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Abstract

Superhydrophoblc surfaces are actively studled across a wide range of appllcatlons and |ndustr|es SAeore—ren
. y ’ ed-are now
finding increased use in the blomedlcal arena as substrates to control protein adsorption, cellular interaction, and
bacterial growth, as well as platforms for drug delivery devices and for diagnostic tools. The commonality in the
design of these materials is to create a stable or metastable air state at the material surface, which lends itself to a
number of unique properties. These activities are catalyzing the development of new materials, applications, and
fabrication techniques, as well as collaborations across material science, chemistry, engineering, and medicine given
the interdisciplinary nature of this work. ThisThe review begins with a discussion of superhydrophobicity, and then
explores biomedical applications that are utilizing superhydrophobicity in depth including material selection
characteristics, in vitro performance, and in vivo performance. General trends are offered for each application in
addition to discussion of conflicting data in the literature, and the review concludes with the authors’ future
perspectives on the utility of superhydrophobic surfaces for biomedical applications.
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1. Introduction improved function by providing water repellency or

Superhydrophobic materials maintain air at the solid- alternatively providing a self-cleaning surface where debris
liquid interface when in contact with water. These surfaces and pathogens are removed as water contacts and
possess high apparent contact angles, by definition subsequently rolls off the surface. For example,
exceeding 150°, as a result of the composite solid-air dragonflies in the order Odonata possess a rough, fractal
surface formed under a water droplet (Figure 1a). An structure on their wings that aids in cleaning and
ac{ditional stipulation sometimes included in the preventing water adherence which may-inhibitinhibits flight

superhydrophobic definition, depending on the application,
is a low roll-off angle [1]. Cassie and Baxter are credited
with first reporting the basis of superhydrophobicity in
1944 [2], expanding on the work by Wenzel in 1936 [3].
They demonstrated that porous hydrophobic surfaces
exhibit high apparent contact angles compared to
chemically equivalent flat substrates because of the
maintenance of air at this interface. The very rough,
hydrophobic substrate affords a partially wetted initial
state, with a large air-water surface area, which serves as C
an energetic barrier that stabilizes the air. Cassie and

Baxter specifically studied this effect in order to

understand the water repellency of natural and synthetic
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clothing, and showed that porous, wax-covered textiles 4

exhibit high apparent contact angles. They went on to -

discuss the roughness of feathers and fur and the Figure 1. Diagram of wetting states on rough materials and
resultant water repellent properties. Superhydrophobicity examples in nature. a) The Cassie-Baxter (CB) partially
is a property of many naturally occurring substrates wetted state and c) the Wenzel complete wetting state.
including plant leaves [4-8], many insect features Examples of natural materials are b) lotus leaves, which are
including wings, legs, and eyes [9-16], feathers [17,18], the canonical example of a natural superhydrophobic
fur [19], and beetle shells [20] (Figure 1b). material, and d) the hydrophilic leaves of petunias in genus
Superhydrophobicity on these natural surfaces leads to Ruellia. Photos are courtesy of Takashi Matsuzawa and Mark

Swanson.



[21]. A significant body of research now exists
documenting that natural and biomimetic
superhydrophobic surfaces exhibit low drag, self-cleaning,
and/or non-fouling behaviors [21-25].

Synthetic superhydrophobic surfaces are being
fabricated to harness these favorable surface properties,
where surface chemistry and morphology are tailored to
maintain air at the material-water interface. Materials used
to produce superhydrophobic surfaces possess
intrinsically low surface energy due to non-polar
chemistries (i.e., CH2/CH3 or CF2/CF3) and close packed,
stable atomic structures, resulting in high contact angles
(up to 120°) even without material roughening. These low
energy materials are either coated onto an already rough
material, termed a “bottom-up” fabrication method, or are
directly processed to induce roughness, termed “top-
down” methods such as lithography. Examples of bottom-
up methods include chemical deposition, assemblies of
colloids, layer-by-layer methods, electrospraying, and
electrospinning. Chemical deposition, for example, would
coat an already rough substrate and impart
superhydrophobicity [26]. Several in-depth reviews are
available which focus on the materials and methods used
to produce superhydrophobic surfaces, and interested
readers are referred to these articles [27-35]. Other
reviews concentrate on specific applications for
superhydrophobic materials including anti-icing and
corrosion resistance [36,37], high slip surfaces for
watercraft [38—40], enhancement of evaporation and
condensation processes [41-43], and switchable
wettability [44—46].

This review focuses on the utility and development of
superhydrophobic materials for biomedical applications,
defined as those where the superhydrophobic surface
interacts with tissues, cells, biological fluid, and/or
biological molecules. There is significant interest in this
area,[47-52]-and-we—reviewrecent-developments and we
contextualize the results from previous research efforts,
note general trends, and highlight very-recent and novel
work using superhydrophobic surfaces, for example, in
drug delivery and diagnostic devices.

A brief thermodynamic framework is first presented
for why superhydrophobicity exists in order to better
understand the necessary design parameters that are
used for tailoring air stability at a material surface. Next,
we discuss the biomedical applications employing
superhydrophobic surfaces, including cell scaffolds, non-
fouling surfaces to prevent binding of protein, cells, and/or
bacteria, medical diagnostics, and drug delivery, as
depicted in Figure 2. These include general principles,
successes, and failures in these applications based on
currently available research. Finally, the review concludes
with remarks on the overall relevance of superhydrophobic
surfaces in biomedical applications, and future directions

Figure 2. Superhydrophobic materials are of interest for a
variety of medical applications including: a) control of the local
release of drugs after tumor resection, b) patterned cell growth
to study cellular communication (i.e., from a biopsy), ¢) reduced
bacterial adhesion on implants such as hip replacements, or d)
stabilization of droplets or drive flow in microfluidics and
diagnostic assays. Photos are adapted with permission from
[190] and [146].

and research opportunities for superhydrophobic
materials.

2. Contact Angle, Superhydrophobicity, and Long-
term Air Stability

The Wenzel and Cassie-Baxter models are the
conventional descriptions of wetting states on a rough
material. Both models are derived from the Young’'s
equation, given by:

cosf = Ysv —VsL

Yiv

where y is the interfacial surface energy between the
solid-vapor (SV), solid-liquid (SL), or liquid-vapor (LV)
phases. The measured angle in the Young’'s equation, 6,
is referred to as the contact angle (CA) of a surface, or the
Young’s angle. The contact angle of a surface is a
measure of the equilibrium of the surface energy of these
three interfaces on a flat material surface. Most often,
contact angles are measured using water as the liquid
phase. By definition, flat materials with CA > 90° in contact
with water are referred to as hydrophobic, whereas
materials with CA < 90° are referred to as hydrophilic, as
shown in Figure 1a. Large contact angles (hydrophobic)
imply that ys, is large (high energy interface, “unfavored”
water-material interface), whereas small contact angles
(hydrophilic) imply ys. is small (low energy interface,
“favored” water-material interface).

Contact angle measurements are performed both
statically and dynamically. Measuring the static contact



angle of a surface involves placing a droplet of water on
the surface with no further manipulation, with a resultant
CA close to the equilibrium predicted by Young’s equation.
As the name implies, dynamic contact angle
measurements are those measured as the droplet size
changes, both where volume is being added to the droplet
(advancing CA), or where volume is being removed
(receding CA). The advancing CA is a measure of how
energetically favorable it is for a surface to wet, whereas
the receding contact anglesangle is a measure of how
favorable for a surface to de-wet. The difference between
the advancing and receding contact angle is referred to as
contact angle hysteresis [53,54]. Higher hysteresis is a
sign that intermediate wetting states resist de-wetting by
‘pinning’ the contact line. Since a static CA can take any
value between the advancing and receding CAs, the latter
measurements are more reliable [55].

The Wenzel and Cassie-Baxter models utilize
Young’s equation and extend it to rough material surfaces.
The Wenzel model [3] states the following:

cos 0* =rcos 6

where 6 is the Young’s angle, r is a roughness factor or
roughness coefficient, and 6* is the apparent or measured
contact angle on a rough surface, as shown in Figure 1.
The roughness factor is the ratio between (1) the surface
area a droplet contacts on the rough surface and (2) the
surface area the droplet would have contacted on a
chemically equivalent flat surface. An r = 1 implies the
surface is smooth, where an r > 1 implies roughness
features. The Wenzel model predicts that both apparent
hydrophilicity and hydrophobicity are enhanced with
roughness. Another result of this wetting state is also an
increase in contact angle hysteresis; the increased
roughness of the surface results in further droplet-material
contact and pinning of the droplet during de-wetting.

At high roughness values (r = 1.7), the increase in
contact angle hysteresis, predicted by the Wenzel model,
drops dramatically with hydrophobic surfaces [53,56—63].
Instead of completely wetting the surface, air is maintained
under the droplet to prevent wetting. This is the basis of
superhydrophobicity. The Cassie-Baxter model extends
the Wenzel model to describe wetting of a surface where
two phases are present under the applied droplet (Figure
1). The Cassie-Baxter model [2] states the following:

cos 0* = f; cos 6, + f, cos O,

where f; and f» (=1- f1) are the surface fractions of phase 1
and phase 2, 6s and 6, are Young’'s contact angles for
these two phases, and 6* is the apparent contact angle on
the material surface. One way of thinking about the
Cassie-Baxter model is as a weighted average between

the two phases, where f; and f, attribute a certain fraction
of the surface area the droplet is contacting at the
composite surface. The relationship is simplified for a
superhydrophobic surface when air is the second phase
under the applied droplet (6 = 180°):

cos0*=f(1+cosf)—1

where the Cassie angle is now a function of the fraction of
solid (f) at the droplet interface and Young’s angle of the
solid (8). Combined, the Wenzel model and Cassie-Baxter
model provide a framework for understanding the
complicated interplay between the three phase boundaries
at a rough material surface.

It is often unclear for a given surface whether the
Wenzel or Cassie-Baxter state is favored, as—well—=asor
when the transition between the two states occurs with
modification to surface roughness and/or surface energy
[64—69]. Theoretical work is ongoing to identify appropriate
boundary conditions between states, and remains an
active area of research [70-73]. However, when
examining the Cassie-Baxter equation, it is clear that both
surface chemistry and surface roughness are the primary
factors at play when determining the behavior of water,
and droplets thereof, on a material surface.

As mentioned earlier, the most common definition of
superhydrophobic surfaces describes those with apparent
contact angles above 150°, where the “apparent”
designation refers to a contact angle measurement taken
on a rough material surface. Other researchers choose to
further limit the designation of superhydrophobicity to
materials which exhibit contact angle hysteresis <5°, as
low hysteresis is an important property in applications
such as self-cleaning and low-drag surfaces. While these
designations are valuable benchmarks, they are also
arbitrary as no special air layer stability is conferred at
these values. Empirical studies by Cohen [68] and Quéré
[64] are good examples where boundaries of the stable
Cassie-Baxter state for a specific superhydrophobic
system are explored and identified, and which ultimately
provides a better description of superhydrophobicity.
Additionally, measuring the underwater stability of
superhydrophobic surfaces is valuable for accurately
predicting air layer stability and wetting state. Rather than
apply a single droplet to a superhydrophobic surface and
measure the instantaneous contact angle, underwater
stability assays instead apply a “continuum” of droplets on
a superhydrophobic surface by submersion in water over a
period of time. Air content can be qualitatively or
quantitatively measured in—using a number of different
ways—techniques including the reflection of light [74,75],
clinical ultrasound [76], 3D x-ray imaging [77,78], oxygen
sensing [14], and fluid dynamics [79-82]. Empirical results
and theoretical studies show that the air layer at a material



surface can be metastable or stable with a dependence on
the intrinsic material surface energy, fill fraction, aspect
ratio/geometry, and reentrant curvature [68,74,83-88].

It is also noteworthy that a stable Cassie-Baxter state
is relative to the applied conditions, where a sufficient
“treatment” with vibration, acoustic pressure, hydraulic
pressure, or changes in surface energy will force the
Wenzel state of wetting by removing the air layer [89-92].
Environmental conditions such as the presence of proteins
and biological surfactants are specifically relevant for the
biomedical applications discussed in this review, as it is
well established that “bio-fouling” affects the longevity of
the trapped air layer [93-95]. However, regardless of
conditions, higher apparent contact angles are still
generally predictive of increased stabilty of a
superhydrophobic materiatsurface [96,97].

3. Protein Adsorption to Superhydrophobic
Biomaterials

Controlling protein adsorption to a biomaterial
surface, whether—inhibiting—or—selectively—adsorbing
whether inhibiting adsorption entirely or selectively
adsorbing protein is of significant importance for many
applications discussed in this review, from bacterial and
cellular interactions to diagnostic and drug delivery
platforms. Designing a biomaterial surface that avoids all
protein adsorption has been elusive due to the large
number of proteins in vivo and their structural and physio-
chemical diversity [98—-100]. In general, hydrophilic
patches on the surface of proteins interact with a
hydrophilic biomaterial surface with minimal subsequent
denaturing/unfolding of the protein. Historically, it was
thought that hydrophobic surfaces would suppress
adsorption of proteins, as the hydrophobic residues of a
protein are sequestered within the folded three-
dimensional structure. However, we now know that
hydrophobic materials-alse readily adsorb proteins, either
by direct interactions of hydrophobic patches on the
protein surface or through denaturing, thereby exposing
the buried hydrophobic residues and allowing the protein
to bind the material surface. Surface binding of the protein
is favored both enthalpically via the creation of new
interactions between the surface and the protein, and
entropically via the increased number of possible states
that the water can reside. Hydrophilic surfaces more often
have less stably-bound proteins and as a consequence
exhibit higher protein turnover at the material surface.

There are two general strategies to reduce or prevent
unwanted protein adsorption at biomaterial surfaces:
fabricating a surface that is completely non-fouling, or
allowing the adsorption of specific proteins to the material
surface. Considering non-fouling surfaces first, the most
successful strategy grafts a large number of “loose”
hydrophilic polymer chains off of a material surface. The

most widely used polymer for this strategy is poly(ethylene
glycol) (PEG) [101-106], although similar flexible polymer
chains, self-assembled monolayers (SAMs),
polysaccharides, proteins, and many other materials have
been explored [107-113]. These flexible polymer chains
form a brush structure at the material surface and swell
due to their hydrophilicity, thereby trapping water at the
material interface. If a protein binds to this interface,
compression of this hydrogel-like structure occurs
(unfavored entropically) as the polymer chains are
confined at the material interface and forced into an
unfavorable compressed/globular confirmation  with
expulsion of water molecules to the surrounding. These
energy barriers exceed the enthalpy term assocaited with
protein adsorption to the surface. This strategy is
extensively studied and is used for a number of
macroscopic material surfaces as well as many
nanoparticle/microparticle designs for prolonged systemic
circulation.

The limited surface chemistries and architectures
available for non-fouling surfaces led others to investigate
surfaces designed to bind a specific protein or set of
proteins [114-117]. Non-specific protein adsorption is
suppressed while specific protein adsorption is promoted
in order to generate a more defined biological response.
Most often short peptide sequences or full proteins are
grafted to the material surface, and the exposed
sequences inhibit further biological activity at the surface
[118]. The location of the device also impacts which
proteins are most appropriate for use. For example,
preventing the binding of thrombin and fibrinogen is critical
in the prevention of thrombus formation at blood-
contacting devices.

Texturing a material surface with micro- and/or nano-
scale architecture is a complementary approach explored
to control protein adsorption at a biomaterial surface.
Protein adsorption can be tuned by fabricating a material
with appropriate surface roughness or curvature [119-
124]. For example, Roach et al. [120] showed that the
surface curvature can dictate whether a protein will bind
as well as what confirmation it will adopt when bound. For
example, silica particles of varying sizes (15 - 165 nm)
were produced, resulting in a high, but less than 150°
contact angle where smaller particles were able to
suppress some protein binding. Albumin, a globulin
protein, is stabilized by this surface curvature, whereas
fibrinogen, a rod-like protein, is distorted at the surface
and distended over particles with higher surface curvature.
Mandal et al. [121] showed similar findings in their work,
where changing the curvature of a surface led to
conformational changes in 15 different peptides. A
significant limitation to this approach is that each
materialimaterial’s architecture tested only prevented a
subset of proteins from binding. Wwith the diversity of



proteins present in the biologic milieu, it is unclear whether
a generic surface roughness could prevent all proteins
from binding. While significant empirical knowledge exists
with regard to protein binding to biomaterials, further
development of structure-property relationships are
warranted and represent an ongoing and active area of
research [125].

The use of superhydrophobic surfaces for preventing
protein adsorption utilizes a unique strategy to those
previously mentioned through maintenance of an air layer
at the material surface. This air layer at the interface limits
the available water-material surface area and decreases
the total area available for protein binding. This is the first
step in biofouling, the prevention of which has been the
subject of multiple reviews [84,126,127]. Work by Leibner
et al. [128] nicely contextualizes the wuse of
superhydrophobic surfaces for biomedical applications,
and the conflicting design criteria that are required for their
use. Their work focused on the adsorption of human
serum albumin to commercially available expanded
polytetrafluoroethylene (ePTFE). When entrapped air is
maintained within the highly hydrophobic ePTFE matrix,
little or no adsorption of albumin from phosphate buffered
saline (PBS) is detected on the material surface. However,
when air is removed from the ePTFE material, albumin is
adsorbed to the entire material surface, including the
portion of the surface that once housed air. Huang et al.
[129] showed similar results, where a templated
superhydrophilic-superhydrophobic structure comprised of
TiO2 nanotubes exhibited suppression of protein binding
when air is present in the superhydrophobic regions.
Removal of the air layer increases protein binding, as
shown in Figure 3. Work by both sets of authors
demonstrates that superhydrophobic surfaces support an
entrapped air layer to initially prevent protein binding, but
removing the air “reveals” a high surface area material that
adsorbs larger quantities of protein to the surface.

Moreover, proteins and other biological surfactants
can themselves promote air removal from the
superhydrophobic surfaces in two ways. First-Proteins are
surface-active molecules (surfactants) that decrease the
energy-ofinteraction energy at the material-water interface
through reduction of the surface tension of water. Secend
Further, proteins will adsorb to the low energy material
surface over time with denaturing-and-binding events,
thereby increasing the surface energy of the material to
favor the interaction with water. This is shown
conceptually in Figure 4 where water infiltration is
promoted with further protein binding. Accardo et al. [130]
compared the effects of water and water-lysozyme
solutions on microfabricated poly(methyl methacrylate)
(PMMA) pillars. The rough PMMA surface showed
significant droplet pinning with the presence of lysozyme
in the water solution. This water pinning indicates

movement of water into the interstices of the pillars and
formation of a “hybrid” state between the wetting Wenzel
state and the non-wetting Cassie-Baxter state. Without the
presence of lysozyme, no droplet pinning occurred at the
surface. Choi et al. [131] studied the evaporation of a
protein-containing solution on needle-like, nano-structured
superhydrophobic surfaces. The apparent contact angle of
these surfaces is between 111° and 165° depending on
needle height and pitch. All contact angle measurements
of the surfaces showed a decrease to nearly 0° over 3
hours (i.e., complete adsorption and movement towards
the Wenzel state) when using media that contained 10%
fetal bovine serum. Protein binding to the surface
promoted penetration into the surface roughness features,
which is also confirmed by a strong observable pinning
effect. Superhydrophobic nano-structured surfaces with
higher apparent contact angles prevented adsorption and
a change in contact angle for longer periods. Without
proteins and serum in solution, water is no longer pinned
to the superhydrophobic surfaces and only exhibited the
non-wetted Cassie-Baxter state.

Superhydrophobic surfaces produce a composite
surface of a hydrophobic material and entrapped air that
effectively reduces protein binding as protein cannot bind
the air-liquid interface. However, this effect is transient
since proteins will eventually bind the areas on the
material surface regardless of its chemistry and surface
energy, which slowly leads to wetting of this surface and
eventual displacement of the air layer. This leads to a
subsequent significant increase in effective surface area
for protein binding Onee—the—airtayerislost-en—rough
superhydrophebic-surfaces,thecompared to a flat material
surface, allowing substantial amounts of protein to adsorb.
These conflicting design criteria aside, superhydrophobic

With air Without air

i - -
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Figure 3. Entrapped air at the superhydrophobic surface
prevents protein binding (protein is shown in green) when
incubated both with BSA or FBS (A,C). Removal of the air layer
through sonication leads to protein binding in the regions that
were once protected (B,D). Figure is reprinted with permission
from [129].




surfaces can effectively inhibit or prevent protein binding.
Perry et al. [132] quantified the amount of fibrinogen and
albumin adsorption on porous silica coatings with different
self-assembled monolayers, creating both
superhydrophobic and superhydrophilic surfaces. When
the superhydrophobic surfaces are exposed to protein
containing solutions, less total protein binding occurs
compared to the superhydrophilic surfaces. It s
noteworthy that if the superhydrophobic surface is
rendered non-superhydrophobic, the increased surface
area of this material leads to more protein binding
compared to the superhydrophilic surface. Zhai et al. [133]
used a micropatterning technique to construct a synthetic
mimic of the Namib Beetle, where they produced a
superhydrophobic surface patterned with superhydrophilic
regions. Polyelectrolytes and dyes selectively adsorbed to
the superhydrophilic regions while the superhydrophobic
regions remained protected.

The use of surface curvature is a promising approach
to prevent protein binding on superhydrophobic surfaces
isas reviewed by Lord et al. [134]. For example, Koc et al.
[123] fabricated superhydrophobic surfaces using both a
sol-gel deposition process and copper oxidation to form
nanoneedles. These surfaces are subsequently chemically
modified to afford hydrocarbon or fluorocarbon coated
surfaces.  Superhydrophobic  surfaces  with large
roughness features (4 um, 800 nm) adsorb more bovine
serum albumin (BSA) than chemically equivalent flat
surfaces, whereas surfaces with small roughness features
(10 nm) adsorb much less. The authors state that with
nano-scale roughness adsorption may still occur, but the

+ proteins

/A

adsorption &

@ denaturing %

Figure 4. lllustration of how protein fouling (biofouling) of
superhydrophobic surfaces may lead to removal of the air
layer. Proteins denature at the superhydrophobic/hydrophobic
surface, leading to proteins binding and subsequent surface
wetting due to formation of a more hydrophilic interface.

sharp curvature of the surface prevents a stable binding
event. When the surfaces are under high shear, less
protein adsorption occurs. Further, Kurylowicz et al. [135]
showed that as surface curvature increased, the number
of protein dimers and higher order aggregates decreased.
The authors use polystyrene (PS) surfaces, either flat or
with adsorbed nanoparticles that are 50 or 27 nm in
diameter, and employ single-molecule force microscopy to
show that lactalbumin and lactoglobulin are more closely
packed on the flat than highly curved surfaces.

Superhydrophobic surfaces effectively limit the
amount of surface area available for proteins to bind with
the presence of a protective air barrier. However, this
strategy is restrictive in that the hydrophobic, rough
materials necessary to produce the superhydrophobic
effect are also allewknown to adsorb proteins te-denature-
and-bind;-reducing the longevity of this barrier. The initial
maintenance of air at the material surface reduces protein
adsorption but the surfactant properties of proteins
eventually lead to loss of the air layer and an increase in
the amount of protein that binds. The required time for the
air layer to be present at the surface is an important
consideration for the corresponding suppression of protein
binding and the surface’s intended application.

4. Cellular Interactions

Similar to protein binding, the presence of entrapped
air modifies cell-material surface interactions, and
additionally influences cell proliferation and growth. As
discussed in the previous section, protein binding occurs
(rapidly) and this protein coated surface affects cell
binding. Ballester-Beltran et al. [136] examined the binding
of fibronectin (FN) to superhydrophobic surfaces, and
subsequently evaluated cell binding to these surfaces.
Superhydrophobic porous PS surfaces are produced using
phase-inversion. The authors found that limited quantities
of FN bind superhydrophobic PS surfaces compared to flat
PS and glass surfaces. Further, superhydrophobic PS
surfaces caused FN to adsorb to the surface differently, as
indicated by results from both an ELISA assay and
MC3T3-E1 cultured cells that produced fewer mature focal
adhesions. Superhydrophobic surfaces exhibited fewer
bound cells compared to control surfaces, which showed
extensive cell binding and cellular projections. Cells that
bind superhydrophobic surfaces form a round morphology
with few cellular projections. After several days of
incubation and growth, cell contractility, reorganization of
FN at the cell surface, and cell proliferation are all reduced
on superhydrophobic surfaces compared to non-
superhydrophobic surfaces. Alves et al. [137] produced
flat poly(L-lactic acid) (PLLA) surfaces cast from dioxane,
and superhydrophobic surfaces from an additional dip
treatment in ethanol. Rat bone marrow derived cells
cultured for 1, 3, 7, and 21 days on these surfaces results



in minimal cell growth and spreading on the
superhydrophobic surfaces at all time points. Wang et al.
[138] fabricated 50 um pillars of SU-8 on glass slides with
subsequent silane functionalization. Cells plated on these
superhydrophobic surfaces for 72 hours remained at the
top of the pillars, and the stable air layer prevents growth
in the well regions between pillars (Figure 4). In contrast,
without silane functionalization, cells grow everywhere on
the surfaces as water can contact the entire surface
(Wenzel state). The entrapped air layer at
superhydrophobic surfaces is stable up to 4 months in cell
culture, but is lost when exposed to a low surface tension
1:1 water:ethanol or sufficient pressure.

The roughness and curvature of a superhydrophobic
surface can also inhibit cell growth after binding, as
reviewed by Lord et al. [134]. Di Mundo et al. [139] studied
how an osteoblast cell line (Saos2) responded to different
roughness and densities of nanometer-sized dots. A
decrease in cell adhesion is observed with increased
roughness level (decrease in nanodot size). Additionally,
after initial cell binding, growth is inhibited on the rougher,
superhydrophobic surfaces. The authors hypothesized
that superhydrophobic surfaces are more “nanometric”
and prevented protein and cellular binding. The increase
in nanodot curvature also preventsprevented cell filopodia-
material interactions. The authors make no direct mention
of air being maintained at the surface leading to this effect,
but it-seemsthis is plausible based on the geometry of the
fabricated surfaces. Cell density is twice as high on flat
surfaces compared to superhydrophobic ones composed
of the same material. Ranella et al. [140] tuned cell
adhesion by controlling the roughness on
superhydrophobic 3D micro/nano silicon structures.

Supérhydrophilic region

Increasing the roughness and superhydrophobicity of the
surfaces decreasesdecreased 3T3 cell viability and
diminishesdiminished their ability to spread on the surface.
Bauer et al. [141] fabricated vertically oriented TiO;
nanotubes with defined diameters between 15 and 100
nm, and coated them with octadecylphosphonic acid to
produce surfaces with apparent contact angles between
102° and 167°. Unmodified surfaces are “superhydrophilic”
and completely wet in contact with water. Cells incubated
on the superhydrophobic surfaces of any TiO2 nanotube
diameter for 24 hours showed the same amount of binding
compared to control surfaces. However, after 24 hours,
the air present at superhydrophobic surfaces prevented
further growth compared to superhydrophilic and control
surfaces.  Additionally,  superhydrophobic  surfaces
composed of 15 nm features exhibited more collagen and
less albumin binding over 24 hours when compared to
surfaces of 100 nm tubes. The authors postulated that the
very high curvature at the surface influences whichihe
type of proteins that bind (i.e., rod shaped protein vs.
globular protein) and, thus, facilitatecell binding. Dowling
et al. [142] fabricated PS surfaces with apparent contact
angles of 12° to 155°, and RMS roughness of 19 to 2365

nm. 1olefeslibe i faned welae cllosone eociines o

reughness—Non-superhydrophobic surfaces showed 90%
more MG63 cells bound than on superhydrophobic
substrates. Proliferation of cells is low on both the non-
superhydrophobic and superhydrophobic surfaces.

An active area of research is spatially controlled
growth of cells through patterned superhydrophobic-
hydrophilic substrates. This methodology is used for lab-
on-a-chip diagnostic applications (discussed later), or

Figure 5. Superhydrophobic regions prevent cellular binding and growth, where superhydrophilic regions showed the
opposite. a) Minimal binding of cells on superhydrophobic regions occurs while significant adhesion occurs on
superhydrophilic surfaces, adapted with permission from [144]. b) Adjacent superhydrophilic spots can be seeded with
droplets of different cell populations separated by superhydrophobic barriers, after which the entire surface can be wetted
to study cell-cell communication, adapted with permission from [146].



alternatively applied to other applications such as tissue
engineering constructs. Oliviera et al. [143] produced
patterned superhydrophobic PS surfaces by a phase
separation method, and studied the growth of three cells
lines (Sa0s-2, L929, and ATDC5). Produced by UVO
irradiation treatment, cell growth is selectively seen on
hydrophilic spots, and in most cases cell binding and
growth is suppressed over 6 days of cell culture on
superhydrophobic regions. Ishizaki et al. [144] fabricated a
micropatterned superhydrophobic and superhydrophilic
surface using chemical vapor deposition (CVD). Patterns
of UV treatment afforded superhydrophilic regions (-OH
and -COOH functional groups) while in-seme-areas,—and
the trimethylmethoxysilane (TMMOS) treated areas
gaveexhibited superhydrophobicity-en-others. Mouse 3T3
cells incubated on the surfaces for 1 and 24 hours showed
selective binding and growth on the superhydrophilic
regions, as shown in Figure 5a. Piret et al. [145] cultured
CHO cells on micropatterned superhydrophobic/
superhydrophilic silicon nanowire arrays for 3 hours, with
subsequent growth of cells for 48  hours.
Superhydrophobic regions are produced on the arrays by
using octadecyltrichlorosilane (OTS), with apparent
contact angles of 160°. Binding and growth of CHO cells
is completely suppressed on the superhydrophobic
regions, with all binding occurring in the superhydrophilic
regions. The bound cells exhibitexhibited cytoplasmic
projections, which remairremained within the
superhydrophilic regions. Huang et al. [129] used TiO;
nanotubes coated with perfluorocarbons to produce
superhydrophobicity, which are then removed by UV in
selected areas to expose the superhydrophilic material
below. The authors demonstrated that multiple cell types
can be seeded specifically on the superhydrophilic
sections when in FBS-supplemented media, but observed
much less specificity when in protein-free basal media,
even when wetted. After two days, the templated cells
overgrow their original seeding patterns, highlighting the
temporary utility of these patterns. Finally, the authors
showed that this seeding can be achieved to the same
extent whether or not air is present, suggesting that
hydrophilic domains are naturally better sites for cell
adherence. However, Efremov et al. used-TiO,—nanotubes
coated———with——perfluorocarbons—to——produce
belew- [146] demonstrated the utility of the air layer
maintenance during cell seeding. The authors used
lithography to produce a surface with highly hydrophilic
(CA of 17°) poly(2-hydroxyethyl methacrylate)-co-
(ethylene dimethacrylate) (HEMA-EDMA) spots separated
by thin (~50 pm) barriers of nearly superhydrophobic
(advancing CA of 146°) pentafluoropropyl methacrylate.
This enabled the seeding of adjacent spots with different

cell types for 18 hours, after which the surface is wet
completely to study cell-cell communication. Separation of
the cell types in each spot is maintained for over 72 hours
without overgrowth of the hydrophobic barriers, as shown
in Figure 5b. Recent work by the Levkin group
demonstrated maintenance of these micropatterns for 5
days of culture with a variety of cell lines as well as
pipette-free medium exchange and drug screening assays
[147]. The Mano group also used superhydrophobic
surfaces to prepare cell spheroids [148]. Micro-scale
indentations, which serve to pin agueous droplets on an
otherwise superhydrophobic PS, are used for housing
fibroblast-like L929 cells in 5 pyL of media. This surface is
then inverted, and over 48 hours the cells in each droplet
aggregate into a spheroid.

Lastly, in contrast to other findings, some authors
found that superhydrophobic surfaces promoted cell
growth. Senesi et al. [149] prepared “Teflon-like coatings”
by depositing C2F4 gas in RF mode using a parallel plate
chemical CVD, resulting in a rough fibular structure with
apparent contact angles up to 160° and RMS roughness
values of 524 nm. The rougher, more superhydrophobic
substrates served as better 3T3 cell substrates over 96
hours than surfaces that are less rough. It should be noted
that the SEM micrographs appeared to suggest that this
air layer was unstable and was removed quickly: instead
of preventing cell binding, an increased surface area
would enhance cell binding and growth. Furthermore
Gristina et al. [150] used these same coatings and
incubation conditions but different cell types (NCTC 2544
keratinocytes, 3T3 fibroblasts, MG63 osteoblasts) to show
similar results with rougher substrates affording increased
viability, adhesion, and spreading with all three cell lines.
Luo et al. [151] fabricated perfluoro-functionalized
poly(3,4-ethylenedioxythiophene) (PEDOT) films using
electrochemical polymerization in an ionic liquid, where
PEDOT-OH films and smooth PEDOT films were used as
controls. The authors showed that protein adsorption
doubled on superhydrophobic PEDOT-F surfaces
compared to PEDOT-OH substrates. In normal serum-
supplemented media, P19 embryonal carcinoma cells
exhibited the highest viability on rough superhydrophobic
PEDOT-F substrates. In serum-free media, however,
fewer cells adhered on both substrates, which the authors
attributed to decreased protein adsorption.

Superhydrophobic surfaces, by maintaining air at the
interface, reduce the effective area for cells to bind and
cellular proliferation rates. In the work examined, air is
used as a temporary barrier to cell growth with studies
performed over relatively short time scales (hours to
several days). However, as discussed in the previous
section, the air barrier is eventually lost because of the
surfactant properties of biomolecules, Further—and
highlights the need for further advances in materials and



material properties to prolong the stability of the air layer
for longer-term prevention of cell binding.

5. Blood Compatibility

There is significant demand for blood-compatible
materials for many applications, including diagnostic
platforms and prosthetic grafts to treat the increasing
prevalence of peripheral vascular disease, coronary artery
disease, and hemodialysis [152—-154]. Protein binding,
activation of platelets, restenosis, and resultant formation
of thrombi both on and downstream from biomaterial
surfaces remain the primary technical/biological barriers
for the success of these devices. Superhydrophobic
surfaces are being explored for their potential use in
increasing blood compatibility, where the gaseous
interface provides a unique approach to prevent material-
blood interactions. Toes et al. [155] studied commercial
expanded polytetrafluoroethylene (ePTFE) and
superhydrophobic ePTFE (modified commercial ePTFE
using ion beam etching) as vascular grafts in mice to
determine if superhydrophobicity led to improved
performance. Early effects of the ePTFE and
superhydrophobic ePTFE were studied by examining
platelet glycoprotein llla, a receptor which mediates
thrombus formation, after 15 minutes of contact with
human blood in a circulation setup. Blood that contacted
superhydrophobic ePTFE surfaces showed higher levels
of glycoprotein llla expression, indicating that platelets are
more activated compared to the commercially available
ePTFE surface. Subjecting the grafts to direct circulation
in a pig carotid artery for 28 days revealed no difference in

the thickness of neointima formation between the non-
superhydrophobic and superhydrophobic grafts (Figure
6). These findings are in direct contrast to those reported
by Busscher et al. [156], who noted a significantly
decreased neointima formation with the use of the
superhydrophobic ePTFE surfaces compared to
commercially available ePTFE surfaces.

Hou et al. reported successful prevention of platelet
activation using superhydrophobic surfaces [157]. The
authors generated a  superhydrophobic, porous
polypropylene (PP) surface using a solvent casting
method. Upon exposing flat PP and the porous
superhydrophobic PP surfaces to citrated blood and
platelet rich plasma for 90 minutes, the authors observed
significant numbers of adsorbed platelets on the flat PP, in
contrast to superhydrophobic PP surfaces that adsorbed
fewer adsorbed platelets. Additionally, fewer fused
platelets and pseudopodia extensions are observed on the
superhydrophobic PP surface.

Sun et al. [158] produced nanostructures of
poly(carbonate urethane)s (PCUs) with fluorinated alkyl
side chains by casting on top of an aligned carbon
nanotube array. When the superhydrophobic PCUs
structure is exposed to platelet rich plasma for 30 minutes
with subsequent gentle rinsing, and minimal platelet
adherence, activation, and deformation are observed. The
smooth PCUs with contact angles of =110° showed
greater platelet binding and deformation than the
nanostructured PCUs. Additionally, superhydrophobic
PCU surfaces gave less expression of the glycoprotein
gpllb/llla complex and PAC+/CD62+, showing reduction in

Figure 6. (a) Standard hydrophobic ePTFE and (b) superhydrophobic PTFE showed no difference in neointima formation on
the luminal side of the patch in a pig carotid circulation model after 4 weeks. No thrombus formation was observed. As shown
by a-actin staining, the majority of neointima formation in (c) ePTFE and (d) superhydrophobic PTFE is smooth muscle,

reprinted with permission from [155]. 9



both lewer-early and late stage platelet activation events.
The authors state that the decrease in platelet activation at
superhydrophobic surfaces is due to a decrease in protein
adsorption and the presence of entrapped air.

Zhou et al. [159] fabricated polydimethylsiloxane
(PDMS) with a textured surface by soft lithography.
Significantly larger numbers of platelets adhered to flat
PDMS surfaces compared to those with pillars after 60
minutes of exposure. Superhydrophobic surfaces only
bind platelets on top of the PDMS npillars, and not the
interior regions protected by air, and the least wettable
surfaces bound the Ilowest number of platelets.
Additionally, submicron grooves (“dual-scale roughness”)
introduced onto the pillars further suppressed platelet
adhesion. Similarly, Huang et al. [160] manufactured
stainless steel with a layer of TiO, nanotubes coated with
perfluorooctyl-triethoxysilane (PTES) to impart
superhydrophobicity. The authors reported a sigrificant
marked reduction in platelet adhesion over two hours on
the superhydrophobic surfaces.

Nokes et al. [161] used a clever roll-to-roll shrink-
induced manufacturing process to produce
superhydrophobic plastics. Specifically, a polystyrene
sheet is stretched and held while silver and calcium
nanoparticles are added by thermal vapor deposition, after
which the sheet is allowed to shrink back to shape,
causing the stiff metallic layer to wrinkle. The—resulting
surface—exhibitsBoth micro- and nano-scale roughness
andare observed on the surface and these surfaces can
be used as a mold to emboss polypropylene (PP). The
resulting PP exhibitsexhibited a CA >150° and hysteresis
<10° with both water and blood. The authors
demenstratedemonstrated blood drop roll-off and reduced
coagulation compared to the flat PP surface over 50
minutes.

In general, superhydrophobic surfaces reduce platelet
binding and activation in vitro. It is noteworthy that the two
most stringent and demanding in vivo experiments using
native and superhydrophobic ePTFE afforded conflicting
results.

6. Bacterial Interactions

There are milions of device-related bacterial
infections (>1M in the United States alone) each year.
Based on data collected in the US, nosocomial infections
account for half [162,163]. Infections are most commonly
associated with cardiovascular implants (stents, heart
valve replacements, central venous lines, etc.), where
7.4% of all implanted cardiovascular devices result in a
bacterial infection. Orthopedic implants follow closely
behind (hip and knee replacements, etc.), with 4.3% of all
implants resulting in infection. Over 90% of implants retain
pathogenic microorganisms when implanted, derived from
a patient’s skin, medical personnel clothing, medical

equipment, or already present in the body, and prevention
of infection remains a significant challenge [164,165].

Consequently, superhydrophobic surfaces are being
pursued as antibacterial coatings to reduce infections
using the entrapped air layer to inhibit adherence. Unlike
many of the other applications discussed thus far,
antibacterial suppression is enrly—necessary for a short
duration after implantation. There is a critical period of
hours-to-days where bacterial binding and growth must be
suppressed to allow cell and tissue integration to occur
[166]. Many of the approaches employing
superhydrophobic materials are reviewed by Zhang et al.
and the reader is referred to this article [167]. Crick et al.
[168] fabricated a superhydrophobic surface from a
silicone elastomer using aerosol-assisted CVD. When
compared to flat glass surfaces or flat silicone surfaces,
counts of both Escherichia coli (E. coli) and Methicillin-
resistant Staphylococcus aureus (S. aureus) are reduced
after submersion in the bacterial broth for 1 hour. S.
aureus  showed  significantly less growth on
superhydrophobic surfaces (2.5-fold lower), and E. coli
showed slightly less than either control (1.6-fold lower).
Loss of air may account for the small amount of bacterial
growth suppression observed. Tang et al. [169] used flat
TiO2 surfaces and calcined to form TiO2 nanotubes, and
coated both with perfluorooctyl-triethoxysilane (PTES) to
form superhydrophobic and hydrophobic surfaces. The
superhydrophobic surfaces resisted S. aureus adhesion
compared to unmodified nanotubes and the flat hydrophilic
titanium surfaces. Loo et al. [170] showed the delayed
growth of bacteria on polyvinyl chloride (PVC)
endotracheal tubes with texturing of the surfaces. A rough
microstructure PVC with micron-sized features is prepared
using a controlled precipitation method via selection of
appropriate solvent combinations. Smooth PVC surfaces
showed P. aeruginosa binding within six hours and
subsequent biofilm formation. With the superhydrophobic
textured PVC surfaces, binding and biofilm production did
not occur until 18 to 24 hours (Figure 7). After 96 hours,
extensive growth is observed on all surfaces, with only a
small amount of suppression on superhydrophobic
surfaces. The authors state that the air layer at
superhydrophobic surfaces is likely fully removed by 96
hours.

Ma et al. [171] demonstrated that the nanostructures
on the Taro leaf, which impart superhydrophobicity, are
responsible for its resistance to P. aeruginosa adhesion.
They attribute this to the microstructures on the “papilla”
which trap air at the surface and prevent binding. When
the leaves are wetted with ethanol to completely remove
the air layer, bacteria binding increased on the surface
although the wax crystals present on the leaves still
suppressed bacterial growth even when wetted. Epidermal
cells between the wax crystals showed extensive growth
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with removal of the protective air layer. Pernites et al.
[172] manufactured superhydrophobic surfaces by
depositing PS particles on a surface with subsequent
electropolymerization of conductive polythiophene on top
to produce a rough superhydrophobic surface. Without an
electric field, the films are resistant to fibrinogen and E.
coli binding. When an electric field is used to remove the
air layer (electrowetting), attachment of both fibrinogen
and E. coliis enhanced.

Hasan et al. demonstrated that the wings of the
cicada Psaltoda claripennis are superhydrophobic and
inhibited growth of Gram-negative bacteria but not Gram-
positive or mammalian cells [173]. However, the authors
modeled this result as a biophysical effect of the surface
topology and stiffness without including the effect of
entrapped air [174], and demonstrated the same effect
with hydrophilic materials of the same topology [175]. A
superhydrophobic silicon surface with a similar nanopillar
topology, manufactured using deep reactive ion etching by
Hasan et al. [176], showed anti-bacterial activity against E.
coli but not S. aureus, consistent with this mechanism. It
should be noted that this seems to be a limited effect, as
generally rougher surfaces increase bacterial adhesion
and growth [177,178].

In addition to the intrinsic suppression of bacterial
binding with an entrapped air layer at the surface, other
researchers are exploring encapsulated antibacterial
agents to further prevent bacterial growth at the surface
and in the surrounding regions. Berendjchi et al. [179]

employed silica sols doped with two different amounts of
copper nanoparticles. Release of copper ions from fabrics
impregnated with these nanoparticles resulted in a 72 to
99-fold reduction in S. aureus and E. coli growth
compared to undoped silica, as well as suppression in
bacterial growth in the surrounding culture. Both materials
trapped air, and the release of copper from the substrate
led to less bacterial growth on these materials. Xue et al.
[180] decorated cotton textiles using silver nanoparticles.
This treatment produced superhydrophobic cotton due to
the roughness induced by adding silver nanoparticles to
the surface. Compared to non-decorated cotton textiles,
the decorated superhydrophobic textiles showed greater
antibacterial activity against E. coli. Chung et al. [181]
produced textured superhydrophobic silver-
perfluorodecanethiolate complexes on coated polystyrene
(PS) surfaces. Modifying the ratio of AgNOs; and
perfluorodecanethiol changed the roughness of the
surfaces produced. Subsequent UV irradiation led to silver
nanoparticles formation on the surfaces. Upon soaking
unmodified PS, non UV-treated surface (non-
superhydrophobic), and UV-treated surface
(superhydrophobic) for 9 hours in PAO1 containing
bacterial broth, the PS surfaces exhibited significant
bacterial binding and growth on the surface after
exposure. The superhydrophobic surfaces without UV
exposure showed some binding, but significantly less than
non-superhydrophobic PS surfaces. The UV-treated
superhydrophobic surfaces showed the least bacterial

surfaces after 6 and 18 hours of incubation. Colonization occurred more slowly with a more stable superhydrophobic state

(a—h) Fiaire adanted with nermission from 1701
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binding and growth. Shateri Khalil-Abad et al. [182]
fabricated cotton textiles with silver nanoparticles by first
treating with base followed by exposure to AgNOs. Further
modification  with  octyltriethoxysilane  produced a
superhydrophobic surface with dual-scale roughness. With
the release of silver ions from the material, they showed
activity against Gram-positive and Gram-negative
bacteria. Spasova et al. [183] manufactured nanofiber
meshes composed of poly(vinylidene fluoride) or
poly(vinylidene fluoride-co-hexafluoropropylene)
containing ZnO nanoparticles -or the antibacterial drug 5-
chloro-8-hydroxyquinolinol  (5CI8HQ). The ZnO-loaded
meshes possessedexhibited contact angles >150° and
suppressed S. aureus growth over 24 hours compared to
the unloaded meshes. Meshes loaded with 5CI8HQ also
afforded a zone of S. aureus and E. coli inhibition.

There are ongoing efforts to commercialize
superhydrophobic coatings to reduce device-associated
infections, but none are yet on the market. A Phase | SBIR
granted to Taton et al. at Innovative Surface Technologies,
LLC explored a superhydrophobic, chlorhexidine-releasing
coating for endotracheal tubes to prevent ventilator-
associated pneumonia [184]. The results are said to be
promising, and the company is seeking a medical device
partner for commercialization (personal communication
with Dr. Taton). Another Phase | SBIR was granted to
Lalwani et al. at Lynntech, Inc., towards developing
superhydrophobic coatings for catheters to prevent urinary
tract infection [185], and results will be forthcoming.

In contrast to the goals of preventing bacterial growth
and adhesion, several reports describe superhydrophobic
surfaces promoting bacteria growth. Dou et al. [186]
recreated the topology of the rose petal using different
polymer mixtures, and shewedreporied that the greatest
adhesion of Gram-positive bacteria was-greatestoccurred
at an intermediate hydrophobicity;theugh-the-wetting state

was-noet-varied-independently. Sousa et al. [187] showed
that bacteria grew better on superhydrophobic PLLA

substrates when incubated with S. aureus or P.
aeruginosa for 24 hours compared to flat PLLA surfaces
(2-log reduction). Fadeeva et al. [75] produced Lotus leaf
mimics using titanium substrates and laser ablation that
produced features of 10-20 uym with dual roughness
features of about 200 nm. Non-laser ablated surfaces
exhibited CA of 73°, where after laser treatment the
apparent contact angles are as high as 166°. Increased
colonization of S. aureus is observed on the
superhydrophobic surfaces compared to the flat surfaces.
P. aeruginosa colonization is slightly reduced on the
textured titanium surface, which may be a result of the
biophysical effects of rigid nano-scale pillars (independent
of entrapped air) upon Gram-negative bacteria

investigated-thatwere, discussed previously [174].

Superhydrophobic materials can suppress bacterial
adsorption and growth on implants during the crucial
perioperative time period. The maintenance of air reduces
the area to bind. Release of antibacterial agents from
superhydrophobic materials further increases efficacy.
This application is particularly promising because the air
needs to be maintained on the material only temporarily.

7. Diagnostic Applications

Superhydrophobic surfaces are being explored for
“Lab-on-a-Chip” diagnostics. Highlighted briefly in previous
sections, superhydrophobic substrates can be patterned
such that select regions remain superhydrophobic, and
others modified to be hydrophobic, hydrophilic, or
superhydrophilic. These patterning processes define
regions with different wettability to favor selective
deposition of molecules or cells or the movement of fluid
from one area to another.

For—example—superhydrophobie—Superhydrophobic
surfaces, for example, are used to stabilize droplets, drive
flow, or act as valves in microfluidic diagnostics, as
reviewed recently by Gogolides et al. [188]. For example,
Li et al. [189] employed a PTFE powder cured by UV to
create a superhydrophobic coating. When 10 uL droplets
of blood are mixed with anti-A, -B or -D antibodies, added
onto the surface, and imaged over 180 s, the high
apparent contact angles of the blood droplets facilitated
color differentiation from the haemagglutination reaction
that corresponded to the blood type. Xin et al. [190]
manufactured a surface with a less hydrophobic channel
in a superhydrophobic PDMS surface using laser
sintering. Droplets added to the one end of the channel
flowed to specific regions due to the hydrophobicity
differences. Elsharkawy et al. [191] prepared similar
channels using an inkjet printer to cast a fluoropolymer on
sandpaper. Lai et al. [192] manufactured a microchip
using a vapor-diffusion self-assembled-monolayer method,
where a superhydrophobic-to-hydrophilic gradient was
built into the chip to force migration of a water droplet ef
water-across the surface. The wettability gradient controls
the change in the velocity of the liquid flow, and the device
can be fabricated so that droplet movement is
bidirectional.

Surfaces with switchable wetting are also being
investigated for diagnostics applications. Shiu et al. [193]
demonstrated the ability to switch a surface from
superhydrophobic to complete wetted with application of
an applied electric field (electrowetting), allowing an array
of protein microspots to selectively form. Before
application of the electric field, protein binding is inhibited,
allowing protein binding to be turned on or off. A widely
investigated material for stimuli-responsive wetting is TiOa,
because under UV irradiation it exhibits photocatalysis and
generates hydroxyl groups to make a rough surface
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superhydrophilic [35]. Meng et al. [194] employed surfaces
with rough TiO2 nanostructure to capture cells and adhere
antibodies for diagnosis. The TiO; surfaces can be reused
by photocatalytic cleaning under UV light to afford the
original properties. The authors demonstrated four cycles
of this process while maintaining the same cell capture
efficiency and complete removal of protein as measured
by immunofluorescence. Long-term maintenance of
superhydrophobic materials may require this type of
periodic cleaning cycle. Another diagnostic with
responsive wetting is the pressure-deformable membrane
reported by Seo et al [195]. The authors fabricated an
elastic, 275 ym thick PDMS membrane textured with ~2
um wide pillars, and demonstrated that the curvature
created by applying vacuum altered the local contact
angle. This process can then be used to drive droplet flow
and merging, as well as mixing of reagents (e.g., siRNA
and synthetic delivery vectors) to prepare supramolecular
structures for effective siRNA transfection.

Another elegant approach usinggse——of
superhydrophobic materials is to facilitate evaporative
concentration of samples to small areas to aid detection.
De Angelis et al. and Gentile et al. [196,197] used
superhydrophobic surfaces for detecting extremely low
concentrations of biomolecules. The authors fabricated a
superhydrophobic surface of silicon micropillars and
applied very dilute solutions of rhodamine, lambda DNA,
or lysozyme in femto- to attomolar concentrations. When
the solutions evaporate, the low concentrations of
biomolecules selectively deposit on the pillars, with the
protective air layer between pillars protecting other regions
from deposition. Due to the low hysteresis, the droplets
are not pinned during evaporation in this process, allowing

(4 t=10min t=15min

the solute to be concentrated at a single, or several,
pillar(s) (Figure 8). The specific nanofabrication technique
used to produce their superhydrophobic surface allowed
single molecule detection of the substances via an
enhanced applied plasmonic field. Plasmonic techniques
are sensitive to small concentrations, but sensing
eventually becomes diffusion-limited. This technique
overcomes these limitations, and the authors suggest its
utility for detecting minute concentrations of cancer
biomarkers. A similar approach is described by De Ninno
et al. [198], where an array of Cr/Au nanorods are
fabricated surrounded by a region of hydrophilic polymer,
further surrounded by superhydrophobic PMMA pillars.
This pattern confined the aqueous droplets to the region
during evaporation, concentrating the protein on the
nanorods for plasmonic detection. McLane et al. [199]
used roll-to-roll manufacturing to emboss polyethylene
with a high roughness and superhydrophobicity (CA of
154.6°). These materials served as a platform on which
urine droplets from 2-20 pL with varying albumin levels are
evaporated completely, and a colorimetric albumin assay
on the dried sample spots afforded a 160-fold increase in
sensitivity.

Differences in wetting can themselvesitself be used
as the output of a sensor, as in the selectively wetting
mesh sensor we reported in Falde et al. [200]. Our
approach used electrospun poly(e-caprolactone) (PCL)
based meshes with a top layer of controlled hydrophobicity
that wets at a critical surface tension, after which a lower
hydrophilic layer with a bromocresol purple dye causes a
pH-dependent color change. Tuning the critical surface
tension by changing the content of hydrophobic
poly(glycerol monostearate-co-e-caprolactone) (PGC-

t=25min t=35min
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Figure 8. Superhydrophobic surfaces allow deposition of molecules on a small number of pillars during evaporation (a, b,
c). Concentration of non-volatile components at pillars allows detection of femto- to attomolar concentrations of
biomolecules with an appropriate plasmonic structure on the pillars. Adapted with permission from [196]. 13



C18) allewsenabled these meshes to act as surface
tension sensors with a <2 mN/m resolution using the
naked eye, enough to allow determination of clinically
relevant changes in urine bile acid concentration or breast
milk fat content. A-—similar—but more specific sensor
application by Qing et al. [201] used 3-(acryloylthioureido)
phenylboronic acid-co-poly(N-isopropylacrylamide),
(ATPBA)-co-pNIPAAmM, which displayed saccharide-
sensitive wettability, with a flat contact angle of 81° in pure
water but 43° in a 0.05 M glucose solution. When this
polymer is coated on an array of silicon pillars, the
sensitivity is greatly increased, exhibiting apparent contact
angles of 156" and 0° with the same-pure water and 0.05
M glucose solutions. A 10° change in response to a 0.1
mM glucose change is detected. Further work by Qing et
al. alse—developeddescribed chirality-sensitive saccharide
[202] and nucleotide-sensitive [203] versions of these
sensors. These applications demonstrate that thewith
appropriate engineering of the superhydrophobic surfaces
allowresponse-to-surface, detection of minute changes in
the surface tension of liquids; and enrable—the
deteetionsolutions of important analytes is attainable.

Sensor applications at the cellular level employ
superhydrophobic surfaces to enable the patterning of
cells for high throughput diagnostic devices. Techniques
for fabrication of these patterned surfaces are recently
reviewed by Ueda and Levkin [204] and the reader is
referred to this article. Neto et al. [205] designed a
patterned superhydrophobic microarray for the high-
throughput screening of the interactions efbetween
biomaterials, proteins, and cells. PS superhydrophobic
surfaces are manufactured via a phase-separation
technique. The wettability of different regions on the
surface is tuned with varied UVO treatment. The ratio,
amount, and adsorption time of human serum albumin and
human plasma FN are varied to probe adsorption
characteristics of regions with different wettabilities. These
permutations are then used to study the cell adhesion of
osteoblast-like cells, where different protein combinations
and the hydrophilicity of the surfaces modulate cell
binding. The authors suggest this surface can be used as
a high throughput method to evaluate biomaterial surfaces
and their protein and cell binding characteristics. Geyer et
al. [206] produced an array of superhydrophilic spots
separated by superhydrophobic barriers. Treating the
HEMA-EDMA surfaces with UVO followed by grafting a
fluorinated brush polymer afforded superhydrophobicity.
When the surfaces are incubated with cells, only the
superhydrophilic  regions bind cells, and the
superhydrophobic barrier regions shewshowed less cell
binding as a result of air trapped air-at the surface. This
phenomenon is furthered examined by plating cells
expressing mCherry or GFP in different regions to produce

“wells” of varied cell types. Shiu et al. [207] manufactured
cell microarrays by varying surface roughness and tuning
wettability. Rougher surfaces hosted increased numbers
of cells after 3 hours. Initially the rougher, more
superhydrophobic  surfaces resistresisted protein
adsorption, but at later times lead to enhanced protein
adsorption and cell growth.

Superhydrophobic materials provide useful platforms
for supporting and handling microliter-scale droplets
commonly used in many diagnostics, especially
miniaturized point-of-care devices. The wetting transition
from the Cassie-Baxter to Wenzel states serves either as
an indicator itself or as a driver of flow for microfluidic
assays. Alternatively, superhydrophobic surfaces stabilize
small droplets for detection or to enhance evaporative
concentration. Finally, superhydrophobic surfaces can
drive cell patterning for microarray assays. Fhis
application—isThese diagnostic applications are promising
as the stability of the air layer at the superhydrophobic
surface is only transiently required-transienthy.

8. Drug delivery

Drug delivery is an exceedingly active research area
with the primary goal of more effectively delivering a
therapeutic agent to a target site. In cancer treatment, for
example, the current standard of care often involves
chemotherapeutics delivered as an intravenous bolus,
leading to systemic drug distribution and only a small
fraction of this drug reaching the target. This non-specific
delivery leads to significant dose limiting side effects and
overall poor clinical outcomes. Thus, a significant focus of
the drug delivery community is the design and evaluation
of delivery systems fabricated from polymers, lipids, and
ceramics that encapsulate a therapeutic agent. This
includes particle-based systems (nanoparticle, micelles,
liposomes, dendrimers, others), where the particle
encapsulates the drug and improves targeting to a site, as
well as drug depots (microparticles, microrods, films,
meshes, others) which are designed to be implanted
directly at the target site to release drug over a constant
rate and a specified time [208-212]. Research on both
particle- and depot-based drug delivery systems aim to
improve treatment options by decreasing systemic
toxicities, increasing bioavailability, and improving the
solubility of the drug.

The Mano group used superhydrophobic surfaces to
fabricated hydrogel beads containing drugs or cells. For
example, small (5-10 uL) aqueous droplets of dextran-
methacrylate and pNIPAAM mixed with model proteins
insulin or albumin are confined on superhydrophobic
surfaces for subsequent UV-curing [213]. The cross-linked
particles exhibited temperature-responsive drug delivery
over 48 hours. The same group also recently
demonstrated a similar process using milder conditions
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suitable for encapsulating growth factors with living cells
for skin repair [214]. Droplets of collagen mixed with
platelet lysate and human adipose-derived stem cells are
added to superhydrophobic surfaces and allowed to gel for
10-15 minutes. The beads released protein over about 8
hours, and cell growth continued for 7 days.

Alernatively,—— metastableMetastable
superhydrophobic materials are themselves being
investigated as delivery platforms as-because the rate of
wetting controls drug release from the material. In general,
drug delivery from electrospun fibers is an active area of
research and techniques for electrospinning nanofibers
are reviewed by Hu et al. and Chou et al. [215,216].
Reports from our laboratory [76—78,217,218] describe the
fabrication and characterization of superhydrophobic 3D
materials as drug delivery devices. By varying the stability
of an entrapped air layer within these 3D materials, the
rate of drug release is controlled.

Superhydrophobic 3D materials are fabricated using
electrospinning;—utilizing with blends of the biocompatible
polymers PCL and PGC-C18 (poly(glycerol monostearate
carbonate-co-caprolactone). PGC-C18 is significantly
more hydrophobic than PCL (contact angle of 116° versus
83° for flat materials), and further additions of PGC-C18
into electrospun meshes afforded increased stability of the
entrapped air layer. Increasing the hydrophobicity of the
meshes lead to slower air removal when submerged in
water, taking 10 to 75 days, or with sufficient
superhydrophobicity, a permanently stable air layer [217].
When meshes are loaded with a camptothecin derivative
SN-38, the rate of removal of the entrapped air layer within
superhydrophobic meshes directly controls the drug
release rate. Further, when the drug is loaded only in a
central layer, the drug release is delayed until that layer is
wetted (as verified with CT imaging), extending release to
over 100 days in PBS, or 40 days in a mechanically
agitated 10% serum solution [78], as shown in Figure 9,
again reinforcing the effect of protein on the time scale of
air maintenance. These drug-eluting superhydrophobic
meshes are effective in in vitro cytotoxicity assay, killing a
variety of cancer cell lines (lung, colon, breast) over 2 to
>10 weeks [76,78]. Additionally, mechanical forces such
as ultrasound (pressure) can be used to forcefully remove
the air layer from the superhydrophobic material and
trigger drug release [219]. One potential application for
these devices is as a combination buttressing-drug
delivery device for resectable lung cancer. However, this
work also highlights the importance of release media and
mechanical forces on the rate of wetting and drug release.

In a related study, Manna et al. [220] employed layer-
by-layer assembly to fabricate superhydrophobic coatings
~80 pum thick using the polyelectrolytes
poly(ethyleneimine) and poly(2-vinyl- 4.4-
dimethylazlactone). These coatings, loaded with either a

rhodamine dye or the anti-biofim agent 2-
aminobenzimidazole, afforded release of the loaded drug
or drug model for ~300 days.

Further work by Kaplan et al. in the Grinstaff
laboratory [221] investigated the release of cisplatin from
electrospun superhydrophobic meshes, again using PCL
and PGC-C18 polymer blends. Drug release and extended
cytotoxicity against Lewis Lung Carcinoma (LLC) cells is
observed over 90 days, which corresponded to the
infiltration time for a solution of 10% fetal bovine serum
(FBS), as imaged by CT. To our knowledge, this is the
longest reported underwater layer maintenance in the
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Figure 9. The removal of air from superhydrophobic 3D
materials controls the rate of drug release from the central
layer of a tri-layered electrospun mesh. Each layer of an
electrospun mesh acts as a new superhydrophobic surface
to control the rate of air removal and penetration of a serum
solution, imaged using uCT with a contrast agent. Figure
adapted from [78].

presence of significant protein. These meshes, when
implanted into mice in a subcutaneous LLC resection
model, demonstrated increased prevention of local
recurrence compared to systemic cisplatin as well as local
biocompatibility. Finally, Wang and Kaplan, et al. explored
the use of superhydrophobic, electrosprayed coatings as a
mechano-responsive drug delivery system where release
of either a hydrophilic or a hydrophobic drug is controlled
by the amount of applied strain. In this system, the drug
loaded core is sandwiched between two
superhydrophobic, electrosprayed coatings, and the
applied mechanical force inducesinduced cracks in the
coating with subsequent release of the drugs [222].
Mesoporous silica nanoparticles are being explored
for drug delivery, therapeutic ultrasound, and as
ultrasound contrast agents. Zhao et al. synthesized
nanoparticles with hydrophobic pores which, after cell
internalization and application of low-energy ultrasound,
resulted in cell death due to released nanobubbles [223].
These particles are even more effective if the pores have
closed ends, suggesting that they entrap air in addition to
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serving as nucleation sites for cavitation. Ahmad Nor et al.
prepared similar particles, with varying degrees of
hydrophobicity, and demonstrated that the particles which
were both rough and hydrophobic released their drug
loadings slowest [224]. Yildrim et al. reported that
mesoporous silica nanoparticles are effective ultrasound
contrast agents, by releasing or nucleating microbubbles
in response to focused ultrasound [225]. Finally, Chen et
al. synthesized mesoporous silica nanoparticles with
grafted fluorocarbons and photoresponsive spiropyran
[226]. The authors showed UV-triggered release of loaded
fluorescein disodium and camptothecin. This is a
surprisingly dramatic change given that similar
functionalization on silica pillars causes pinning but no
noticeable change in the advancing contact angle.
Superhydrophobic materials present a promising new
platform for drug delivery. With proper choice of material
hydrophobicity—drug-ehoicematerials, drugs, and leading;
method of drug loading, the release kinetics can be tuned
for a variety of applications. Superhydrophobic materials
are amenable to the delivery of both hydrophobic and
hydrophilic agents. The time scales for delivery are
controlled from a few days to the order of months, even in
rigorous conditions, and superhydrophobic drug delivery
devices, at least in one example, exhibit efficacy in vivo.

9. Conclusions, Perspectives, and Future Directions

Superhydrophobic materials exhibit a number of
unique properties that arise from the high roughness of a
low surface energy material that stabilizes a non-wetted
state. A wide selection of materials are—available—and a
number of top down and bottom up approaches are
available for fabrication, including several that are
practiced on the commercial scale such as precipitation,
CVD, electrospinning, soft lithography, and embossing.
The Wenzel and Cassie-Baxter models provide a
mathematical description of the fully wetted and partially
wetted states, and a means for predicting material
wettability. Modeling studies have resulted in re-entrant
topology designs that are remarkably superhydrophobic
and even omniphobic [86,227—229]. However, modeling is
more challenging with materials possessing variable
topology such as electrospun meshes.

In biomedical applications, the wetted state is best
viewed as metastable, where the maintenance of this state
is highly dependent on the materials, morphology, initial
wetting state, and solutes and surfactants in the liquid.
Furthermore, the stability of this state is sensitive to its
local conditions where a sufficient treatment with vibration,
acoustic pressure, hydraulic pressure, or changes in
surface energy (e.g., addition of a surfactant) will afford
wetting and removal of the air layer. This is especially
relevant for biomedical applications where salts,
surfactants (e.g. albumin), and mechanical forces (tension

and compression) are prevalent. This metastability is
either an advantage or disadvantage, depending on the
application.

The prevention of pretein-adhesion-isaadserption-and
protein adsorption is a major focus areasis ameng—the

apphications——being investigated. In general,

superhydrophobic surfaces possessing higher apparent
contact angles prevent protein adsorption over longer time
perlods than those W|th Iower contact angles.-Fe=many-ia

- Several groups
report selectlve protein adsorptlon based on the curvature
of a structure alone, suggesting that any material may
possess an anti-fouling feature. However, as these
surfaces exhibit a large surface area, once wetted,_ the
fotal protein adsorption is significantly greater than for the
corresponding smooth, flat surfaces. Stimuli-responsive
systems that refresh and clean a surface will likely extend
the useful lifetime of these materials.

For many in vitro and in vivo applications, cellular
attachment to a substrate is a prerequisite. The presence

of entrapped air limits cells from interacting with the
material surface. The roughness and curvature present on
the superhydrophobic surface affects cell spreading and
proliferation, with materials possessing greater contact
angles reducing both cellular activities. -

Superhydrophobic-superhydrophilic patterned surfaces
allow the precise seeding of different cell types in closely
adjacent arrays, allowing co-culture of cells for use in
diagnostics, cell signaling studies, and tissue engineering
over a few days.

Similarly, bacterial adsorption and growth can be
inhibited for over three days by reducing the wetted area
available for bacterial adsorption. Further—Aantibacterial
agents can be incorporated and released over time, either
as a bolus or by slow elution during material wetting as in
the drug delivery applications. Furthermore, there are
examples showing that the rough morphology of a surface
can itself inhibit the growth of Gram-negative bacteria
through a biophysical effect. Since the reduction in
bacterial adhesion and growth in the first hours and days
can significantly reduce overall infection rates, this is one
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of the most promising applications of superhydrophobic
materials.

Superhydrophobic biomaterials are also being
evaluated in more demanding biological applications, such
as the prevention of blood coagulation. The demand for
new blood-compatible materials is large given their use in
| applications—from—vascular grafts to hemodialysis.
Superhydrophobic surfaces exhibit reduced platelet
attachment and pseudeopedia—extensionscoagulation with
increased contact angle—Fhese—properties—result—in
ceduesc—econculaton inlhe sooccinmes of bole blood
compared-to-flat-surfaces. Blood compatibility is observed
only for relatively short periods of time (<2 hours) after
which materials adsorb proteins and cells.

Additionally, superhydrophobic materials provide
useful platforms for supporting and handling microliter-
scale droplets in diagnostics. Patterns of hydrophilic and
superhydrophobic areas facilitate droplet stabilization for
high throughput assays or control liquid flow in
microfluidics.

Tunable delivery of both hydrophobic and hydrophilic
drugs is also demonstrated from superhydrophobic
materials. The ability to control wetting is used to slow
dissolution of drug entrapped in superhydrophobic
meshes, —er—coatings, or nanoparticles. Drug release is
demonstrated for weeks under rigorous in vitro conditions,
and efficacy is observed in an in vivo model of local
cancer recurrence, though extending the non-wetted state
remains a significant challenge.

The above observations and results suggest a
number of additional basic research avenues, such as: 1)
materials which can maintain the Cassie-Baxter state in
protein solutions and in vivo for months as opposed to
weeks; 2) refinement of the relationships between stability
of the meta-stable state and acoustic pressure, hydraulic
pressure, surfactant composition, or  surfactant
concentration; 3) identification of materials and processes
suitable for delivery of proteins, as current reports are
focused solely on small molecule delivery; and 4) further
development of stimuli-responsive and reversibly wetting
superhydrophobic/superhydrophilic materials.

To our knowledge there are no FDA-approved (or CE
marked) medical devices that employ superhydrophobic
surfaces, however, there is precedence for the
commercialization of products exhibiting
superhydrophobicity. This is especially evident in the self-
cleaning and anti-icing areas. Multiple aerosol and liquid
paints that are on the market produce superhydrophobic
and self-cleaning coatings on a variety of substrates,
including NeverWet from Rust-Oleum, Ultra-Ever Dry from
UltraTech International, and WX2100 from Cytonix. The
latter is typical of the group, a mixture of 25 ym and 200
nm silica particles in a fluorourethane liquid [230], which
dries into a coating with dual-scale roughness and a static
contact angle of 156° [231]. Fabric treatments are also
being marketed as producing superhydrophobic materials,
including EverShield from UltraTech. These commercial
successes provide motivation for the translation of
superhydrophobic  biomaterials for use in clinical
applications. Potential biomaterial product concepts, to
name a few, include: 1) catheters, -er endotracheal tubes,
or medical instruments with a superhydrophobic coating to
reduce bacterial adhesion when in contact with blood or
bodily fluids; 2) controlled patterns of superhydrophobic
and superhydrophilic areas used to construct cellular
microarrays or engineered tissues; 3) disposable
microfluidic  diagnostic devices, produced—by—het

el e oo where  the
superhydrophobic coating supports droplets or direets

facilitates fluid flow; and 4)- coateding medical devices for
drug delivery such as a drug eluting lung ftissue
buttressing device. -locally—implantable—buttressing—drug
. .

cuboscneniloelesons he oo nl

The purpose of this manuscript is to review the state-
of-the art in superhydrophobic biomaterials, to promote
new research, and to stimulate discussion. We encourage
all to investigate this exciting area of biomaterials and its
potential clinical applications.
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