfer to the wound
or skin surface. In further embodiments, the patterned absorbing materials allow for draining

of a wound withowt disturbing the geoeral coating.

{144} In embodiments where the patterned absorbing material is a wound dressing,
bandage, sanitary pad, or other medical or surgical non-bioresorbable tissuc repair material,
these materials provide several advantages over prior solutions. These patterned absorbing
materials remain adherent to the wound iself, including clotted bloed, dried exudate, skin and
regrown tissue. In addition, these patierned absorbing materials absorb exudate {such as bload,
plasma, ctc.) from the wound more cfficicntly than prior materials, Further, these materials
provide the benefits of protecting the wound from mfection, allowing efficient oxygen transfer
to the wound, and effectively promotes tissue healing in an unexpectedly improved manner
from prior materials. In somc embodiments, the SLIPS material tself provides for high
permeability of oxygen to the wound. FIGs. 11A-8 shows an exemplary schematic where a
SLIPS wound dressing or bandage is applied to a wound, FIG. 11C shows the removal of
blood, plasma or exudate through the hydrophilic or hollow holes, apertures, poves, channels,
wells, voids or perforations through the slips layer and to the absorbent backing. To some
embodiments, the wound dressing or bandage further comprises oxygen-permeable lubricants
which aid in wound and skin repair. In some embodiments, the lubricants are selected from
perflucrocarbons and silicone oils. FIG. 17A-17D shows a series of images demonstrating a
SLIPS membrane (ePTFE saturated with perfluorocarbon biguid) which contains an array of 1
mm diameter holes (which can be formed by laser cutting or a hole punch process) coupled
with an absorbent backing layer (hydrophilic tissue) osed as a bandage. This SLIPS bandage
consists of a 2-layer laminate of the perforated SLIPS (¢PTFE, and FC-70 lubricant) membrane
fayer, and the absorbent (hydrophilic “Kimwipe’ tissue) layer. An adhesive border can be
ichided to provide adhesion to the skin (non-wound) swrface. Further detail on forming
adhesive layers/backings is found in U.S. Patent Application No. 61/671 442, filed july 13,
2012, and lnternational Paterd Application entitled STRUCTURED FLEXIBLE SUPPORTS
AND FILMS FOR LIQUID-INFUSED OMNIPHOBIC SURFACES, filed on even date

herewith, the contents of which are incorporated by reference.
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[§145] FIG. 17A shows an agueous test fhiuid that is used to demonstirate absorption
propertics of the bandage. FIG, 17B shows the SLIPS membrane in contact with the test fluid,
whereby the bandage immediately allows wicking through the SLIPS layer, to wet only the
absorbing layer. FIG, 17C shows the separated absorbing material, which contains the test

fluid, while FIG. 17D shows that the SLIPS layer has not absorbed any of the test floid.

{8146} I some embodiments, a SLIPS layer 15 provided which can combine ultra-low
adhesion (as an omniphobic surface) with an ability to wick or transport an aqueous phase
through the layer. In some cmbodiments, a series of through-thickness holes, apertures, pores,
channels, wells, voids or perforations are provided through the SLIPS surface, as a kind of
SLIPS mesh or membrane. In some embodiments, the size of the pores, apertures, channels,
wells, voids, holes or perforations is between about 0.5 nun to about 3 mm in diameter. In
some embodiments, these through-thickuness pores, apertures, channels, wells, voids, holes or
perforations are large enough that the infiltrated hquid material (Liquad A, ie. perfhuorocarbon,
PFC, or silicone)} does not fill the pores, apertures, channels, wells, voids, holes or perforations,
but does fill the holes of the porous layer. In these embodiments, an agueous phase in contact
with the surface would first have to overcome an energy barrier to wetting within the pores,
apertures, channels, wells, voids, holes or perforations. In certain embodiments, this energy
barrier depends on the size of the pores, apertures, channels, wells, voids, holes or perforations.
In certain embodiments, because the fnner wall of the pores, apertures, channels, wells, voids,
holes or perforations comprises a SLIPS material, immiscible Hquids pass through the pores,
apertures, chanmels, wells, voids, holes or perforations more quickly than through

gnfunctionalized pores, apertures, channels, wells, voids, holes or perforations.

147} In some embodiments, a patterned SLIPS layer s provided which provides for
wicking or transport of a liquid phase through the layer through unfunctionalized portions of
the layer. In some embodiments, a patterned SLIPS layer is capable of providing arcas of
patterning with smaller dimensions than is possible using pores, apertures, channels, wells,
voids, holes or perforations in the substrate, In some embodiments, pores, apertures, channels,
wells, voids, holes or perforations provide a faster conduit to remove Hquid from the substrate
than a patterned SLAPS layer,

3145} In some embodiments, the patterned SLIPS layer is applied by removing selected
arcas of a SLIPS substrate. In further embodiments, the patterned SLIPS layer is formed by

selectively applying SLIPS 1o an unfunctionalized surface.
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(6149} In some embodiments, Hiquids (such as anti-inflammatory drugs, antibictics, or
other Hauid treatments) can be injected through the non-functionalized surface and channels
therein, without the need o remove the bandage. fn other embodiments, Hauids (such as anti-
mflammatory drugs, antibictics, or other liquad treatments) can be stmply placed on the
diffusive layer and wick through the non-functionalized surface and channels therein to reach

the wound, without the need to remove the bandage.

(6154} In some embodiments, the absorbing material provides the ability to monitor a
covered surface withowt disturbing the absorbing material. In certain embodiments, analvtes of
a Hguid wicked from the surface through the non-functionalized surface are taken without the
need to remove the absorbing material. In some embodiments, exudate, blood or plasma from
a wound covered by an absorbing material is tested for infection. In other cobodimenis, the
hacking can be equipped with an indicator that changes color or undergoes another observable
change to provide information about the state or condition of the wicked fluid. In other
embodiments, for the patterned regions going through the article, one can replenish the

habricant itself, to produce 3 long-lasting articles (such as thosc applicable in burns, cte).

(#1581} In certain embodiments, disclosed herein, the patterned material {whether a
perforated SLIPS material, or a porous material having patterned hydrophilic holes, apertures,
pores, channels, wells, voids or perforations) allows a SLIPS layer to act as a nog-adhesive
fayer which can also allow flow of an aqueous phase, for drainage, absorption, sponge-iike
collection, perspiration or biosensing. Applications of such a design could be for biomedical
wound dressing, tissue repair or bandage. Other applications inchide sponge-like materials,
such as for disper or surgical usage. A further application could be for protective layers against

the skin, which allows the transport of perspiration through the non-adherent SLIPS layer,

#1582} In certain embodiments, the article further comprises a third region which comprises
& Hguid or solid adhesive. In some erbodiments, said first and second regions are non-
adhesive to at least one of skin, hair, dried blood or clotted blood. In some embodiments, the
third region surrounds the first and second regions. In some cmbodiments, the article is a
bandage our wound dressing, where the third region displays adhesive properties, and is
configured to adhere to a patient’s healthy tissues surrounding a wound, while the first and
second regions are configared to contact the wound itself. In some embodiments, the first and
sccond regions display absorbent wicking of exudate fluid from the wound {to an absorbent
fayer} while maintaining a nov-adhesive surface which prevents adhesion of the wound tissue
1o the article. In some embodiments, the first and second regions comprise a SLIPS hubricant
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which is permeable to oxygen, to aliow a high flux of oxygen to the wound tissue surface, to
allow improved wound repait. To some emboediments, the article comprises a second side
comprising an absorbent backing layer. In some embodiments, the absorbent backing layer is

configured to wick and collect exudate flaid from a wound.

161583} In some embodiments, at least one of the first and second sides comprises a
protective sheet. In some embodiments, the protective sheet covers the absorbent backing layer.
In some embodiments, the protective sheet is sacrificial and readily removable. In some
embodiments, the protective sheet prevents at least one of the first, second or third regions

from being exposed to external matter, such as liquids, dirt and debris. In some embodiments,
the protective sheet forms a backing on at least one side of the article to seal the various
componenis together. In some embodimends, the protective sheet prevents an adbesive region
from adhering to objects prior to a user’s removal of the protective sheet and use of the article.
In some embodiments, the protective sheet is pecled off of the at least one side of the article to

expose at least one of the first, second or third regions.
Selective Deposition of Materials on Protected Surfaces

#1541 In one aspect of the present disclosure, a substrate is protected with a SLIPS
surface, where selected regious are either unfunctionalized or define pores, apertures, chaonels,
wells, voids, holes or perforations and materials are deposited in these selected regions {e.g.,
pixelation). Material (such as pigment or paint) can then be selectively deposited in these
unfunctionalized regions, pores, apertures, channels, wells, voids, holes or perforations to
create a predeterovined pattern. Subsequently, a Liquid B can be applicd to the substrate such
that the unfunctionalized regions, pores, apertures, channels, wells, voids, holes or perforations
are covered by Liquid B, and the entire suxrface 18 then protected by a substantially oniform
SLIPS surfaces. Particular applications may include selective deposition of images on bank

notes which are then protected from dust, oll, fingerprints, or other contaminanis.

[§155] In certain embodiments, a surface is described herein is provided which possesses
enhanced transparcocy at desived wavelengths. Tn certain embodiraents, the roughened surface
and Liquid B can be selected to have similar refractive indices so that the combination of
roughened surface and Liquid B forms a transparent material in wavelengths, such ag visible,
infrared, or UV wavelengths. In this way, a protective SLIPS surface can be used as an anti-

graffiti surface, being deposited on a building, statue, public infrastructure, sign or tmage (such
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as a road sign, banner, painting, photograph or billboard) to prevent the building, statue, public

infrastructure, sign or tmage from collecting dust, oils, fingerprints, or other contaminants.

#1586} As used herein, “similar indices of refraction” means to have indices of refraction
which can be differed from cach other at least by ~0.3. In cortain embodiments, doe to their
substantially similar indices of vrefraction, SLIPS can be substantially transparent in desired
ranges of wavelengths (e g, UV, visible, infrared, and the like wavelengths), such as more than

70% , 8%, 90% or even 953% transparent.

[B157] In certain embodiments, SLIPS can be used for anti-graffiti purposes as they resist
wetting of oil-bascd/water-based spray paints. Even when the paints solidify onto the SLIPS,
the paints have very low adhesion to the surfaces which can be removed easily with adhesion
tapes and the ke, 1n addition, the solidified paiunts can also be removed by regular solvents,

such as acetone without leaving traces of residues.

{8158} In certain embodiments, the surface of the construction materials can be roughened
to provide a porous surface (Le., roughened surface). Then, Liquid B that can repel
contaminants, such as water-based spray paint, oil-based spray paint, rain, and the like can be
selected. Then, the roughened surface can be infiltrated with Liquid B to form an ultra-smooth
fayer of Liquid B thercon. o certain embodiments, a reservoir that can replenish any loss of

Liguid B can be provided.

[8159] Additional criteria that may be particularly important for applications in this
category include shear-resistance, self-healing, and anti-wetting and anti-adhesive. Hence,
Liguid B and the roughened surface can be selected to provide all or optimized combination of
these characteristics.

18160} In certain embodiments, the roughened surface can be selected from fluorosilanized
materials and Liguid B can be selected from perfluoropolyether.

Figuid Adhesives and Permeable/Non-Permeable Selid Backings

@161} The fow stick, low adhesion properties of SLIPS, while providing many advantages
and wses, provides a challonge when it is desired to secure or adhere this otherwise fow stick
substrate to a base. A micthod and related article providing good adhesion of a SLIPS surface
to its underlying base is deseribed.

83162} In another aspect of the preseot disclosure, a solid matrix comprising a SLIPS

surface and a Hquid adhesive backing is provided by selective displacement of lubricant. In
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certain cmbodiments, a porous solid having layers of different surface energy s provided,
wherein one (upper} layer has matching surface cnergy to Liguid B (but does not have
matching surface energy to Liquid A}, wihile the other (ower) layer has matching surface
encrgy to Liguid A (but does not having matching surface energy to Liguid A). Note that in
this instance the helerogencous surface energy properiics are vertically and not laterally
distributed. Accordingly, in certain embodiraents, the material vertically heterogeneous SLIPS
substrate can be weated with a non-adhesive Liquid B, while an adhesive Liquid A displaces
the portion of Liquid B in contact with the layer of the material which has matching surface
energy to Liquid A. This embodiment therefore provides a 2-layer material which can adhere
to a secondary substrate on one side, while providing an cuter SLIPS surface. fn certain
embodiments, Liquid A is chosen sach that it can polymerize to form permanent bonding with
the sccondary solid substrate. In some embodiments, Liquid A is PDMS. Insome
embodiments, the substrate and liguids are optically matching such that the solid matrix is
transparent, [n some embodiments, the solid matrix is used as a sign cover to provide a SLIPS
covering which does not compromise the optical clarity of the sign. In some embodiments, the
2-layer porous solid is provided by partial etching of one side of a SLIPS material such that one

side is SLAPS and the other is infunctionzlized and can be treated with adhesive Liguid A.

1163} FIG. 4 shows an exemplary embodiment of this aspect of the present disclosure,
wherein a 2-layer porous solid that s composed of two different types of materials s first
wetted by Liquid B. In the embodiment shown in FIG. 4, the substrate is made up of two
different porous materials, Porous Material 1 and Porous Material 2. The surface properties
may differ, for example, by providing different surface modification to either side of the
substrate or by adhering two layers of different propertics in facing velationship. The substrate
18 then infiltrated with Liquid B. Liquid B and Porous Material | have matching surface
encrgy such that the hiquid will be stably attached within the porous material, while Liquid B
and Porous Material 2 do not have matching surface cnergy. By way of exampie, the subsirate
is a porous sheet that is treated to have a surface energy affinity 1o a lubricating hiquid used to
form the SLIPS surface. The article is then exposed to Liquid A that has a greater affinity for
Porous Material 2. Liquid B that is trapped, but not siably atiached, within the Porous Material
2 will be displaced. In certain embodiments, Liguid A can be a liquid epoxy precursor. Liquid
A is then cured to form a solid backing. In some embodiments, Liguid B forms a meta-stable
attachment to Porous Material 2. A meta-stable state is created when the lubricant’s low

surface tension wets the surface but a “lock in”, that is, the energetic minimum situation is not
] k o

30

o



WO 2014/012078 PCT/US2013/050402

supported by the surface chemistry. As a result, the SLIPS state wili eventually break down
upon addition of a second liguid. However, this may take time, and the surface is in a SLIPS
state until the stable surface liguid is disrupted. Thus, a meta-stable slips surface can be created
even though the conditions for thermodynamic stability are not satisfied. A meta-stable state
could also be created on a surface on which the supporting roughness is not high cnough to
allow a stabilized bquid layer (SLIPS) to form.In the erabodiment shown in FIG. 4, Liguid B
and Porous Material 1 have matching surface energy (Le. AE; > 0 and AE; > () such that the
Hquoid will be stably attached within the porous material, while Liquid B and Poroos Material 2
do not have maiching surface energy (i.e. AL < 0 and/or AE, < 0}, therefore with suitable
Ligumd A, Liquid B that is trapped within the Porous Material 2 will be displaced. Liquid A s

then cured to form a solid backing,
EXAMPLES
EXAMPLE 1: Preparation of a Boehmite Surface From Aluminum

83 64] Ablmoinam metal is sandblasted at 30 psi using 120 grit sand. The resulting
sandblasted metal is ultrasonicated in acetone for 15 minutes, dried, and botled in distilled

water for 10 munutes to produce a Bochmite surface.
EXAMPLE 2: Preparation of a 5oi-Gel Alumina-Based Boehmite Coating

[§165] A solution-based mixture can be used to fabricate SLIPS on arbitrary metal or non-
metal substrates. The roixture can be apphied by various application methods including
spraying, dip coating, painting, spin coating, printing, drop casting, etc. Such mixtures can
nclude sol-gel precursors to metal oxides, metal hydroxides, metal oxy hydroxides, or
dispersions containing metal oxides, metal hydroxides, metal oxy hydroxides, where the metal
component can include Mg, Al, 81, Ca, T4, V, Cr, Mu, Fe, Co, Ni, Cu, Zn, 81, Y, Zr, Nb, Mo,
Ry, In, Sn, Ba, Hf, Ta, W, (s, Pb, Bi, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dv, He, Er, Tm, Yb, Lu,
or the mixtores thereof. The sol-gel precursor can be deposited on arbitrary shapes, and then
converted into a corresponding metal exide, metal hydroxide, or metal oxy hydroxide, or salts,
In some embodiments, A boehmite coating can be formed via a sol-gel process on non-
ahiminum subsirates. Bochmite (a.k.a. Alomiman Oxide Hydroxide or AIG(OH)) iz a
crystalline form of ahiminum oxide that can provide 2 high porosity, high surface roughness
morphology. The boehmite coating can be formed on a wide range of substrates to provide
puiform nanostructire as the roughened substrate for SLIPS. A transparent thin film of sol-gel

derived slumina can be applied to various substrate surfaces — for example, glass, stainless
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stecl, polymers {Polystyrene (PS), Poly{methyi methacrylate) (PMMA), polycarbonate,
polysulfone, polyurethane, epoxy, polyvoletins, Polyethylene terephthalate (PET), polyvinyl
chloride (PVC), etc.) - using solution based deposition (spin coating, dip coating, spray
coating) and vapor phase deposition (CVD, ALD, PVD) at temperature ranges from room

temperature to 400 °C.

{8166} I some embodiments, sol-gel alumina derived coatings on various materials can be
patterned into nanostructured SLIPS and unstructured regions by using photo-corable sol-gel
alumina precursors. The photo-patternable sol-gel bochmite method can generate
topographical contrast by controlling the deposition of nanostractured materials. For example,
the methacrylate group in 2-(methacryloylony) ethyl acetoacetate can be polymerized and
crosslinked with an added crosslinker by photo-initiated radical generator, while the
acctoacetaie group can provide strong coordination to aluminum metal by replacing the alkoxy

groups of the aluminum metal precursor:

BuO. , OBu o o i oo
Al it stirring / '<
o~ > BuQ-Al .
f.!)BU + "/uﬁ N ?[/\\ room temperature 02{\ ~D /U\\ 1+ BuOH
o o Y
o]
[8167] One exemplary sol-gel solution is a mixture of aluminum-tri-tert-butoxide + 2-

{methacryloyloxy) ethyvl acetoacetate and a photoinitiator (e.g. DARCGCUR 1173)
cthiylacetoacetate + 2-propanci + water, to give photopolymerizable functions in order to
created only certain regions of gel to be formed. An additional crosslinker, such as ethyiene
glycol dimethacrylate, may be added to improve mechanical properties of the coating layer.
[8168] When exposed to irradiation, the sol gel will photocure. H exposed to a pattern of
tight, the sol gel wili cure in a pattern to provide a gel in ounly certain regions. This allows for
microprinting and patierning of the bochmite-SLIPS surface to provide the heterogeneous
surface for use in the applications exemplified herein. The pattern was generated using uv
exposure to 100W t-line for 120 s through a photomask and subsequent development in 2-
propanol for 60 5. The photo-patierned sol-gel alumina was then converted 1o Boeluniic by

reacting with DIW at 100°C for 10 min.

[B169] FIG. 12 contains SEM images of photo-paiterned sol-gel alomina-derived SLIPS
on a glass shide. The inset 13 a magnified view of the bochmute morphology. The dark circular
arcas correspond to SLIPS where the bochmite nanostroctores are shown at higher

magnification on the right. Scale bars are 500 pm and 500 nm, respectively. The patiorned
41
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coating was prepared by spin coating a photo curable sol-gel alumina precursor sohution layer
on a glass substrate. After spin ceating the photocurable sol-gel alomina precursor solution, the
pattern was generated by UV exposure to 100W i-hine for 120 s through a photomask and
subsequent development in 2-propanol for 60 s. The photo-patterned scl-gel alumina was then

C for 10 sunutes, Further

Q

converted to Bochmite by reacting with deionized water at 100
detail on the use of metal containing substrates for the forration of SLIPS surfaces can be
found in co-pending application entitled “SLIPS Surface Based on Metal Containing

Compound,” filed on even date herewith and incorporated in s entirety by reference.
EXAMPLE 3: Preparation of SLIPS with Patterned Wettability, Pure Smooth Surface

16176} A smooth silicon/glass substrate is first chemically functionalized with
heptadecafluoro-1,1,2,2-tetrahydrodecyitrichloresilane (available from Gelest, Inc.) by vapor
deposition for at least 24 howurs. The chemically fimetionalized silicon/glass are then
selectively patterned by shadow mask technique through the use of physical or chemical
ctching methods, such as oxygen plasma. The chemically functionalized area that is exposed to
the oxygen plasma is selectively removed, rendering the glass material. A fter the sclective
patterning step, the silicon/glass are infused with a lubricating fluid, such as perfivorinated
fluids {e.g., perflucropolyether and the like). The regions with strong chemical atfinity (the
fluore-silanized region) with the lubricant perform as SLIPS, and the regions with weak
chemical affinity (i.e. glass region} with the lubricant are displaced by foreign, immiscible

fhuid, such as aqueous Hauids or their complex mixtures {e.g., blood).
EXAMPLE 4: Prepavation of SLIPS with Patterned Wettability, Roughened Surface

3171} A smpoth silicon/glass substrate is deposited with inverse opal with long range
ordered porous structures of silica, which is produced by evaporative co-assembly method of
sacrificial polymeric colloidal particles together with a hydrolyzed silicate sol-gel precursor
solution. This method generates a crack-free porous surface on the order of centimeters or
larger, with pore sizes of about 160 nm to about 1000 nny and porosity of about 75%. (See
Hatton, ¢t al., Proc. Nail. Acad. Sci. 187, 10354-10359, 2010 and U.S. Patent Application No.
13/058,611, filed on February 11, 2011, now US 201 1/0312080, the contents of which 1s
mcorporated by reference herein in its entivety ). With the porous inverse opal, the material is
then chemically functionalized with heptadecafluorc-1,1,2,2-tetrahydrodecylirichlorosilane
(available from Gelest, Inc.) by vapor deposition for at least 24 hours. The chemically

functionalized porous membrane 1s then selectively patterned by shadow mask technigue
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through the use of physical or chemical etching methods, such as oxygen plasma. The
chemically functionalized arca that is exposed to the oxygen plasma is selectively removed,
rendering the glass material. After the selective patterning step, the porous membranes are
infused with a lubricating fluid, such as perfloorinated fhuids (e.g., perfluoropelyether and the
fike}. The regions with strong chemical affinity (the fluoro-silanized region) with the fubricant
perform as SLIPS, and the regions with weak chemdcal affintty (i.e. glass region) with the
hubricant are displaced by foreign, immiscible fluid, such as aqueous hquids or their complex

mixtures {e.g., blood).
EXAMPLE 5: Prepavation of SLIPS with Patterned Wettability, Roughened Surface

1172} A smooth silicon/glass substrate is roughened by photolithography process
followed by chemical/physical ctching to selectively remove the glass/silicon materials. The
roughened material is then chemically fimctionalized with heptadecathuoro-1,1,2,2-
tetrabhydrodecylirichlorosilane (available from Gelest, Inc.} by vapor deposition for at least 24
hours. The chemically fimctionalized structured substrates are then selectively patterned by
shadow mask techuique through the use of physical or chemical etching methods, such as
oxygen plasma. The chemically functionalized area that is exposed to the oxygen plasma is
selectively removed, rendering the glass material. After the sclective patierning step, the
substrates are infused with a lubricating fluid, such as perfluorinated fluids (e.g.,
perfluoropolyether and the like). The vegions with strong chemical affinity (the fluoro-
silanized region) with the labricant perform as SLIPS, and the regions with weak chemical
affinity {i.e. glass region) with the lobricant are displaced by foreign, immiscible fluid, such as

acueous liquids or their complex mixtures {e.g., blood).
EXAMPLE 6: Preparation of SLIPS with Patterned Wettability, Porous Bulk Material

18373) A porous fiber glass membrane (with pore size on the order of 200 nm or larger and
membrane thickness of about .5 o, avatlable from Sterlitech Corporation, WA} is first
chemically functionalized with heptadecafhuoro-1,1,2,2-tetrahy drodecyltrichiorosilane
{available from Gelest, Inc.) by vapor deposition for at feast 24 hours. The chemically
fimctionalized porous membrane is then selectively patterned by shadow mask technique
through the use of physical or chemical etching methods, such as oxygen plasma. The
chemically functionalized arca that is exposed to the oxygen plasma is selectively removed,
rendering the glass material, After the selective patterning step, the porous membrane is

infused with a lubricating fluid, such as perfluorinated fluids {e.g., perflucropolvether and the
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like}. The regions with sirong chemical affinity {the fluoro-silanized region) with the hibricant
perform as SLIPS, and the regions with weak chemical affinity (7.e. glass region) with the
tabricant are displaced by foreign, immiscible fluid, such as aqueous Lquids or their complex
mixtures {e.g., blood). The regions with weak chemical affinity with the lubricant are then
selectively displaced by dyed water as shown in FIGs, 13A-B,

EXAMPLE 7: Preparation of SLIPS with Patterned Wettability, Laminated Porous

Materials

[8174] A porous Teflon membrane laminated with porous polypropylene membrane (with
pore size on the order of 200 nm or larger and membrane thickness of about 0.5 mm, available
from Sterlitech Corporation, WA) is infused with a lubricating fluid, such as perfluorinated
fluids (e.g., perfluoropolyether and the like). The regions with strong chemical atfinity (the
fluore-silanized region, i.2. Teflon) with the hubricant perform as SLIPS, and the regions with
weak chemical affinity ({.e. polypropylene region) with the lebricant are displaced by foreign,
immiscible fluid, such as polydimethylsiloxane (PDMS), The displaced layerisusedas a
higuid adhesive or selid adhesive (for cured PDIMS) 1o stick the functional SLIPS layer onto

other surfaces.
EXAMPLE B: Preparation of SLIPS-Based Non-Adhesive Bandage

{6175} A non-adhesive bandage or wound dressing which comprises a SLIPS layer with
patterned wettability and is capable of absorbent wicking and significant oxygen transport to
the tissuc surface 18 provided. A porous PTFE layer baving an array of 1.0 mm diameter
channels disposed through the thickness of the substrate is infiltrated and saturated with
perfluorocarbon liquid (Floorinert FC7(, 3M). An absorbent backing layer of hydrophilic
tissue {Kimwipe) is placed behind the SLIPS layer. This combination conprises a SLIPS

bandage, suitable for placing in contact with an exposed wound surface.

EXAMPLE 9: Preparation of Transparent SLIPS Coating on Glass With Celleidal

Monelayers

Monolaver Formation On Glass,

193176} Collotdal monolayers are erystallized on the air water tnterface of a Langmuir
trough following a protocol from literature {(Vogel et al. Adv. Funct. Mater. 2811, 27, 3064). In
brief, a colloidal dispersion in 1:1 water/cthano! (solid content approx. 2.5%) is spread onio the
interface via a glass slide until a third of the trough’s surface is covered. The available surface

area is subsequently reduced by barriers until the complete surface is covered with the collpidal
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monoclayer. Transfer to glass substrate {deposited into the water subphase prior o the colloids’
addition) is achieved by lowering the surface level until the monolayer is gently placed onte the
substrate. After drying, a closed-packed monolayer uniformly covers the substrate.
Alternatively, the same process can be used without a Langmuir trough by floating the
colloidal dispersion onto a crystallization dish untii the surface is completely covered with a
collotdal monolayer (Vogel et al. Macromol. Chem. FPhys. 2811, 212, 1719). There arc many
existing methods to erystallize monolayers on solid substrates (for a review, please refer to:

Vogel et al. Soff Matter 2812, 8, 4044 that could be used as well.

Formation of the inverse Monolaver

11771 A solution of Tetracthylorthosilicate (TEOS), HCL (0.1 mol/L) and ethanol with
weight ratios of 1:1:1.5 is prepared and stiveed for Th, Then, it is diluted with cthanel (dilution
ratios see Table 1) and spin-coated onto the monolayer-covered substrate (3000 rpm, 30s, acc.
500). The collgids are removed by combustion at 500°C (ramped from RT to 500 °C for Sh, 2h
at 500 °C). The process would also work with any other inorganic sol-gel processes as well as
with differcot pelymers or nanoparticles that could be used to backfill the monclayer. Besides
spin-coating, drop casting, dip coating, spray coating or chemical vapor deposition could also
be used. The colloids can also be removed at room feruperature using organic sofvents

(tetrahydrofuran, toluene, efc.). Examples of these surface structures are shown in FIG. 14,

Table 1. Mixture ratios between TEOS and Ethanol used for spincoating

Colloid TEOS:Ethanel ratio

size {velume)

415 nm 1:4

138 nm i:8

Fluorosilanization

[6178] Fluorosilanization is carried out by vapor-phase deposition of (1H, 1H,2H,2H-
tridecafluorooctyfi-trichlorosilane for 24 h at reduced pressure and room temperature. Prior to
silanization, the substrates are cleancd in acid piranha (3:1 sulfuric acid:hydrogen peroxide;
WARNING: reacts very violently with organic materials) and plasma treated with oxygen

plasma for 106 min. The same results can also be achicved with different floorosilanes.

e
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Regquired times can be reduced by changing the temperature. Acid and plasma cleaning are

provide redundant cleaning and could be stmoplified or orattted.
Lubrication

1179 10pl/em? Krytox 100 is added to the substrate and uniform coverage is achieved by
tilting. Excess lubricant is removed by vertical placement of the substrates. Further detail on
the preparation of SLIPS surfaces using colloidal monolayers s found m co-pending
International Patent Application entitled SLIPPERY LIQUID-INFUSED POROUS
SURFACES HAVING IMPROVED STABILITY filed on even date herewith, the contents of

which are incorporated by reference.
EXAMPLE 18: Preparation of Patterned SLIPS Substrates Using Colioidal Deposition

{6184} The porous substrates prepared from colloidal templating can be applied to
conventional photolithographic processes prior to silanization. A conventional photoresist
{S1818, positive tone resist) 18 spincoated (4000 1, 60 8} on the uesilanized foverse monolayer
substrate. THumination with UV light following the recipe of the photoresist manufacturer
(Shipley Company, Martborough, MA) with a irradiation dose of 200 mlem® followed by
development of the stractures (Developer ME319, 60 5). The substrate, cousisting of arcas
covered by photoresist and free areas is plasma treated for 5 min and then fluorosilanized
similar to nop-patterned substrates. After silanization, the resist is washed off the substrate
{Remover PG 1165). Application of lubricant then produces patterned SLIPS surfaces as the
conditions for stable SLIPS state is only fulfilled in the fluoresilanc-functionalized surface
regions. Such stractarcs can be patterned for preparation of a patterned SLIPS surface. For
example, as shown in FIG. 18, an inverse monolayer substrate (1) can be coated with
photoresist (2), irradiated and developed to create the desived surface pattern (3). Vapor-phase
silanization can be applied to create thiorinated surface functionalities at the exposed surface
regions (4); the protected surface regions can remain unfunctionalized after removal of the
photoresist (5). Due to its low surface energy, addition of lubricating ligquid can first create a
homogeneous liguid film oun the surface (6). Theo, addition of a second repelient Hquid (7) can
lead to a selective replacement of the lubricating liquid at the unfunctionalized surface arcas
{(8).

19181} The uniformity and low height of the surface structures enables the application of
conventional photolithographic processes to prepare locally confined patterned SLIPS regions

(see FIG, 15). The process is based on the creation of surface functionality patterns, The
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habricating liquid is only locked-in firmly in arcas with maitching surface chemisiry, while it
will be replaced by a second liquid in arcas with different surface chemistry. However, due to
1ts low surface energy, addition of the tubricating hiquid leads to a homogencous lubricating
hquid film covering the entive coating. Upon the addition of a second Hauid, a metastable state
can be created in which the lubricating liquid layer is not immediately disrupted by the liquid
(sec state 6 in FlG. 18). BEventually, the energetically most favorable state is reached as the
hiquid displaces the lubricating hiquid layer in non-fumctionalized surface regions. Stable SLIPS
surface regions defined by the fluorinated sorface chemistry remain wetted by the lubricating
Equid only without being displaced by the applied test liquid to be repelied. The superior
performance of the SLIPS-based approach to create patterns of hquids on solid substrates 1s
shown in FIG, 16, As shown, several test liquids are successfully confined to designated

surface regions based on maiching surface chemisiry.

18182} Those skilled in the art would readily appreciate that all parameters and
configurations described herein are meant to be exemplary and that actual parameters and
configurations will depend upon the specific application for which the sysiems and methods of
the present invention are used. Those skilled in the art will recognize, or be able to ascertain
using no more than routine experimentation, many equivalents to the specific embodiments of
the invention described herein. 1t is, therefore, to be understood that the foregoing
embodiments arc presented by way of example only and that the fovention may be practiced
otherwise than as specifically described. The present invention is divected to each individual
feature, system, or method described herein. In addition, any combination of two or more such
features, systems or mothods, if such features, systems or methods are not mutually

inconsistent, is included within the scope of the present invention.

£
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Claims
What is claimed is:
1. A liquid-coated substrate, comprising:

a substrate having a spatially heterogeneous surface patiern, said spatially

heterogeneous pattern comprising:

at lcast one fivst region having surface characteristies that provide a stable Hguid

film with a first lubricating Hquid; and

at least one second region having one of surface characteristics that provide an
unstable Haquad film with said first lubricating bguid or apertures or holes that provide
Hguid conduits through the substrate; and
a first lubricating Hquid disposed over at least a portion of said first region to provide an
immobilized hquid layer.

2. The Hguid-coated substrate of claim 1, wherein the liguid-coated substrate is a non-

adherent article capable of absorbent wicking, wherein:

the spatially heterogeneous surface pattern is disposed through at least a portion of the

thickness of the substrate;

wherein the first lobricating liquid is substantially immobilized in and on the at least
ome first region of the substrate to form a stabilized liquid overdlayer, said overlayer providing a

non-adherent surface;

wherein the first lubricating liquid bas a lower affinity for the second region of the
substrate as corpared to the at least one fivst region or the second region comprises a hole or
aperture that does not retain the fivst lubricating Hquid; and

wherein the sccond region is capable of wicking a wicking liquid into or through said
second region.
3. The liquid-coated subsirate of any preceding claim, whercin said second region
comprises apertures or holes.
4. The hquid-coated substrate of claim 3, wherein the substrate comprises a perforated
material with large holes that provide liquid conduits through the material.
5. The Hguid-coated substrate of any preceding claim, wherein the substrate 15 selected

from 8 flat solid, e textured solid, a porous solid and combinations thereof,
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6. The ligquid-coated subsirate of any preceding claim, wherein at least one of the first
region ot second region is chenucally functionalized to provide surface characteristics that

provide either a stable liguad film or an unstable hquid film with the first lubricating liquid.

7. The Hquid-coaied substrate of any preceding claim, further comprising an absorbent
hacking.
8. The liguid-coated substrate of any one of claims 2-7, wherein the wicking Haquid is

immiscible in the first lubricating hiquid.

9. The hquid-coated substrate of any one of claims 2-8, wherein the wicking Hquid has a

greater affinity for the apertures than the first lubricating fiquid.

10, The Hquid-coated substrate of any one of claims 2-9, wherein the wicking bquid

comprises at least one of proteins, bacteria, cells or non-biological entitics.

1. The hguid-coated subsirate of claim 2-10, wherein the first region is hydrophobic, and
the second region comprises chemically etched hydrophilic vegions or holes allows the wicking

and rangport of an agueous phase.

12, The Hguid-coated substrate of any one of claims 2-10, wherein the substrate is porous
and wherein the second region is capable of wicking a wicking liquid into or through said

porous subsirate.

13, The hquid-coated subsirate of claim 2-12, wherein the article is configired and

arranged to collect the absorbed/wicked liquid without the removal of the article.

14, The Hquid-coated sabstrate of claim 2-12, wherein the article is configured and
arranged to inject/wick through the conduits certain liquids to reach the target area withoot the

removal of the article.

15, The hquid-coated substrate of any one of claims 3-12, wherein the apertures have an
average diameter or width of at least about 200 nm, or at least abowut 0.2 mun, or at least about
{(1.25 mm, at least about 0.5 nuy, at least about 0.75 mm, at least about 1.00 mm, at least about

1.25 mum, at least about 1.50 nun, at least about 1.75 mm, or at least about 2.00 mm.

16,  The fiquid-coated subsirate of any preceding claim, wherein the fiquid-coated subsirate
is incorporated inte a wound dressing, diaper, surgical dressing, sanitary pad or antiperspirant

dressing.
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17.  The liquid-coated subsirate of any preceding claim, wherein the article comprises a

hiquid-coated substrate surrounded by an adbesive area.

i8. The hauid-coated substrate of claim 17, wherein spatially heteroceneous surface is non-
b B o

adhesive to at least one of skin, hair, dried blood or clotted blood.

19, The Hguid-coated substrate of any preceding claim, wherein the Hquid-coated substrate

is anti-bacterial.

20, The hquid-coated substrate of any preceding claim, wherein the hquid-coated subsirate

18 pathogen-resistant.

2%, The hquid-coated substrate of any preceding clatm, wherein the Hquid-coated substrate

is anti-adhesion against biological cells.

22, The liquid-coated subsirate of any preceding claim, wherein the fiquid-coated subsirale

has anti-coagulating propertics.

23.  The hquid-coated substrate of any proceding claim, wherein the substrate is a flat soiid,

the at feast one first region comprising chemical functionalization.

24, The hguid-coated substrate of any one of claims 1-22, wherein the substrate is a
roughened solid, the at feast one first region comprising at least one of chemical

functionalization or the roughened solid.

25.  The hquoid-coated substrate of any one of claims 1-22, wherein the substrate is a porous
solid, the at least one first region comprising at feast one of chemical functionalization or the

porous solid.

26. A liquid-coated substrate, wherein the liquid-coated substrate is a non-adhesive article

capable of absorbent wicking, the hquid-coated substrate comprising:
a substrate;

at least one first region disposed on an upper portion of the substrate, said at least one
first region having surface characteristics that provide a stable hguid film with a first

habricating liguid;

at least one second region disposed on the lower portion of the substrate, said at least
one second region having surface characteristics that provide an unstable Hquid film with said
first lubricating liquid, wherein the at least one sccond region is capable of wicking a wicking

hiquid 1nto or through said second region;
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a first lubricating liquid disposed over at least a portion of said at feast one first region,

wherein:
the first lubricating liquid is substantially immobilized in and on the at least one
first region of the substraie to form a stabilized liquid overlayer, said overlayer
providing a nov-adherent surface;
the first lubricating Heuid has a lower affinity for the at least one second region
as compared {o the at least one first region; and
said wicking liquid is tmmiscible in the first hibricating liquid and has a lower

affinity for the at least one first region as compared to the at least one second region.

27.  The hgud-coated substrate of claim 26, wherem the upper porous layer of the substrate
is hydrophobie, oleophobic or omuniphobic and the lower porous layer of the substrate is
hydrophilic or oleophilic or omuiphilic.

28, The hquid-coated substrate of any one of claims 26-27, wherein the second Hguid
comprises a curable polymer.

29, The hguid-coated substrate of any one of claims 26-28, wherein the second hiquid
comprises an adhesive.

30. The liquid-coated substrate of any one of claims 26-29, further comprising a composiic
backing layer comprising a solid polymer infused in the lower porous laver of the substrate.
31, The Hquid-coated substrate of any of the preceding claims, wherein the first Jubricating
hiquid is optical refractive index-matched with the substrate.

32 The liquid-coated subsirate of any of the proceding claims, wherein at least one of the
first lubricating liquid or the second biguid is transparend o at least one of tnfrared, visible, or
ultra-violet lights and wherein at least one of the first lubricating Hquid or the second liguid 1s
opadgue to at least one of infrared, visible, or ultra-violet lights.

33, The lguid-coated substrate of any one of clairas 31-32, wherein the liquid-coated
substrate is suitable as an optical filter.

34. The Hguid-coated substrate of any preceding claim, wherein the spatially heterogencous
surface pattern comprises at least one of a predetermined pattern, a symbol or a drawing.

35.  The lquid-coated substrate of any one of claims 26-34, wherein said upper layer

comprises a spatially heterogencous surface pattern, said spatially heterogeneous pattern
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comprising at least onc first region baving surface characteristics that provide a stable Hiquid

film with the first lubricating liquid.

36. The hquid-coated substrate of claim 35, said spatially heterogencous patiern of said
upper layer further comprising at least one second region having surface characteristics that
provide an unstable lquid film with the first lubricating liguid.
37.  The lqguid-coated substrate of any one of claims 26-36, at least a portion of said lower
layor having affinity for an adhesive.
38.  The Hquid-coated substrate of any one of claims 26-37, wherein at least one of the first
side or the second side comprises an adhesive.
39, A liguid-coated substrate configured as a bandage to be applied 10 a wound, wherein the
hquoid-coated substrate 15 a non-adhesive article capable of absorbent wicking, the liquid-coated
substrate comprising:

a substrate having a spatially heterogencous surface pattern disposed through at least a
portion of the thickness of the substrate, said spatially heterogeneous pattorn comprising:

at least one first region having surface characteristics that provide a stable hiquid
film with a first lubricating Hauid;
at least one second region baving surface characteristics that provide an unstable

Hguad film with said first lubricating Hguid; and

a tirst lnbricating Hquid disposed over at least a portion of said first region 1o provide an
immobilized bquid layer;

an absorbent backing; and

a protective overlayer to protect the wound from the environment and to adhere to
healthy tissue surrounding the wound;

wherein the first lubricating lquid is substantially inmmobilized 1o and ou the at least
one first region of the substrate to form a stabilized Hauid overlayer, said overlayer providing a
non-adherent surface;

wherein the fivst lubricating hauid has a lower affinity for the second region of the
porous substrate as compared to the at least one first region; and

wherein the second region is capable of wicking a wicking Hguid into or through said

second region.

i
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40. A liguid-coated substrate configured as fluid-transport devices, wherein the ligoid-
coated substrate is a non-adhesive article capable of fluid transport for bicmedical and

diagnostic purposes, the liquid-coated substrate comprising:

a substrate having a spatially heterogeneous surface patiern disposed through at least a

portion of the thickness of the substrate, said spatially heterogencous patiermn comprising:

at least one first region having surface characteristics that provide a stable hiquid

film with a first lubricating Hquid;

at least one second region having surface characieristics that provide an unstable

liquid film with said first lubricating liquid; and

a first lobricating Hiquid disposed over at least a portion of said first region to provide an

mmobilized liquid layer;

wherein the fivst lubricating liguid is substantially tmemobilized in and on the at least
one fivst region of the substrate to form a stabilized hquid overlayer, said overlayer providing a

non-adherent surface;
wherein the first lubricating liquid has a lower affinity for the second region of the
porous/roughened substrate as compared to the at least one first region; and

wherein the second region 1s capable of transporting fluids into or through said second

TegIon.

4%, A liguid-coated substrate contigured as sclective patterning devices for biological
species, such as proteins, DNA, RNA, viruses, cells, tissues, ete., wherein the Hauid-coated
substrate is a non-adhesive article capable of preventing adhesion from biological species, the

Hquid-coated substrate comprising:
a substrate having a spatially heterogencous surface pattern disposed through at leasta
portion of the thickness of the substrate, said spatially heterogeneous pattern comprising:
at least one first region having surface characteristics that provide a stable hiquid
film with a first lubricating Hauid;
at least one second region baving surface characteristics that provide an unstable
Hguad film with said first lubricating Hguid; and
g first lubricating liquid disposed over at least a portion of said first region {o provide an

immobilized liquid layer;

i
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wherein the first lubricating liquid is substantially iramobilized in and on the at ieast
one first region of the substrate to form a stabilized liquid overlayer, said overlayer providing a

non-adherent surface;

wherein the first lubricating liquid has a lower affinity for the second region of the

rorous/roughened substrate as compared to the at least one first region; and
= =)

wherein the second region is capable of selectively patterning biological species into or

through said second region.
42. A method for absorbing a fluid, comprising:
providing the non-adhesive liquid-coated substrate of any of claims 1-38; and

exposing the liquid-coated substrate to a third hquid to be absorbed that is immiscible
with the first ubricating liquid, wherein the third liquid fills the one or more apertures or
second region of the hguid-coated substrate without displacing the stabilized liquid everlayer
of the liquid-coated substrate to thereby retain the low adhesion properties of the Hauid-coated

substrate doring absorption.
43, The method of claim 42, wherein the liguid-coated substrate is exposed to a wound.

44, The method of claim 43, further comprising disposing an oxygen-permeable fubricant

between said Liquid-coated substrate and said wound.

45, The method of claim 44, wherein said hibricant is selected from perfluorocarbons and

stlicone oils.

46. A method of adhering a hquid-coated substrate to an exposed surface of an object, the

method comprising:

{(a} providing a Hquid-coated substrate, the Hguid-coated substrate comprising a first
region; the first region having surface characteristics that provide a stable hiquid film with a
first lubricating liguid; & first lubricating Hiquid disposed over at least a portion of said first
region; and a second region surround the first region, the second region having surface
characteristics that provide an adhesive; and

{b) contacting the portion of the liquid-coated subsirate containing the first region to
an exposed surface of the object, said contacting causing the second region of the hiquid-coated

substrate 1o adhere to the exposed surface of the obiect.
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