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Editorial
Microscale Surface Tension and its Applications
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Keywords: contact angle; droplets; liquid bridge; microfabrication; micromanipulation; pick-and-place;
soft robotics; surface tension; wetting

More than 200 years since the earliest scientific investigations by Young, Laplace and Plateau,
liquid surface tension is still the object of thriving fundamental and applied research. Partly inspired
by nature’s evolutionary designs exploiting physical properties inherent to liquids, this research is
enabling a rich and ever expanding set of technological applications. Micromachines’ Special Issue on
“Microscale Surface Tension and its Applications” was therefore conceived to present fundamental
knowledge, showcase relevant ongoing works and highlight prospective research directions regarding
capillarity, wetting, and collateral topics.

Building on significant advances in miniaturization and soft matter, as well as in metrology and
interfacial engineering, surface tension effects are indeed a major key to current developments in soft
and fluidic microrobotics, precision micromanipulation and fluid/solid interactions. Benefiting from
scaling laws, surface tension and capillary effects are expected to enable and support sensing, actuation,
adhesion, confinement, compliance, and other structural and functional properties necessary in micro-
and nanosystems.

This Special Issue successfully gathered novel and multidisciplinary contributions on capillary
micromechatronics (capillary grippers, vibration-induced transport of droplets, capillary actuators,
self-alignment), superhydrophobic and self-lubricating surfaces, soluto-capillary Marangoni-based
micromixing, and droplets micromanipulation. Worth highlighting are also two reviews on interfacial
tension measurement and self-cleaning surfaces.

This varied and stimulating ensemble of contributions echoes many of the interests and
directions identified during the 1st International Conference on Multiscale Applications of Surface Tension
(microMAST 2016), organized in September 2016 by the Belgian thematic network on Microfluidics
and Micromanipulation (www.micromast2016.be). The goal of that conference and network was, and
remains, to bring together various, interrelated or complementary research communities to collectively
address up-to-date and unsolved questions concerning the broad field of surface tension effects.

In recapitulating the spirit of that ongoing enterprise, we hope that the interplay between
fundamental questions and relevant applications driven by the downscaling of capillary effects captured
in this Special Issue will provide an inspiring point of view for the readership of Micromachines.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Micromachines 2019, 10, 526; doi:10.3390/mi10080526 1 www.mdpi.com/journal/micromachines
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Self-Cleaning: From Bio-Inspired Surface
Modification to MEMS/Microfluidics
System Integration
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Abstract: This review focuses on self-cleaning surfaces, from passive bio-inspired surface
muodification including superhydrophobic, superomniphobic, and superhydrophilic surfaces, to active
micro-electro-mechanical systems (MEMS) and digital microfluidic systems. We describe models and
designs for nature-inspired self-cleaning schemes as well as novel engineering approaches, and we
discuss examples of how MEMS/microfluidic systems integrate with functional surfaces to dislodge
dust or undesired liquid residues. Meanwhile, we also examine “waterless” surface cleaning systems
including electrodynamic screens and gecko seta-inspired tapes. The paper summarizes the state
of the art in self-cleaning surfaces, introduces available cleaning mechanisms, describes established
fabrication processes and provides practical application examples.

Keywords: self-cleaning surface; superhydrophobic; superhydrophilic; superomniphobic; microfluidics;
electrodynamic screen; gecko setae

1. Introduction

A self-cleaning surface is defined as a surface that prevents or reduces surface contamination such
as dust, water condensation, stains, or organic matter [1,2]. Self-cleaning surfaces have been under
development at least since the late twentieth century. Related research involves multi-disciplinary
backgrounds and aims at a broad range of applications including skyscraper windows, car windshields,
solar panel cover glass, surveillance camera lenses, and water drag reduction on ship hulls [3].
Scientists have been inspired by nature to modify the microscopic structural and chemical properties
of surfaces based on discoveries from plants, insects, and reptiles [4-7]. The approach is termed
“biomimetics” as it mimics the micro/nano structures on plant leaves, insect wings, and animal skins.

Self-cleaning surfaces in nature rely often on water droplets (rain or condensation) and gravity to
wash away surface contaminants. Such surfaces require to be positioned at a tilted angle, and the path
that the droplet follows during cleaning is not precisely defined. Considering these drawbacks, more
systematic designs have been proposed employing micro-electro-mechanical systems (MEMS) and
microfluidics approaches, in combination with surface modifications for better cleaning effects. Many
innovative designs have been implemented aiming at reducing labor and the overall maintenance cost
for clean surfaces.

In this review paper, we discuss the working principles of different self-cleaning surfaces and
systems, including both passive surface structure design and active microsystems. The design strategies
and fabrication processes are introduced, as well as application examples. The paper provides
guidelines for self-cleaning surface design and implementation.

Micromachines 2019, 10, 101; doi:10.3390/mi10020101 2 www.mdpi.com/journal /micromachines
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2. Passive Self-Cleaning Surfaces

Passive self-cleaning surfaces rely on surface modifications, combining both physical and chemical
changes of their surface properties. The surface energy will be altered accordingly to reduce the
adhesion of a water droplet to the surface. The droplet can slide off or roll off the surface under
gravity when tilted to clean the contaminants along its path. No other external physical fields are
involved in dislodging the contaminants [8]. In this section, we will discuss the fundamental surface
wettability theory and different surface modification approaches, including superhydrophobic surfaces,
superomniphobic surfaces, superhydrophilic surfaces, and liquid infused porous surfaces.

2.1. Surface Wettability Theory Review

To describe the wettability properties of a surface, the static and dynamic contact angles of a
sessile droplet are commonly characterized. As depicted in Figure 1a, the static contact angle (CA),
0, is determined by the tangent angle between the smooth solid surface and the liquid meniscus
outline [9]. The basic law for surface wettability was first derived by Thomas Young in 1805, known as
Young’s Equation [10]:

YsG — VsL )
YLG

cos 0 =

where ysg, YsL, and yLG are, respectively, the interfacial surface tension at the solid/gas, solid/liquid,
and liquid/gas interfaces. The model is based on the thermodynamic equilibrium approach between
the three phases. Surface wettability is described as hydrophobic (CA > 90°) when the solid surface
free energy in air is lower than in liquid, and hydrophilic (CA < 90°) when the solid surface free
energy in air is higher than with liquid on top [9,11,12]. The suffix of “-philic” or “~phobic” describes
whether the liquid has affinity or lacks affinity to the solid. A variety of contact angle measurement
methods have been proposed, including direct measurement by goniometer [13], captive bubble
method [14], Wilhelmy method [15], capillary tube [16], and capillary bridge [17-19], among others.
These approaches rely on Young’s Equation and the interfacial surface tension remains unchanged
during the measurement. The goniometer is the most widely used tool to measure a static contact
angle. The profile of a sessile droplet silhouette is captured, and the droplet contact angle is determined
by aligning the tangent of the droplet profile at the liquid /solid contact point. To analyze the droplet
contact angle, we cannot cover all the methods but briefly introduce axisymmetric drop shape analysis
(ADSA) [20-24], theoretical image fitting analysis (TIFA) [25], and high-precision droplet shape analysis
(HPDSA) [26,27]. ADSA was first developed by Y. Rotenberg, et al. to minimize the squares of normal
distances between the droplet sideview profile and theoretical capillary curve based on the Laplacian
Equation [20]. The surface tension is an adjustable parameter and droplet profile coordinates are
determined by edge detection techniques. Instead of knowing the coordinates along the droplet profile,
F. K. Skinner, et al. modified the ADSA by measuring the droplet diameter from the top view [24].
The modified approach can measure low contact angles (CA < 30°). ADSA uses a one-dimensional
profile curve and requires edge detection. The TIFA method determines the droplet surface tension by
two-dimensional fitting between the pendant droplet image and the theoretically calculated profile
without the need of edge detection. M. Schmitt and F. Heib developed the HPDSA methods to analyze
droplets on inclined surfaces [26,27], using localized ellipse fitting to determine the contact angles
separately for non-axisymmetric drop shapes. Sequential images of dynamic droplet contact angle
change can be extracted by this method.

As the droplet dynamically wets or dewets the surface, the liquid-air-solid three phase contact
line (TPL) starts to advance or recede. More than one state can exist. The interfacial energies at the
TPL will have multiple energy equilibrium states [28] caused by surface imperfections such as local
defects or roughness. Macroscopically, we can monitor a minimum CA value, called receding angle,
Brec, as the TPL recedes and a maximum CA value, called advancing angle, 6,4, as the TPL advances.
The difference between the advancing and receding angle is called contact angle hysteresis (CAH,
OcaH = 0adv — Orec), shown in Figure 1b,c. Due to contact angle hysteresis, a droplet can be pinned on
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inclined surfaces, as shown in Figure 1d. Sliding angle (SA), «, is defined as the angle between the
tilted substrate and the horizontal plane when a sessile droplet starts to move down the surface due
to gravity [29]. The relationship describing the sliding angle on a smooth surface with contact angle
hysteresis can be described as [30]:

mg sin «/w =y g (cos Brec — COs Baqy) &)

where m is the droplet mass, g is the gravity constant, and w is the droplet width in contact with
the surface.

Large contact angle hysteresis implies strong pinning or stiction of the liquid to the surface [31].
Consequently, K.Y. Law proposed a definition of surface hydrophobicity based on the receding CA
Orec instead of the static CA 0 [11]. A more distinct difference between the measured wetting force and
Orec could be observed when Brec > 90° or Brec < 90°. On the basis of the surface affinity measurements,
the author proposed that the surface was hydrophilic when 6;ec <90° and the surface was hydrophobic
when 0ec >90°.

Gas

(a) (b) (©) (d)

Figure 1. Schematics of contact angle types. The grey region represents the solid surface and the blue
color represents the liquid on top. (a) Static contact angle 8 and interfacial surface tension y according
to Young’s Equation. (b,c) represent a method to measure the advancing and receding contact angle.
The arrow represents the direction of external pressure to dispense water onto or retreat water from the
solid surface through a dispensing needle. (d) Inclination angle «, advancing angle 6,4,, and receding
angle Brec.

Young’s Equation does not take the influence of surface roughness into consideration. Wenzel
(1936) [32] and Cassie-Baxter (1944) [33] proposed models to study the water droplet apparent CA on a
rough surface. For homogeneous wetting conditions, the CA can be estimated using the Wenzel model
as in (Figure 2a):

cos 0* =rcos 0 3)

where 0* is the apparent CA on a rough surface, r is the surface roughness defined as the ratio of total
rough surface area over the projected flat region (always > 1), and 0 is the Young (intrinsic) CA as
defined on a flat surface. The Wenzel Equation shows that surface roughness amplifies the wetting
on originally flat surfaces [34]. On hydrophilic rough surfaces, the apparent CA 0* becomes smaller
than the intrinsic CA 0, while on hydrophobic rough surfaces, the apparent CA 6* becomes larger as
compared to the intrinsic CA on flat surfaces.

However, on rough hydrophobic surfaces, the surface energy of a dry solid surface is lower
compared to a wet liquid /solid interface. Instead wetting all solid surface asperities, the water droplet
often forms composite interfaces with air pockets and solid surfaces underneath [35,36]. A model that
captures this more complex heterogeneous scenario was proposed by Cassie and Baxter to predict
water droplet contact angle on composite surfaces (in particular, solid and air, see Figure 2b):

€0s 0% = Pajr €08 Ogir + Psolig €O8 Osolig 4)

where ¢, and ¢g)iq are area fractions of the air and solid surface and ¢,ir + Gsolig = 1. Oair and Ogqiiq
are water CAs when in contact with air or a solid surface. From Young’s Equation, it follows that the
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contact angle of water with air is 180°, thus cos 6,;; = —1, and we can derive the relationship between
the apparent CA 6* and the Young CA 6 = 6,,;q on the composite surface as:

cos 0* = —1 + Pglig (1 + cos 0). 5)

In this case, the solid surface region fraction ¢4 represents the portion of the heterogeneous
surface in contact with liquid, as opposed to the surface roughness r, which is the key parameter to
determine the contact angle on homogeneously wetted rough surfaces.

a/Z b

£..0,.8.. .

Figure 2. Schematics of different wetting states. (a) Wenzel state. (b) Cassie-Baxter state. (c) Transitional
state between the Wenzel and Cassie-Baxter state, including the “petal effect” with simultaneously high
contact angles (CA) and high Sliding angle (SA). (d) Top view of a typical artificial superhydrophobic
surface design by creating surface roughness with pillars. The pillar height is /1, the pillar breadth and
width are a and the distance between adjacent pillars edges is b. The dotted square shows a periodic
structure for calculation with a quarter of pillar surface counted at each corner.

Ia/z

By studying CAs or CAHs on chemically heterogeneous surfaces, the Wenzel and Cassie-Baxter
model is accurate only along the contact TPL instead of the whole contact region between droplet and
surface. Experiments on chemically heterogeneous surfaces were performed by C.W. Extrand [37]
and L. Gao and T. McCarthy [38]. In Gao and McCarthy’s experiments, a circular spot with different
surface finish was patterned on the substrate, e.g., a hydrophilic spot on a hydrophobic field, or a flat
hydrophobic spot on a rough field. By continuously expanding or retrieving the droplet, the advancing
CA, receding CA and the CAH were all determined by the surface condition on the homogeneous
periphery at the TPL instead of the average surface conditions beneath the droplet away from the TPL.

On a flat surface with the known lowest surface energy coatings based on the hexagonal close
alignment of -CF3 groups, the highest contact angle of a sessile water droplet can only be approximately
120° [12]. With surface roughness, according to the Cassie-Baxter model, when ¢4 is close to zero,
the apparent contact angle 6* approaches 180°. However, as shown in Figure 2c, the water can
impregnate into the surface roughness structures. Studied by Miwa, et al. [39], the Cassie-Baxter
Equation may be modified as:

cos 0% = —1 + Pglig (1 + 7 cos 0) (6)

where 7 is the analogous surface roughness term as in Wenzel’s Equation and  ¢jiq represents the
ratio of the substrate-water contact area to the projected surface area. Interaction energy between the
liquid and solid is 7 ¢jiq times higher when compared to a flat surface. A low SA (~ 1°) is achieved
only with a high trapped air ratio and reduced r, meaning the droplet needs to rest at the tip of the
roughness structures with small impregnation regions into the roughness, close to perfect Cassie-Baxter
state. The water impregnation level was further studied with atomic force microscopy (AFM) on
hierarchical structures together with Miwa’s model by N. Okulova, et al. [40]. Because of the water
impregnation, a strong liquid-solid surface adhesion can coexist with high contact angle of the droplet
on the surface, named “rose petal effect” [41]. The surface roughness in this case will increase the CA
hysteresis [28]. The water droplet keeps a high CA (153°) but meanwhile exhibits a high CA hysteresis
by pinning to the substrate even when the substrate is placed vertically or upside down.
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Water droplets on top of surfaces with a high CA (>150°), low SA (<10°) and low CAH
(<10°) are most favorable for self-cleaning. This property is termed superhydrophobicity [42,43].
On superhydrophobic surfaces, a water droplet can roll off the surface by gravity easily when the
surface is slightly titled and pick up dust particles along its path. The adhesion force of dust to
the superhydrophobic substrate is several times lower than on hydrophilic or even hydrophobic
surfaces [44]. We term such a cleaning strategy as passive [45] and the cleaning process will happen
only when the water droplet is dispensed on the tilted surfaces.

2.2. Superhydrophobic Surfaces

Two botanists, Barthlott and Neihuis [46], studied the microrelief of plant surfaces and discovered
the papillose epidermal surface roughness and epicuticle wax coatings were the two key factors for
self-cleaning mechanisms. Water droplets on top of lotus leaves kept high contact angles (~160°)
and low sliding angles (< 5°), promoting the motion of the water droplets under gravity when the
surface was tilted. Due to the surface roughness, dust particles on top of the leaves had reduced
contact regions to the surface, which decreased the adhesion forces and were much easier to be cleaned
away. A number of review articles have been published related with superhydrophobic surface
fabrication processes and applications [3,47-49]. In this section, we have a concise discussion on the
superhydrophobic surface design parameters and artificial superhydrophobic surface examples.

Inspired by the lotus leaf in nature, scientists have explored ways to mimic the lotus effect by
designing micro-sized surface roughness and low surface energy coatings. Figure 2d shows the top
view of a typical artificial superhydrophobic surface with square pillars. The Wenzel Equation (3) and
the Cassie-Baxter Equation (4) now become [50,51]:

= (] 4 Hsolid
cos Oy* = (1+ (a/h) ) cos 0 (7)
c0s 0c* = —1 + Pgolig (1 + cos 0) (8)
1
= —. 9
d)sold (b/a+1)2 ( )

From the Equations, the Wenzel state is dependent on the pillar height while the Cassie-Baxter
state is not. In both states, the droplet is in a stable thermodynamic equilibrium. An energy barrier
exists to prevent the transition between these two states. To be in Wenzel or Cassie-Baxter state is
determined by how the droplet is formed. By calculating the energy of a drop of given volume in
equilibrium on a substrate, a small a/h value (slender pillars) is suggested to obtain a robust state.
A periodical (b/a) is recommended to make the droplet insensitive to energy state change. A two-tier
surface roughness design with both microscale and nanoscale roughness is recommended, which
provides more stable superhydrophobic state and lower contact angle hysteresis [52].

Figure 3 presents some examples. R. Furstner, et al. came up with strategies to create multiple
types of superhydrophobic surfaces [53]. Shown in Figure 3a—c, silicon micro-sized pillars fabricated
with X-ray lithography and followed by reactive ion etching processes, microstructured copper foil
surfaces and a replica of lotus leaves using silicone molding were fabricated and characterized. All the
surface designs had superhydrophobic properties. For instance, on a replica of plant surfaces, water
droplets kept high contact angle (>150°) and low sliding angle (~7°). Cleaning efficiency was defined
by checking the number of SEM images without contamination particles after surface cleaning with
water droplets divided by the total number of SEM images taken. A cleaning efficiency of 90-95%
could be achieved.

K. Koch, et al. created two-tier hierarchical structures of roughness by depositing lotus wax
tubules on top of Si or lotus leaf replicas (Figure 3d) [54], achieving larger water droplet contact
angle (~170°) and smaller sliding angle (1°-2°) compared with one-tier roughness structures like
Si micropillars.
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Figure 3e shows a nano-cone structure on a flexible Teflon substrate by oxygen plasma etching
of a colloidal monolayer of polystyrene beads [55]. The wettability of the surface was controlled
geometrically based on plasma treatment time as well as chemically by further gold nanoparticle
deposition and silanization.

Figure 3f shows a low-cost porous structure of isostatic polypropylene (i-PP) [56]. i-PP
was dissolved in the solvent mixture consisting of methyl ethyl ketone (MEK), cyclohexanone,
and isopropyl alcohol, and dropped on a glass substrate. The solvent was further dried in a vacuum
oven. The remaining i-PP formed a porous “bird’s nest” morphology. From atomic force measurements,
the roughness of pure thin i-PP film was 10 nm RMS with a water contact angle of 104°, while the
porous coating had 300 nm RMS and improved water droplet contact angle from 104° to 149°.

K. Lau, et al. [57] developed superhydrophobic surfaces by growing vertical carbon nanotube
forests with a plasma-enhanced chemical vapor deposition (PECVD) process, shown in Figure 3g.
To provide the stable high water droplet contact angle, the carbon nanotubes were coated with thin
conformal hydrophobic poly(tetrafluoroethylene) (PTFE) by a hot filament chemical vapor deposition
(HFCVD) process. Most of the superhydrophobic surfaces were made of fragile microstructures
or polymeric materials, where durability could be an issue for field applications because of the
harsh environment.

Y. Lu, et al. created a mechanically strong coating using an ethanolic suspension of
perfluorosilane-coated titanium dioxide nanoparticles (shown in Figure 3h) [58]. Two dimensions of
TiO; nanoparticles (200 nm diameter and 20 nm diameter) were mixed and suspended in the ethanolic
solution. The coating was able to be applied to various types of substrates like clothes, paper, or steel
by spray, dip or extrusion coating processes and kept superior high water repellency after 40 cycles
of sandpaper abrasion. The robustness of coating processes, substrate choice, and high mechanical
strength allowed the paint to have potential applications in harsh environments.

O
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Figure 3. Artificial superhydrophobic surface examples imaged by scanning electron microscopy (SEM).
(a) Micro-spikes on Si substrates. Reproduced with permission from [53], published by ACS Publictions,
2005. (b) Heavily structured copper film surface [53]. (c) Silicone rubber replicates of Alocasia structure
through molding [53]. (d) Hierarchical structures using Si micropillars covered with lotus wax tubules.
Reproduced with permission from [54], published by Royal Society of Chemistry, 2009. (e) Teflon nano
cone arrays. Reproduced with permission from [55], published by ACS Publications, 2014. (f) Porous
isostatic polypropylene (i-PP) structures from solution drying. Reproduced with permission from [56],
published by Science, 2003. (g) Carbon nanotube forest grown by plasma-enhanced chemical vapor
deposition (PECVD). Reproduced with permission from [57], published by ACS Publications, 2003.
(h) TiO, particles paint. Reproduced with permission from [58], published by Science, 2015.

Because of the droplet repellency and low adhesion, a condensed droplet on a chilled
superhydrophobic substrate can be spontaneously removed. When the tiny droplets coalesce,
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the released energy can power the out-of-plane jumping of the droplet [59,60]. Such a jumping
condensate process was applied for surface cleaning mechanism [61]. Inspired by cicada wings,
K. Wisdom, et al. studied their wing structures and found the self-cleaning mechanism by jumping
condensate process [61]. The cicada wing cuticle surface consisted of conical hydrophobic arrays,
resulting in super-hydrophobicity with a water contact angle in the range of 148°-168° depending
on the location. When the wing surfaces were exposed to vapor flow, the adhering particles or
contaminants could be cleaned because of the water condensation process. Shown in Figure 4,
the particles were detached from the surface by the water droplet’s out-of-plane jumping upon
coalescence. The capillary-inertial oscillation of the merged droplet provided the required kinematic
energy. The force between the jumping droplet and the particles in contact scaled with the capillary
force: f ~ v Rp, where v is the surface tension and R, is the droplet radius of curvature. Due to the
scaling law, for small particles, it was less favorable to remove the droplet by inertial forces like gravity,
vibration, and centrifugal forces (scaled with Rp?) or by hydrodynamic forces like wind blowing
(scaled with Rp%). The jumping condensate processes (scaled with Rp) provided an advantageous
mechanism to dislodge particles from the surface by overcoming adhesion forces (van der Waals force
and capillary bridging force) to the substrate.

B 12
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Figure 4. Water vapor condenses and spontaneously jumps off a cicada wing surface, encapsulating
50 um glass beads. Reproduced with permission from [61], published by PNAS, 2013.

2.3. Omniphobic Surfaces

Water possesses a high surface tension compared with most other liquids (except for mercury).
Low surface tension liquids rarely exist in nature so the naturally evolved surfaces can barely repel
artificial low surface tension liquids in our daily lives [62]. According to the simple theoretical
derivation, by combining the Wenzel model and Cassie-Baxter model Equations (3) and (5), we obtain
the transitioning critical angle between the two states expressed as:

€08 Oc = (Psotid — 1)/ (r — dsolid) (10)

where 0, is the critical transition contact angle for a droplet from Wenzel state to Cassie-Baxter state [63].
By definition, we have r > 1 > ¢yojig, and 6. is required to be at least 90° to make the transition happen
because the right-hand side of Equation (10) cannot be positive [62]. For low surface tension liquids
like hexane and decane, no existing natural or artificial surface coatings can achieve such a high contact
angle of the liquids [64,65].

Researchers have successfully created artificial superomniphobic surfaces with the assistance of
re-entrant structures [62] or doubly re-entrant structures [66,67], in which curvature is another key
factor other than surface chemical composition and roughness. The key to realizing superomniphobic
surfaces is that the liquid hanging between surface asperities cannot have higher contact angles
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than given by the intrinsic material wettability [68,69]. More specially, as shown in Figure 5a, if the
advancing TPL forms a smaller contact angle, then an equilibrium state can be reached that prevents
the droplet from further impalement [70]. The liquid-air interface inside the re-entrant or doubly
re-entrant structure remains convex and the net capillary force generated is upward. According to
Equation (4), when ¢sig is small (<6%), the surface can repel extremely wetting liquids (8.* > 150°
with 6 ~ 0°). However, the liquid is difficult to maintain in suspension with small ¢4 because the
liquid will impregnate into the rough structures without enough solid support. A doubly re-entrant
structure is thus necessary with vertical, thin, and short overhangs to minimize the projected solid
areas while increasing the solid fraction by vertical surfaces (side wall angle ~90°). As demonstrated
in Figure 5b, on a conventional pillar-like superhydrophobic surface, a water droplet is suspended
on the micropillar structure when the pillars are hydrophobic. However, for low surface tension
liquid, the liquid-solid contact line overcomes this barrier and reaches the lower edge of the re-entrant
structure, as shown in Figure 5¢c. For a completely wetting liquid, the contact line further wets down the
overhang and reaches the tip of the curvature (Figure 5d). Because of the doubly re-entrant structure,
the liquid-solid contact line stops wetting at the interior edge of the vertical overhangs while keeping
ultra-low contact angle.

To fabricate the superomniphobic surfaces, efforts have been made to explore re-entrant and
doubly re-entrant microstructure arrays. Figure 6a—c show different types of re-entrant designs.
The micro hoodoo structure in Figure 6a was made by reactive ion etching of the SiO; layer on top of a Si
substrate followed by isotropic etching of the Si substrate using XeF;. The process resulted in Si pillars
with SiO; caps [71]. Figure 6b started with lithographic patterning on a copper substrate, followed
by through-mold and over-mold electroplating to form hemispherical mound copper structures atop
a photoresist layer [72]. After photoresist strip, the mushroom-like copper structure was created.
Figure 6¢c demonstrates a nano-nail structure by using a deep reactive ion etching process to fabricate
tall silicon pillars with SiO, nail caps atop [73]. All the three designs required a fluoro-polymer coating
as a finishing step to maintain the low surface tension required for stable fluid suspension. A vapor
phase immersing deposition process was usually applied on SiO, surfaces and a solution soaking
process could be applied on metal surfaces. The self-assembled monolayer, terminated with the
tricholorosilane group or thiol head group, formed stable covalent bond and modified the surface
energy with a fluorinated tail group [74]. The silanization process was widely used for many surfaces
to adjust the surface wetting behaviors [75-78].

As an alternative to lithography processes, A. Tuteja, et al. synthesized a class of fluoropolymers
(polyhedral oligomeric silsesquioxane (POSS) shown in Figure 6d), with which the substrate was coated
by electrospinning. The surface tension of the electrospun fiber mat could be altered by changing the
mass fraction ratio of fluoro-POSS and a mildly hydrophilic polymer, thus systematically tuning the
water contact angle [62,71].

Deng, et al. created a transparent superomiphobic surface using candle soot as a template, shown
in Figure 6e [79,80]. The soot consisted of piles of nano carbon spheres with a diameter range of
30-40 nm. After depositing the soot on the glass substrate, a layer of silica shell was formed utilizing
chemical vapor deposition (CVD) of tetraethoxysilane (TES) catalyzed by ammonia. The sample was
sintered in the oven for 2 h at 600 °C to burn away the carbon cores and link the silica nano shells.
The surface kept good transparency and superomiphobicity up to 400 °C.

Besides the re-entrant structures, doubly re-entrant structures have been fabricated, presenting
superior surface properties as compared to re-entrant structures. Learning from smart springtail
skins [66], T. Liu, et al. microfabricated structures with doubly re-entrant overhangs, shown in
Figure 6f [67]. Due to its particular geometry, the surface could repel any of the existing fluids even
without fluoro-polymer treatment of the final surface. Because of a pure combination of SiO; and Si,
the surface would also withstand high-temperature environments over 1000 °C. Derived from this
process flow, metal or polymeric doubly re-entrant omniphobic surfaces were successfully fabricated
as well.
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Figure 5. Liquid-solid contact angle required for stable liquid suspension on (a) Surfaces with
both semicircular bumps and grooves. Reproduced with permission from [70], published by ACS
Publications, 2007. (b) micro-pillar structures, (c) re-entrant structures, (d) doubly re-entrant structures.
Reproduced with permission from [67], published by Science, 2014.
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Figure 6. Examples of superomniphobic surface designs. (a) Micro hoodoo structures with a rectangular

SiO; cap on Si micro-pillars. Reproduced with permission from [71], published by PNAS, 2008.
(b) Mushroom structure of copper surfaces. Reproduced with permission from [72], published by
Nature, 2015. (c¢) Nano-nail structures. Reproduced with permission from [73], published by ACS
Publications, 2008. (d) Fluorinated electrospun fibers [71]. (e) Candle soot structure after being coated
with silica nanoshell and after carbon core removal by high-temperature sintering. Reproduced with
permission from [79], published by Science, 2012. (f) Microposts with doubly re-entrant overhangs.
Reproduced with permission from [67], published by Science, 2014.

2.4. Superhydrophilic Surfaces

Superhydrophobicity is not the exclusive strategy to realize self-cleaning functionality, which
can also be realized while the water droplet contact angle atop a surface is extremely low (close
to zero). The simplest way to increase the surface hydrophilicity is by oxygen plasma treatment,
as demonstrated by B. Gupta, et al. [81]. Their process only modified the surface properties without
altering the bulk substrate material. Experiments proved that the treated surface had anti-fogging and
anti-fouling properties, but the hydrophilicity would decrease over time [82].

Another approach was to take advantage of both the light-induced superhydrophilicity [83-85]
and the photocatalytic properties of TiO, thin films, namely the “Photo-Kolbe” reaction [82,86].
The as-prepared TiO; surface water contact angle is ~72°. The UV exposure creates oxygen vacancies
at bridging sites favorable for dissociative water adsorption (Ti** sites instead of Ti** sites), making the
water contact angle close to 0°. Microscopically, after UV radiation, the TiO, surface wettability is not
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heterogeneous anymore, and the hydrophilic regions are distributed across the surface with area sizes
in the sub-micrometer range, based on measurements by friction force microscopy. Macroscopically,
the water will spread on the surface instead of forming droplets, to wash away surface contaminants
easily [83].

The photo induced oxidation/decarboxylation/fragmentation of organic acids is well-known for
photo-semiconductors like TiO, or ZnO [87-92]. The TiO, preparation can use wet chemical processes
like sol-gel, dip-coating, or spin-coating processes [93,94]. A post calcination process is usually required
to improve the adhesion between the TiO, film and the substrate [95]. Upon UV radiation (< 385 nm)
of the TiO,, the proton with an energy exceeding the bandgap would excite an electron (e™) from the
valence band to the conduction band, leaving a hole (h*) on the valence band. Valence band holes
react with the water through a strong oxidization process on the surface to produce reactive hydroxyl
radicals (-OH) and convert surface contaminants, especially organic residues, into byproducts like
water or CO, [94]. Because of the weakening of the bonding, the surface contaminants are easily
washed away by rain.

2.5. Slippery Liquid-Infused Porous Surface (SLIPS) Surfaces

Solid substrates have been modified to create superhydrophobic or superhydrophilic surfaces by
etching of physically rough texture or by chemical modification. However, Wong, et al. developed
a system to create a liquid repellant surface, naming it “slippery liquid-infused porous surface”
(SLIPS) [96]. Inspired by the Nepenthes pitcher plant [97], Figure 7a shows the fabrication process
of the SLIPS surface. A porous solid surface was infused with low surface tension and chemically
inert lubricating liquid, which wicked into the porous substrate while being immiscible and repelling
to the test liquids applied to the surface. The contact angle hysteresis for sessile water drops was
as low as 2.5° and the sliding angle was smaller than 5°. Figure 7b,c demonstrate the outstanding
anti-fouling performance of the SLIPS surface by applying crude oil and human blood. In comparison
with superhydrophobic surfaces and hydrophilic surfaces, no stains were left on the surface. Both oil
and blood would quickly slip away from the SLIPS surface. Besides the superb repellency, the SLIPS
surfaces also have self-healing properties [96]. Because of the surface ultra-smoothness and lack
of nucleation sites [98-101], no frost formation or a reduced ice adhesion were observed on cold
SLIPS surfaces.

Functionalized , Lubricating film Test liquid
porous/textured solid" (llqmd B) I|qU|d A)

o
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Figure 7. (a) Slippery liquid-infused porous surface (SLIPS) fabrication process flow. Low surface
energy, chemically inert fluid was infused into the porous solid substrate. The surface remained
smooth with lubricating film between the substrate and the applied liquid. (b) Crude oil and (c) blood
movement on SLIPS, superhydrophobic and superhydrophilic surfaces. Reproduced with permission
from [96], published by Nature, 2011.
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With regards to bio-fouling applications, extensive studies have been performed on
superhydrophobic surfaces [102-107]. However, the anti-biofouling property of superhydrophobic
surfaces could be short-lived as the air-bubble layer trapped between the liquid and the rough surface
is not stable and may disappear within several hours [108]. More bacterial adhesion could end up
on the superhydrophobic surfaces due to the high surface roughness when compared with intact
smooth surfaces. Extensive work has been explored by adopting SLIPS surfaces to prevent bio-fouling
issues by various fabrication methods, which were more promising and with better performance than
superhydrophobic surfaces. A. Epstein, et al. adopted SLIPS surfaces to prevent surface bio-film
attachment [109]. Shown in Figure 8a, the SLIPS surfaces were fabricated with porous fluoropolymer
substrates (with pore size of 0.2 um). By staining the surface with bacterial culture solution, the SLIPS
surface can reduce the cell attachment compared with superhydrophobic surfaces. The coffee ring effect
of the biofilm was suppressed on SLIPS by leaving only a pellet of bio-stains after evaporation. Similar
liquid infused porous substrate structures were obtained by phosphoric acid etching of enamels [110].

D. Leslie, et al. created a SLIPS surface with self-assembled monolayers (SAM), shown in Figure 8.
The structure was applied on a wide range of smooth medical device surfaces, which repelled flowing
blood and prevented thrombosis [111]. A molecular tethered perfluorocarbon (TP) layer was first
coated on the smooth surfaces by soaking the plasma treated surface in liquid solution. Then a mobile
layer of perfluorodecalin (LP) was applied, forming a tethered-liquid perfluorocarbon (TLP) surface.
By exposing the uncoated and TLP coated acrylic surfaces to fresh human blood, the TLP surface had
27-fold less platelet adhesion and platelets were considered as one of the major components causing
thrombosis. Both in vitro and in vivo experiments showed promising results, demonstrating that the
TLP surfaces were resistant to the physiological shear stress brought by the blood flow while reducing
the protein adhesion and thrombosis for at least 8 h.

Beyond the silane liquid soaking process to create the TP layer, M. Badyv, et al. improved the
hydrophobic salinization process with a more robust, reproducible and less disruptive chemical vapor
deposition (CVD) process in vacuum [112,113] (Figure 8c). Coronary catheters were treated by both
two silanization processes, followed by adding perfluorodecalin or perfluoroperhydrophenanthrene to
make TLP surfaces. The CVD treated surfaces provided better anti-thrombotic performance compared
with silane liquid solution soaking processes. As shown in Figure 8c, CVD treated catheters surfaces
found no blood clot or protein adhesion after blood immersion. By mixing different self-assembled
monolayer silanes (aminosilane and fluorosilane) during the surface treatment, tunable cell repellency
and selective binding of antibodies can be realized. The target anti-bodies would be anchored by the
aminosilanes while the fluorosilane will repel the non-desired cells, proteins or plasma clotting assays,
creating the bio-functional lubricant-infused surfaces (BLPS) [114].

SLIPS can be fabricated on porous micropillar arrays with sharp overhang structures [115].
As shown in Figure 8d, the liquid on top of such surfaces meets a new liquid-air interface, compared
with solid-air interfaces of the normal superhydrophobic or superomniphobic designs without liquid
infusion as discussed above. The micropillar arrays with sharp overhang structures and nano-porous
micropillar top surface finish were created by direct laser writing, which can process any arbitrary
3D components with sub-micrometer resolution. A layer of Al,O3 by atomic layer deposition was
coated on the outer layer of polymeric micropillars and fluorinated by SAMs. Low surface tension
fluid was dropped directly on the micro-pillar porous surfaces and confined by the micropillar surface
roughness as well as the overhangs. The composite surface designs can repel low surface tension
fluids while reducing more than twice of the adhesion force, as measured with scanning droplet
adhesion microscopy.
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Figure 8. (a) Fabrication process of SLIPS surface using porous substrate and bio-fouling experiment
with and without liquid infusion. Reproduced with permission from [109], published by PNAS,
2012. (b) SLIPS surface fabricated with liquid soaking deposited self-assembled monolayers (SAM).
Reproduced with permission from [111], published by Nature, 2014. The experimental results showed
TLP modified tubing and control tubing after 8h of blood flow. The blood flow through arterial (Art) or
venous (Ven) cannula was indicated by the black arrow. (c) SLIPS surface fabricated with both liquid
soaking and vapor deposited SAM. Reproduced with permission from [112], published by Nature, 2017.
(d) SEM images of SLIPS and doubly re-entrant superomniphobic composite structures. The left image
shows the surface with lubrication and the right image shows the surface after lubricant evaporation.
Reproduced with permission from [115], published by Wiley Online Library, 2018.

3. Active Self-Cleaning Microsystems

Besides employing passive surface modification techniques, microsystems can be designed to
actively remove unwanted surface contaminants or fluids [8]. Many strategies have been tested using
surface tension gradients, electrostatic fields, and vibrations. Moreover, geckos can clean their feet
dynamically while naturally walking with hyperextension. In such systems, water droplet movement
or dust removal can be accomplished in a systematic way while applying more controlled forces. Thus,
the active self-cleaning approach can be utilized in combination with passive surface modification
to improve cleaning efficiency. In this part, we will first introduce the surface cleaning strategies by
combining the superhydrophobic and SLIPS surface design with droplet manipulation. Then we will
discussion surface dust removal techniques by electro-dynamic screen, repelling surface contaminants
by high alternating voltage. At last, self-cleaning synthetic adhesives inspired by gecko setae structures
are discussed.

3.1. Self-Cleaning Surfaces by Water Droplet Transport

Microfluidic systems have been developed using MEMS technology and widely applied for
biomedical and chemical applications. The recent development of microfluidic systems using micro-
or nano-liter water droplet transport, commonly known as digital microfluidics (DMF), offers the
potential for a wide range of applications [116]. To control the water droplet transport, researchers
have focused on creating surface tension anisotropy at the interface of gas, liquid and solid, defined
as the three-phase contact line (TPL). DMF systems can be used to direct water droplet transport
along the surface using chemical gradients [117], thermal gradients [118], electrowetting-on-dielectric
(EWOD) [119-121], surface acoustic waves [122], and micro textures [123,124]. Dust particles or
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undesired fluids along the path of the water droplet movement can be carried away to other locations,
leaving the desired surface regions clean and functional.

A typical EWOD setup is shown in Figure 9a. A water droplet is initially placed on a hydrophobic
insulator surface. When a voltage is applied between the droplet and the electrode underneath,
the electrostatic field will significantly modify the solid-liquid interfacial tension, leading to a reduction
of contact angle and an improved wetting of the droplet on the solid surface. This effect of the voltage
can be quantified by the following Equation:

1
YsLv =YsL — 5CV2 (11
where the original solid-liquid surface energy ys;, is modulated by the electrostatic field (given by the
normalized capacitance C, measured in C/m?, and the applied voltage V) to produce the effective
surface energy ysr,v. This leads to a generalized form of Young’s Equation (1):

1
YsG =7VsL — ECVZ +YLG cosOy (12)

and the Young-Lippmann Equation:
1.2
YLG cosOy — YL g cosb = ECV (13)

where 0y is the effective contact angle under an applied voltage V.

Asymmetric interfacial surface tension change at the droplet-substrate interface can be introduced
by energizing different electrodes, and the surface on top of the energized electrodes tend to be more
hydrophilic. The droplet can be transported precisely controlled by sequentially enabling different
electrodes. Depending on the application, two popular EWOD configurations are often used, shown in
Figure 9b, the parallel-plate system, and Figure 9c, the co-planar system. For the parallel-plate system,
the water droplet was sandwiched in between the top and bottom electrodes, insulated by dielectric
layer (SUS, SiO, [120] or parylene [125]) and hydrophobic (Teflon™ AF [126,127] or Cyt0p® [128,129]
coatings. The electrode on one plate was patterned and the electrode on the other was fully grounded.
Once the electrode was energized, the droplet was first deformed by the electrostatic field and driven
by pressure gradient inside the droplet [130]. The parallel-plate system can prevent droplet evaporation
and is less sensitive to gravity influence, compared with the co-planar system, where the cover plate
is removed. However, the co-planar system has broad applications and can be integrated into many
other systems which do not permit a top cover plate [131]. Meanwhile, the dielectrics and top coatings
of the EWOD system can be easily integrated with superhydrophobic surface or SLIPS surface designs
to enable the active cleaning capabilities by systematically controlling the droplet.
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Figure 9. Electrowetting-on-dielectric (EWOD) setup: (a) Typical EWOD setup to measure contact
angle change by external voltage. (b) Parallel-plate EWOD design to transport droplet. (c¢) Open
coplanar EWOD design. The energized electrodes are marked as red color in (b,c).
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Latip, et al. explored the anti-fouling properties by applying EWOD top coatings with hydrophobic
(Cytop) or superhydrophobic (NeverWet®) materials [132]. Different concentrations of protein solutions
were prepared. A similar test bench setup as shown in Figure 9a was performed to test the contact angle
hysteresis by gradually increasing and then reducing the voltage within a period of time. Compared
with superhydrophobic surfaces, the contact angle hysteresis greatly increased on Cytop surfaces
with increased protein concentration, maximum applied voltage and the period of time with voltage
applied. Higher roll-off angle and afterwards higher fluorescence intensity with labelled protein were
observed on the Cytop surface, showing a stronger protein adhesion to the Cytop. As for the droplet
transport, both closed parallel plate configuration (Figure 9b) and open coplanar configuration were
tested with superhydrophobic coatings. On the coplanar system, a droplet of 35 uL was applied,
and the actuation was difficult to control since the droplet continued to roll on the surface due to
low friction. However, in the parallel plate system, a droplet with only 5 uL was needed and was
successfully transported, merged or mixed.

M. Jonsson-Niedzidtka et al. showed droplet transport with a parallel plate system configuration
to remove bio-particles [133]. The top and counter electrodes were separated by 300 um spacers.
A square wave voltage was applied to the selected base electrodes at the frequency of 1 kHz and the
switching time between adjacent electrodes was adjusted based on droplet movement speed. The water
droplet displacement was driven by the surface wettability change induced by the voltage. The cleaning
efficiency was defined as: %efficiency = (1 — Njn/Nout) X 100, where Nj, is the average number of
particles inside the water droplet pathway and Noy is the average number of particles outside the
water droplet pathway. Examples of water droplet transport along the electrodes and cleaning of
the surface are presented in Figure 10. Synthetic particles like polystyrene latex microspheres and
bio-particles, including proteins, bacterial spores, and viral simulant were tested with the system.
When the substrate surface was designed to be superhydrophobic, more than 90% of cleaning efficiency
could be reached with water droplets even for protein particles, which usually have high adhesion to
the substrate and are hard to clean.

Figure 10. Both top and side views of water droplet transport on the superhydrophobic surface at
different times. Reproduced with permission from [133], published by Royal Society of Chemistry, 2011.

Y. Zhao, et al. developed a similar EWOD system for sampling of micro particles (Figure 11) [134].
The actuation electrodes were insulated with a dielectric layer (SiO,) and coated with hydrophobic
(Teflon) coatings. Driven by sequentially actuated electrodes, the water droplet swept along the surface
and picked up particles. The path covered by the water droplet became clear to visual inspection,
meaning that most of the particles were collected by the moving water droplet.
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Figure 11. (a—e) Glass beads are collected sequentially using water droplets. The glass beads are
suspended inside the sweeping water droplets. The dashed line in (a) indicates the path of the droplet
for particle sampling and cleaning. Reproduced with permission from [134], published by Royal
Society of Chemistry, 2006. (f) shows a close-up view of the droplet with suspended sampled particles.

An EWOD system can also be designed to remove unwanted small amounts of water residue
adhering to surfaces. K. Y. Lee et al. developed an open coplanar EWOD system without a top
cover plate targeting miniature camera surfaces for automobiles [135]. The electrodes were fabricated
with indium tin oxide (ITO), which is transparent and can be integrated with the camera lens as a
lens cover. 1-70 pL water droplet sizes were tested with different threshold voltages under surface
inclination angles from 0° to 180°. Figure 12 shows a demonstration of water droplet removal as well
as micro-particle removal on the camera lens cover.

Figure 12. Sequential images of cleaning of (a) water droplets and (b) particles with different volumes

on the lens cover of a smartphone camera. Reproduced with permission from [135], published by
Elsevier, 2017.

Besides superhydrophobic surfaces, H. Geng and S.K. Cho combined the SLIPS with an open
coplanar EWOD system [136]. The dielectric layer was SU8 and the top coating was replaced with
porous fluoropolymer film infused with lubricating fluid in this configuration. Droplets can be
transported along the SLIPS under voltage actuation. Bovine serum albumin (BSA) protein solution
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left tiny stains after evaporation on SLIPS while a large “coffee ring” bio-stain pattern was left on
hydrophobic coatings. The bio-stain could be cleaned by droplet actuation as shown in Figure 13.

(al), i (b1) (b2)

(b)

Figure 13. (a) Different liquids transported on EWOD-SLIPS surfaces: (al) Deionized (DI) water, (a2)
Bovine serum albumin (BSA) solution, (a3) propylene carbonate, (a4) isopropyl alcohol. (b) A droplet
cleaning bio-stains left by evaporation: (b1) droplet fails to move on hydrophobic coatings due to
bio-fouling, (b2) droplet moves and cleans the bio-stain. The green in the fluorescent images indicate
the BSA residues on the surfaces. Reproduced with permission from [136], published by IEEE, 2018.
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Figure 14. (a) A water droplet resting on the anisotropic ratchet conveyors (ARC) surface with etched
pillars. (b) SEM image of the ARC surface. (c) Schematic of droplet interaction with droplet under
vibration. The leading edge conforms to the semi-circular rung, which acts as a wetting barrier, while
the trailing edge has only intermittent contacts with the rung pattern. Reproduced with permission
from [124], published by ACS Publications, 2012. Reproduced with permission from [137], published
by Wiley Online Library, 2012. (d) Surface cleaning performance for powdered sweetener (dextrose,
maltodextrin, and sucralose) contamination on a chemically flat ARC surface consisting of two loop
tracks. Reproduced with permission from [138], published by IEEE, 2017.

As an alternative to the EWOD approach, self-cleaning surface systems using water
droplet transport have been realized by anisotropic ratchet conveyors (ARC) under orthogonal
vibration [123,137]. Micro-scale hydrophilic semi-circular rungs are patterned on a hydrophobic
background, as shown in Figure 14 above [124]. The portion of the water droplet edge that aligns
with the rung curvature, which has a mostly continuous TPL, is denoted as the leading edge of the
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droplet, while the other portion, which has only intermittent TPLs across different rungs, is called the
trailing edge of the droplet. During each vibration cycle, the leading edge provides higher pinning
force than the trailing edge as the footprint of the water droplet expands and recesses. This asymmetry
in pinning forces causes water droplets to move toward the direction of the rung curvature. For a
surface cleaning demonstration based on the ARC approach [138], two ARC tracks were laid out in a
zig-zag pattern. The white contaminant on the surface consists of powdered sweetener. 10 uL water
droplets are applied to the surface and remove all the powder along their paths. Most water-soluble
materials (like salt and sweetener) plus low surface adhesion insoluble particles (like sand) can be
effectively cleaned from the self-cleaning ARC surface with water droplets.

3.2. Self-Cleaning Surfaces by Electro-Static Charge

Electrodynamic screen devices have been developed to remove dust particles for scenarios where
the water resource is scarce or not available, as in desert regions. The concept of transporting particles
using an electrostatic traveling wave was first developed by Masuda [139], where a series of electrodes
were connected to the AC source to serve as contactless conveyors. Mazumder, et al. developed an
electrodynamic screen (EDS) with traveling-wave AC field to create a self-cleaning system for the
problem of dust accumulation both on Mars missions [140-142] and on terrestrial solar panels [143].
Figure 15 demonstrates a typical EDS design with dust accumulation and cleaning effect before and
after the AC voltage was supplied [144,145]. Interdigitated electrodes were fabricated on printed circuit
board or glass substrates. The electrodes were insulated with a layer of transparent polymer. As AC
voltage was applied (700~1000 V peak-to-peak), the electrodynamic force applied to the particles
overcame gravity and the viscous force of air to lift the particles from the surface and transported them
to different locations. Over 90% of cleaning efficiency could be achieved by optimizing the frequency,
voltage, and signal shape. The power consumption and the cleaning time were only in the order of
milliwatts and tens of seconds. Other EDS systems were designed employing a standing-wave AC field,
with simplified electrical circuit designs and high voltage resources. Bing Guo, et al. systematically
studied the EDS efficiency in terms of EDS dimension size, dielectric cover thickness, dust loading
level, dust deposition methods, and particle size distribution for solar energy applications [146,147].
A dust removal efficiency of 90% could be achieved within 10 s of energizing at dust loading level
of 100 g'm™~2 with a voltage level of 6 kVpp,. Dust removal efficiency improved with increased dust
loading levels, reduced dielectric cover thickness and large dust agglomerations.

Solar Panel

3-Phase Electrodes

(a)

Figure 15. (a) Schematic view of a typical electrodynamic screen (EDS) design. Reproduced with
permission from [144], published by Elsevier, 2013. (b) Sequential images of the dust removal processes
on top of the EDS panel by electrodynamic force. Reproduced with permission from [143], published
by IEEE, 2013.

3.3. Self-Cleaning Surfaces by Gecko Tape

Geckos have attracted the attention of researchers for many years due to their ability to climb up
smooth vertical surfaces. The gecko’s foot has millions of hairs, named keratinous setae, providing
large van der Waals adhesive forces [148,149] that prevent the gecko from falling off from smooth
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vertical surfaces. Geckos have intimate contact on various surfaces with their sticky toes but their setae
virtually always keep clean and dry [150]. W. R. Hansen and K. Autumn [151] studied the gecko’s
keratinous setae and found the self-cleaning mechanism: Each of the millions of setae on the gecko’s
toe pads has hundreds of spatulae, sub-micron triangular structures aligned in parallel with each other
but not normal to the toes. An imbalance exists between the adhesive force of one or more spatulae
to the dirt particles and the dirt particles to the substrate surface. When touching the clean substrate
surface, the dirt has higher contact areas to the surface and tends to stick to the surface rather than the
gecko’s spatulae. The adhesive and shear force of a contaminated gecko’s foot is recovered gradually
by successive steps on a clean surface. By comparing the SEM images of spatula arrays after dirtying
with microspheres and after several simulated cleaning steps, most of the spatula surfaces were free of
micro sphere contamination. The shear force measurement also showed the gradual restoration as the
simulated step numbers increased.

Self-cleaning adhesive tapes have been developed using carbon nanotubes [152] and polymer
microfibrillars [153] mimicking gecko setae. Figure 16a shows contaminated polypropylene fibrillars
fabricated by a thermal casting process. An estimated 42 million fibrillars were created per square
centimeter with an average length of 18 um and average radius of 18 nm. After 30 contacts on a clean
glass substrate with standard simulated gecko steps (Figure 17), 60% of the Au microspheres were
removed from the tip of the micropillars (Figure 16b). The sheer force could be restored by 33% after
20-25 cleaning steps. As a comparison, a conventional pressure sensitive adhesive (PSA) went through
the simulated steps. The PSA surface was almost completely covered by the Au microspheres, shown
in Figure 16d.

Figure 16. (a) Micro fiber adhesive contaminated with gold microspheres. (b) Micro fiber adhesive
after 30 contacts (simulated steps) on a clean glass substrate. Some of the microspheres were trapped
inside the micro fibers. (c) Conventional pressure sensitive adhesive (PSA) surface contaminated with
microspheres. (d) PSA surface fully covered by the Au microparticles after the same simulated steps.
Reproduced with permission from [153], published by ACS Publications, 2008.
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Figure 17. Standard protocol of mimicked gecko step cycle: (a) Normal compressive force was applied
on the back side of the fiber substrate. (b) Applying shear load added to the compressive force.
(c) Removing the compressive force to make the load a pure shear force. (d) Detaching the sample from
the clean surface. Reproduced with permission from [153], published by ACS Publications, 2008.

4. Conclusions

Self-cleaning surfaces can have a broad range of applications from bio-fouling in medical
instrumentation to building and vehicle windows to solar panel cover glass in the outdoor environment.
The examples mentioned in this review article provide suggestions and protocols for designing and
characterizing self-cleaning surfaces and systems. Compared with passive superhydrophobic or
superhydrophilic surface designs, active cleaning systems can perform the cleaning with more delicate
control of water movement, and more efficient use of water resources. Both dust and unwanted
water residue can be removed at the same time. However, more complex mechanical components or
control circuitry are often required for active self-cleaning systems, leading to higher initial hardware
investment, larger maintenance costs, and longer payback time.

Many commercial products have emerged in the market including superhydrophobic coating
sprays, photocatalyst coated window glass, and solar electrodynamic shields using EDS designs,
among others. The obstacles and challenges for self-cleaning surfaces currently involve poor durability
and high cost in terms of scaling and mass production. The fine micro or nano structures often cannot
withstand the harsh outdoor environment for an extended period of time while the polymeric coating
or surface infusion fluid will age and decay over time under solar radiation. The practical lifetime for
a self-cleaning surface or system might only last from months to 1 or 2 years but the requirement is
usually in the 10-20 year range, especially for applications in outdoor environments, for example in
dry desert regions to reduce dust accumulation, or under water to prevent bio-fouling on a ship hull.
We need to strive for the creation of self-cleaning coatings for surfaces or systems with multiple merits
including low cost, good scalability, durability, transparency, and antireflection.

Author Contributions: D.S. and K.E.B. wrote the original manuscript draft; K.E.B. performed the final editing
and reviewing.

Funding: This research was funded in part by Amazon Catalyst, the University of Washington CoMotion
Innovation Fund, and the National Science Foundation (grant number ECCS-1308025). Part of this work was
conducted at the Washington Nanofabrication Facility/Molecular Analysis Facility, a National Nanotechnology
Coordinated Infrastructure (NNCI) site at the University of Washington, which is supported in part by funds from
the National Science Foundation (grant numbers NNCI-1542101, 1337840 and 0335765), the National Institutes
of Health, the Institute for Nano-engineered Systems, the Molecular Engineering & Sciences Institute, the Clean
Energy Institute, the Washington Research Foundation, the M. J. Murdock Charitable Trust, Altatech, ClassOne
Technology, GCE Market, Google and SPTS.

20



Micromachines 2019, 10, 101

Acknowledgments: Di Sun received support from the University of Washington NSF I-Corps site, a graduate
fellowship from the UW Clean Energy Institute, and prizes from the Smukowski Family in the UW Business Plan
Competition and from the Alaska Airlines Environmental Innovation Challenge.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to

publish the results.

References

1. Nakajima, A.; Hashimoto, K.; Watanabe, T.; Takai, K.; Yamauchi, G.; Fujishima, A. Transparent superhydrophobic
thin films with self-cleaning properties. Langmuir 2000, 16, 7044-7047. [CrossRef]

2. Paz, Y;Luo, Z.; Rabenberg, L.; Heller, A. Photooxidative self-cleaning transparent titanium dioxide films on
glass. |. Mater. Res. 1995, 10, 2842-2848. [CrossRef]

3. Bhushan, B.; Jung, Y.C. Natural and biomimetic artificial surfaces for superhydrophobicity, self-cleaning,
low adhesion, and drag reduction. Prog. Mater. Sci. 2011, 56, 1-108. [CrossRef]

4. Blossey, R. Self-cleaning surfaces—Virtual realities. Nat. Mater. 2003, 2, 301-306. [CrossRef] [PubMed]

5. Comanns, P; Buchberger, G.; Buchsbaum, A.; Baumgartner, R.; Kogler, A.; Bauer, S.; Baumgartner, W.
Directional, passive liquid transport: The texas horned lizard as a model for a biomimetic ‘liquid diode’. J. R.
Soc. Interface 2015, 12. [CrossRef]

6.  Comanns, P; Esser, EJ.; Kappel, PH.; Baumgartner, W.; Shaw, J.; Withers, P.C. Adsorption and movement of
water by skin of the australian thorny devil (agamidae: Moloch horridus). R. Soc. Open Sci. 2017, 4, 170591.
[CrossRef] [PubMed]

7. Nishimoto, S.; Bhushan, B. Bioinspired self-cleaning surfaces with superhydrophobicity, superoleophobicity,
and superhydrophilicity. RSC Adv. 2013, 3, 671-690. [CrossRef]

8. Khalil, K.S.; Mahmoudi, S.R.; Abu-Dheir, N.; Varanasi, K.K. Active surfaces: Ferrofluid-impregnated surfaces
for active manipulation of droplets. Appl. Phys. Lett. 2014, 105, 041604. [CrossRef]

9. Yuan, Y, Lee, T.R. Contact angle and wetting properties. In Surface Science Techniques; Springer: Berlin,
Germany, 2013; pp. 3-34.

10.  Young, T. IIl. An essay on the cohesion of fluids. Philos. Trans. R. Soc. Lond. 1805, 95, 65-87.

11. Law, K.-Y. Definitions for Hydrophilicity, Hydrophobicity, and Superhydrophobicity: Getting the Basics Right; ACS
Publications: Washington, DC, USA, 2014.

12.  Nishino, T.; Meguro, M.; Nakamae, K.; Matsushita, M.; Ueda, Y. The lowest surface free energy based on
—cf3 alignment. Langmuir 1999, 15, 4321-4323. [CrossRef]

13.  Smithwick, R.W.,, III; Boulet, J.A. Vibrations of microscopic mercury droplets on glass. J. Colloid Interface Sci.
1989, 130, 588-596. [CrossRef]

14. Carr, ].S. Studies of Contact Angles on Oxidized Copper Minerals. Master’s Thesis, Missouri School of Mines
and Metallurgy, Rolla, MO, USA, 1948.

15.  Furlong, D.; Hartland, S. Wall effect in the determination of surface tension using a wilhelmy plate. J. Colloid
Interface Sci. 1979, 71, 301-315. [CrossRef]

16.  Weiss, P. Wetting, spreading and adhesion, jf padday, ed., academic, london, 1978, 498 pp. Price: $48.90.
J. Polym. Sci. Polym. Lett. Ed. 1979, 17, 463-464. [CrossRef]

17.  Marmur, A. Equilibrium contact angles: Theory and measurement. Colloids Surf. A Physicochem. Eng. Asp.
1996, 116, 55-61. [CrossRef]

18. Restagno, F; Poulard, C.; Cohen, C.; Vagharchakian, L.; Léger, L. Contact angle and contact angle hysteresis
measurements using the capillary bridge technique. Langmuir 2009, 25, 11188-11196. [CrossRef] [PubMed]

19. Vagharchakian, L.; Restagno, F.; Léger, L. Capillary bridge formation and breakage: A test to characterize
antiadhesive surfaces. J. Phys. Chem. B 2008, 113, 3769-3775. [CrossRef]

20. Cabezas, M.G.; Bateni, A.; Montanero, ].M.; Neumann, A.W. Determination of surface tension and contact
angle from the shapes of axisymmetric fluid interfaces without use of apex coordinates. Langmuir 2006, 22,
10053-10060. [CrossRef]

21. Cheng, P; Li, D.; Boruvka, L.; Rotenberg, Y.; Neumann, A. Automation of axisymmetric drop shape analysis

for measurements of interfacial tensions and contact angles. Colloids Surf. 1990, 43, 151-167. [CrossRef]

21



Micromachines 2019, 10, 101

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.
48.

Del Rio, O.; Neumann, A. Axisymmetric drop shape analysis: Computational methods for the measurement
of interfacial properties from the shape and dimensions of pendant and sessile drops. J. Colloid Interface Sci.
1997, 196, 136-147.

Moy, E.; Cheng, P,; Policova, Z.; Treppo, S.; Kwok, D.; Mack, D.; Sherman, P.; Neuman, A. Measurement of
contact angles from the maximum diameter of non-wetting drops by means of a modified axisymmetric
drop shape analysis. Colloids Surf. 1991, 58, 215-227. [CrossRef]

Skinner, F.; Rotenberg, Y.; Neumann, A. Contact angle measurements from the contact diameter of sessile
drops by means of a modified axisymmetric drop shape analysis. ]. Colloid Interface Sci. 1989, 130, 25-34.
[CrossRef]

Cabezas, M.; Bateni, A.; Montanero, J.; Neumann, A. A new method of image processing in the analysis of
axisymmetric drop shapes. Colloids Surf. A Physicochem. Eng. Asp. 2005, 255, 193-200. [CrossRef]

Schmitt, M.; Heib, E. High-precision drop shape analysis on inclining flat surfaces: Introduction and
comparison of this special method with commercial contact angle analysis. J. Chem. Phys. 2013, 139, 134201.
[CrossRef] [PubMed]

Heib, E; Schmitt, M. Statistical contact angle analyses with the high-precision drop shape analysis (hpdsa)
approach: Basic principles and applications. Coatings 2016, 6, 57. [CrossRef]

Bhushan, B.; Nosonovsky, M. The rose petal effect and the modes of superhydrophobicity. Philos. Trans. R.
Soc. Lond. A Math. Phys. Eng. Sci. 2010, 368, 4713-4728. [CrossRef] [PubMed]

Frenkel, Y.I. On the behavior of liquid drops on a solid surface. 1. The sliding of drops on an inclined surface.
arXiv 2005, arXiv:physics /0503051.

Ford, R.; Furmidge, C. Studies at phase interfaces: II. The stabilization of water-in-oil emulsions using
oil-soluble emulsifiers. ]. Colloid Interface Sci. 1966, 22, 331-341. [CrossRef]

Larsen, S.T.; Andersen, N.K.; Segaard, E.; Taboryski, R. Structure irregularity impedes drop roll-off at
superhydrophobic surfaces. Langmuir 2014, 30, 5041-5045. [CrossRef]

Wenzel, R.N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 1936, 28, 988-994. [CrossRef]
Cassie, A.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546-551. [CrossRef]
Quéré, D. Rough ideas on wetting. Phys. A Stat. Mech. Its Appl. 2002, 313, 32—-46. [CrossRef]

Bico, J.; Thiele, U.; Quéré, D. Wetting of textured surfaces. Colloids Surf. A Physicochem. Eng. Asp. 2002, 206,
41-46. [CrossRef]

Bico, J.; Marzolin, C.; Quéré, D. Pearl drops. EPL (Europhys. Lett.) 1999, 47, 220-226. [CrossRef]

Extrand, C. Contact angles and hysteresis on surfaces with chemically heterogeneous islands. Langmuir 2003,
19, 3793-3796. [CrossRef]

Gao, L.; McCarthy, T.J. How wenzel and cassie were wrong. Langmuir 2007, 23, 3762-3765. [CrossRef]
[PubMed]

Miwa, M.; Nakajima, A.; Fujishima, A.; Hashimoto, K.; Watanabe, T. Effects of the surface roughness on
sliding angles of water droplets on superhydrophobic surfaces. Langmuir 2000, 16, 5754-5760. [CrossRef]
Okulova, N.; Johansen, P.; Christensen, L.; Taboryski, R. Effect of structure hierarchy for superhydrophobic
polymer surfaces studied by droplet evaporation. Nanomaterials 2018, 8, 831. [CrossRef]

Feng, L.; Zhang, Y.; Xi, J.; Zhu, Y.; Wang, N.; Xia, F; Jiang, L. Petal effect: A superhydrophobic state with
high adhesive force. Langmuir 2008, 24, 4114-4119. [CrossRef]

Wang, S.; Jiang, L. Definition of superhydrophobic states. Adv. Mater. 2007, 19, 3423-3424. [CrossRef]

Gao, L.; McCarthy, T.J. The “lotus effect” explained: Two reasons why two length scales of topography are
important. Langmuir 2006, 22, 2966-2967. [CrossRef]

Yu, M.; Chen, S.; Zhang, B.; Qiu, D.; Cui, S. Why a lotus-like superhydrophobic surface is self-cleaning?
An explanation from surface force measurements and analysis. Langmuir 2014, 30, 13615-13621. [CrossRef]
Pechook, S.; Sudakov, K.; Polishchuk, I.; Ostrov, I.; Zakin, V.; Pokroy, B.; Shemesh, M. Bioinspired passive
anti-biofouling surfaces preventing biofilm formation. . Mater. Chem. B 2015, 3, 1371-1378. [CrossRef]
Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces.
Planta 1997, 202, 1-8. [CrossRef]

Quéré, D. Non-sticking drops. Rep. Prog. Phys. 2005, 68, 2495. [CrossRef]

Roach, P; Shirtcliffe, N.J.; Newton, ML.L Progess in superhydrophobic surface development. Soft Matter 2008,
4, 224-240. [CrossRef]

22



Micromachines 2019, 10, 101

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Zhang, X.; Shi, F; Niu, J.; Jiang, Y.; Wang, Z. Superhydrophobic surfaces: From structural control to functional
application. J. Mater. Chem. 2008, 18, 621-633. [CrossRef]

Patankar, N.A. On the modeling of hydrophobic contact angles on rough surfaces. Langmuir 2003, 19,
1249-1253. [CrossRef]

Patankar, N.A. Transition between superhydrophobic states on rough surfaces. Langmuir 2004, 20, 7097-7102.
[CrossRef]

Zhu, L,; Xiu, Y.; Xu, J.; Tamirisa, P.A.; Hess, D.W.; Wong, C.-P. Superhydrophobicity on two-tier rough
surfaces fabricated by controlled growth of aligned carbon nanotube arrays coated with fluorocarbon.
Langmuir 2005, 21, 11208-11212. [CrossRef]

Fiirstner, R.; Barthlott, W.; Neinhuis, C.; Walzel, P. Wetting and self-cleaning properties of artificial
superhydrophobic surfaces. Langmuir 2005, 21, 956-961. [CrossRef]

Koch, K.; Bhushan, B.; Jung, Y.C.; Barthlott, W. Fabrication of artificial lotus leaves and significance of
hierarchical structure for superhydrophobicity and low adhesion. Soft Matter 2009, 5, 1386-1393. [CrossRef]
Toma, M.; Loget, G.; Corn, R.M. Flexible teflon nanocone array surfaces with tunable superhydrophobicity
for self-cleaning and aqueous droplet patterning. ACS Appl. Mater. Interfaces 2014, 6, 11110-11117. [CrossRef]
Erbil, H.Y,; Demirel, A.L.; Avci, Y.; Mert, O. Transformation of a simple plastic into a superhydrophobic
surface. Science 2003, 299, 1377-1380. [CrossRef] [PubMed]

Lau, K.K.; Bico, J.; Teo, K.B.; Chhowalla, M.; Amaratunga, G.A.; Milne, W.I.; McKinley, G.H.; Gleason, K.K.
Superhydrophobic carbon nanotube forests. Nano Lett. 2003, 3, 1701-1705. [CrossRef]

Lu, Y,; Sathasivam, S.; Song, J.; Crick, C.R.; Carmalt, C.]J.; Parkin, L.P. Robust self-cleaning surfaces that
function when exposed to either air or oil. Science 2015, 347, 1132-1135. [CrossRef] [PubMed]

Boreyko, ].B.; Chen, C.-H. Self-propelled dropwise condensate on superhydrophobic surfaces. Phys. Rev.
Lett. 2009, 103, 184501. [CrossRef]

Miljkovic, N.; Enright, R.; Nam, Y.; Lopez, K.; Dou, N.; Sack, J.; Wang, E.N. Jumping-droplet-enhanced
condensation on scalable superhydrophobic nanostructured surfaces. Nano Lett. 2012, 13, 179-187. [CrossRef]
[PubMed]

Wisdom, K.M.; Watson, J.A.; Qu, X; Liu, F; Watson, G.S.; Chen, C.-H. Self-cleaning of superhydrophobic
surfaces by self-propelled jumping condensate. Proc. Natl. Acad. Sci. USA 2013, 110, 7992-7997. [CrossRef]
Tuteja, A.; Choi, W.; Ma, M.; Mabry, ] M.; Mazzella, S.A_; Rutledge, G.C.; McKinley, G.H.; Cohen, R.E.
Designing superoleophobic surfaces. Science 2007, 318, 1618-1622. [CrossRef]

Lafuma, A.; Quéré, D. Superhydrophobic states. Nat. Mater. 2003, 2, 457-460. [CrossRef]

Shibuichi, S.; Yamamoto, T.; Onda, T.; Tsujii, K. Super water-and oil-repellent surfaces resulting from fractal
structure. J. Colloid Interface Sci. 1998, 208, 287-294. [CrossRef]

Coulson, S.R.; Woodward, I.; Badyal, J.; Brewer, S.A.; Willis, C. Super-repellent composite fluoropolymer
surfaces. |. Phys. Chem. B 2000, 104, 8836-8840. [CrossRef]

Helbig, R.; Nickerl, J.; Neinhuis, C.; Werner, C. Smart skin patterns protect springtails. PLoS ONE 2011, 6,
€25105. [CrossRef] [PubMed]

Liu, T.; Kim, C.-J. Turning a surface superrepellent even to completely wetting liquids. Science 2014, 346,
1096-1100. [CrossRef] [PubMed]

Butt, H.-J.; Semprebon, C.; Papadopoulos, P.; Vollmer, D.; Brinkmann, M.; Ciccotti, M. Design principles for
superamphiphobic surfaces. Soft Matter 2013, 9, 418-428. [CrossRef]

Zhang, B.; Zhang, X. Elucidating nonwetting of re-entrant surfaces with impinging droplets. Langmuir 2015,
31,9448-9457. [CrossRef]

Nosonovsky, M. Multiscale roughness and stability of superhydrophobic biomimetic interfaces. Langmuir
2007, 23, 3157-3161. [CrossRef] [PubMed]

Tuteja, A.; Choi, W.; Mabry, ].M.; McKinley, G.H.; Cohen, R.E. Robust omniphobic surfaces. Proc. Natl. Acad.
Sci. USA 2008, 105, 18200-18205. [CrossRef] [PubMed]

Chen, X.; Weibel, ].A.; Garimella, S.V. Water and ethanol droplet wetting transition during evaporation on
omniphobic surfaces. Sci. Rep. 2015, 5, 17110. [CrossRef]

Ahuja, A.; Taylor, J.; Lifton, V.; Sidorenko, A.; Salamon, T.; Lobaton, E.; Kolodner, P.; Krupenkin, T. Nanonails:
A simple geometrical approach to electrically tunable superlyophobic surfaces. Langmuir 2008, 24, 9-14.
[CrossRef]

Schreiber, F. Structure and growth of self-assembling monolayers. Prog. Surf. Sci. 2000, 65, 151-257. [CrossRef]

23



Micromachines 2019, 10, 101

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Gan, S.; Yang, P.; Yang, W. Photoactivation of alkyl c—h and silanization: A simple and general route to
prepare high-density primary amines on inert polymer surfaces for protein immobilization. Biomacromolecules
2009, 10, 1238-1243. [CrossRef] [PubMed]

Bormashenko, E.; Grynyov, R.; Chaniel, G.; Taitelbaum, H.; Bormashenko, Y. Robust technique allowing
manufacturing superoleophobic surfaces. Appl. Surf. Sci. 2013, 270, 98-103. [CrossRef]

Nagappan, S.; Ha, C.-S. Superhydrophobic and self-cleaning natural leaf powder /poly (methylhydroxysiloxane)
hybrid micro-nanocomposites. Macromol. Res. 2014, 22, 843-852. [CrossRef]

Lu, X.; Munief, WM.; Heib, F; Schmitt, M.; Britz, A.; Grandthyl, S.; Miiller, F.; Neurohr, J.U.; Jacobs, K.;
Benia, H.M. Front-end-of-line integration of graphene oxide for graphene-based electrical platforms.
Adv. Mater. Technol. 2018, 3, 1700318. [CrossRef]

Deng, X.; Mammen, L.; Butt, H.-J.; Vollmer, D. Candle soot as a template for a transparent robust
superamphiphobic coating. Science 2012, 335, 67-70. [CrossRef] [PubMed]

Deng, X.; Paven, M.; Papadopoulos, P.; Ye, M.; Wu, S.; Schuster, T.; Klapper, M.; Vollmer, D.; Butt, H.J.
Solvent-free synthesis of microparticles on superamphiphobic surfaces. Angew. Chem. Int. Ed. 2013, 52,
11286-11289. [CrossRef] [PubMed]

Gupta, B.; Hilborn, J.; Hollenstein, C.; Plummer, C.; Houriet, R.; Xanthopoulos, N. Surface modification of
polyester films by rf plasma. . Appl. Polym. Sci. 2000, 78, 1083-1091. [CrossRef]

Bates, G.W.; Boyer, |.; Hegenauer, ].C.; Saltman, P. Facilitation of iron absorption by ferric fructose. Am. J.
Clin. Nutr. 1972, 25, 983-986. [CrossRef]

Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.; Kitamura, A.; Shimohigoshi, M.;
Watanabe, T. Light-induced amphiphilic surfaces. Nature 1997, 388, 431-432. [CrossRef]

Piispanen, M.; Hupa, L. Comparison of self-cleaning properties of three titania coatings on float glass.
Appl. Surf. Sci. 2011, 258, 1126-1131. [CrossRef]

De Jesus, M.A.M.L.; da Silva Neto, J.T.; Timo, G.; Paiva, PR.P.; Dantas, M.S.S.; de Mello Ferreira, A.
Superhydrophilic self-cleaning surfaces based on tio 2 and tio 2/sio 2 composite films for photovoltaic
module cover glass. Appl. Adhes. Sci. 2015, 3, 5. [CrossRef]

Kraeutler, B.; Bard, A.]J. Photoelectrosynthesis of ethane from acetate ion at an n-type titanium dioxide
electrode. The photo-kolbe reaction. J. Am. Chem. Soc. 1977, 99, 7729-7731. [CrossRef]

Hoffmann, M.R.; Martin, S.T.; Choi, W.; Bahnemann, D.W. Environmental applications of semiconductor
photocatalysis. Chem. Rev. 1995, 95, 69-96. [CrossRef]

Vautier, M.; Guillard, C.; Herrmann, J.-M. Photocatalytic degradation of dyes in water: Case study of indigo
and of indigo carmine. . Catal. 2001, 201, 46-59. [CrossRef]

Dolamic, L; Biirgi, T. Photocatalysis of dicarboxylic acids over tio2: An in situ atr-ir study. J. Catal. 2007, 248,
268-276. [CrossRef]

Yang, D.; Ni, X.; Chen, W.; Weng, Z. The observation of photo-kolbe reaction as a novel pathway to initiate
photocatalytic polymerization over oxide semiconductor nanoparticles. J. Photochem. Photobiol. A Chem.
2008, 195, 323-329. [CrossRef]

Schmitt, M. Zno nanoparticle induced photo-kolbe reaction, fragment stabilization and effect on
photopolymerization monitored by raman-uv-vis measurements. Macromol. Chem. Phys. 2012, 213, 1953-1962.
[CrossRef]

Schmitt, M. Synthesis and testing of zno nanoparticles for photo-initiation: Experimental observation of two
different non-migration initiators for bulk polymerization. Nanoscale 2015, 7, 9532-9544. [CrossRef]
Meilert, K.; Laub, D.; Kiwi, J. Photocatalytic self-cleaning of modified cotton textiles by tio2 clusters attached
by chemical spacers. J. Mol. Catal. A Chem. 2005, 237, 101-108. [CrossRef]

Damodar, R.A.; You, S.-J.; Chou, H.-H. Study the self cleaning, antibacterial and photocatalytic properties of
tio2 entrapped pvdf membranes. |. Hazard. Mater. 2009, 172, 1321-1328. [CrossRef]

Hugenschmidt, M.B.; Gamble, L.; Campbell, C.T. The interaction of h2o with a tio2 (110) surface. Surf. Sci.
1994, 302, 329-340. [CrossRef]

Wong, T.-S.; Kang, S.H.; Tang, S.K.; Smythe, EJ.; Hatton, B.D.; Grinthal, A.; Aizenberg, J. Bioinspired
self-repairing slippery surfaces with pressure-stable omniphobicity. Nature 2011, 477, 443-447. [CrossRef]
[PubMed]

24



Micromachines 2019, 10, 101

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Bohn, H.E; Federle, W. Insect aquaplaning: Nepenthes pitcher plants capture prey with the peristome, a fully
wettable water-lubricated anisotropic surface. Proc. Natl. Acad. Sci. USA 2004, 101, 14138-14143. [CrossRef]
[PubMed]

Kim, P; Wong, T.-S.; Alvarenga, J.; Kreder, M.].; Adorno-Martinez, W.E.; Aizenberg, J. Liquid-infused
nanostructured surfaces with extreme anti-ice and anti-frost performance. ACS Nano 2012, 6, 6569-6577.
[CrossRef] [PubMed]

Wilson, PW.; Lu, W.; Xu, H.; Kim, P.; Kreder, M.].; Alvarenga, J.; Aizenberg, J. Inhibition of ice nucleation
by slippery liquid-infused porous surfaces (slips). Phys. Chem. Chem. Phys. 2013, 15, 581-585. [CrossRef]
[PubMed]

Urata, C.; Dunderdale, G.J.; England, M.W.; Hozumi, A. Self-lubricating organogels (slugs) with exceptional
syneresis-induced anti-sticking properties against viscous emulsions and ices. |. Mater. Chem. A 2015, 3,
12626-12630. [CrossRef]

Irajizad, P; Hasnain, M.; Farokhnia, N.; Sajadi, S.M.; Ghasemi, H. Magnetic slippery extreme icephobic
surfaces. Nat. Commun. 2016, 7, 13395. [CrossRef] [PubMed]

Khalil-Abad, M.S.; Yazdanshenas, M.E. Superhydrophobic antibacterial cotton textiles. J. Colloid Interface Sci.
2010, 351, 293-298. [CrossRef]

Crick, C.R; Ismail, S.; Pratten, J.; Parkin, L.P. An investigation into bacterial attachment to an elastomeric
superhydrophobic surface prepared via aerosol assisted deposition. Thin Solid Film. 2011, 519, 3722-3727.
[CrossRef]

Mahalakshmi, P.; Vanithakumari, S.; Gopal, J.; Mudali, U.K.; Raj, B. Enhancing corrosion and biofouling
resistance through superhydrophobic surface modification. Curr. Sci. 2011, 101, 1328-1336.

Privett, B.J.; Youn, J.; Hong, S.A.; Lee, J.; Han, J.; Shin, ].H.; Schoenfisch, M.H. Antibacterial fluorinated silica
colloid superhydrophobic surfaces. Langmuir 2011, 27, 9597-9601. [CrossRef] [PubMed]
Moreno-Couranjou, M.; Mauchauffé, R.; Bonot, S.; Detrembleur, C.; Choquet, P. Anti-biofouling and
antibacterial surfaces via a multicomponent coating deposited from an up-scalable atmospheric-pressure
plasma-assisted cvd process. J. Mater. Chem. B 2018, 6, 614—623. [CrossRef]

Sun, K; Yang, H.; Xue, W.; He, A ; Zhu, D.; Liu, W.; Adeyemi, K; Cao, Y. Anti-biofouling superhydrophobic
surface fabricated by picosecond laser texturing of stainless steel. Appl. Surf. Sci. 2018, 436, 263-267.
[CrossRef]

Hwang, G.B.; Page, K,; Patir, A.; Nair, S.P; Allan, E.; Parkin, L.P. The anti-biofouling properties of
superhydrophobic surfaces are short-lived. ACS Nano 2018, 12, 6050-6058. [CrossRef] [PubMed]

Epstein, A K.; Wong, T.-S.; Belisle, R.A.; Boggs, E.M.; Aizenberg, J. Liquid-infused structured surfaces with
exceptional anti-biofouling performance. Proc. Natl. Acad. Sci. USA 2012, 109, 13182-13187. [CrossRef]
Yin, J.; Mei, M.L; Li, Q.; Xia, R.; Zhang, Z.; Chu, C.H. Self-cleaning and antibiofouling enamel surface by
slippery liquid-infused technique. Sci. Rep. 2016, 6, 25924. [CrossRef]

Leslie, D.C.; Waterhouse, A.; Berthet, J.B.; Valentin, T.M.; Watters, A.L.; Jain, A.; Kim, P;; Hatton, B.D.;
Nedder, A.; Donovan, K. A bioinspired omniphobic surface coating on medical devices prevents thrombosis
and biofouling. Nat. Biotechnol. 2014, 32, 1134-1140. [CrossRef]

Badv, M.; Jaffer, LH.; Weitz, J.I.; Didar, T.F. An omniphobic lubricant-infused coating produced by chemical
vapor deposition of hydrophobic organosilanes attenuates clotting on catheter surfaces. Sci. Rep. 2017, 7,
11639. [CrossRef]

Hosseini, A.; Villegas, M.; Yang, J.; Badv, M.; Weitz, ].I.; Soleymani, L.; Didar, T.F. Conductive electrochemically
active lubricant-infused nanostructured surfaces attenuate coagulation and enable friction-less droplet
manipulation. Adv. Mater. Interfaces 2018, 5, 1800617. [CrossRef]

Badv, M.; Imani, S.M.; Weitz, ].I.; Didar, T.F. Lubricant-infused surfaces with built-in functional biomolecules
exhibit simultaneous repellency and tunable cell adhesion. ACS Nano 2018, 12, 10890-10902. [CrossRef]
Dong, Z.; Schumann, M.E,; Hokkanen, M.].; Chang, B.; Welle, A.; Zhou, Q.; Ras, R.H.; Xu, Z.; Wegener, M.;
Levkin, P.A. Superoleophobic slippery lubricant-infused surfaces: Combining two extremes in the same
surface. Adv. Mater. 2018, 30, 1803890. [CrossRef] [PubMed]

Holmes, H.R.; Bohringer, K.E. Transporting droplets through surface anisotropy. Microsyst. Nanoeng. 2015, 1,
15022. [CrossRef]

Chaudhury, M.K.; Whitesides, G.M. How to make water run uphill. Science 1992, 256, 1539-1541. [CrossRef]
[PubMed]

25



Micromachines 2019, 10, 101

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Kataoka, D.E.; Troian, S.M. Patterning liquid flow on the microscopic scale. Nature 1999, 402, 794-797.
[CrossRef]

Pollack, M.G.; Shenderov, A.D.; Fair, R. Electrowetting-based actuation of droplets for integrated
microfluidics. Lab A Chip 2002, 2, 96-101. [CrossRef]

Cho, SK.; Moon, H.; Kim, C.-J. Creating, transporting, cutting, and merging liquid droplets by
electrowetting-based actuation for digital microfluidic circuits. J. Microelectromech. Syst. 2003, 12, 70-80.
Park, S.-Y.; Teitell, M.A.; Chiou, E.P. Single-sided continuous optoelectrowetting (scoew) for droplet
manipulation with light patterns. Lab A Chip 2010, 10, 1655-1661. [CrossRef]

Tan, M.K.; Friend, J.R.; Yeo, L.Y. Microparticle collection and concentration via a miniature surface acoustic
wave device. Lab A Chip 2007, 7, 618-625. [CrossRef]

Shastry, A.; Case, M.J.; Bohringer, K.F. Directing droplets using microstructured surfaces. Langmuir 2006, 22,
6161-6167. [CrossRef]

Duncombe, T.A.; Parsons, J.E.; Bohringer, K.E. Directed drop transport rectified from orthogonal vibrations
via a flat wetting barrier ratchet. Langmuir 2012, 28, 13765-13770. [CrossRef]

Van Grinsven, K.L.; Ousati Ashtiani, A.; Jiang, H. Fabrication and actuation of an electrowetting droplet
array on a flexible substrate. Micromachines 2017, 8, 334. [CrossRef]

Fan, S.-K; Yang, H.; Wang, T.-T.; Hsu, W. Asymmetric electrowetting—Moving droplets by a square wave.
Lab A Chip 2007, 7, 1330-1335. [CrossRef]

Kim, J.-H.; Lee, ].-H.; Kim, J.-Y.; Mirzaei, A.; Wu, P; Kim, H.W.; Kim, S.S. Electrowetting on the dielectric
(ewod) properties of teflon-coated electrosprayed silica layers in air and oil media and the influence of
electric leakage. J. Mater. Chem. C 2018, 6, 6808-6815. [CrossRef]

Crane, N.B.; Volinsky, A.A.; Mishra, P.; Rajgadkar, A.; Khodayari, M. Bidirectional electrowetting actuation
with voltage polarity dependence. Appl. Phys. Lett. 2010, 96, 104103. [CrossRef]

Li, C.; Jiang, H. Fabrication and characterization of flexible electrowetting on dielectrics (ewod) microlens.
Micromachines 2014, 5, 432-441. [CrossRef]

Lee, J.; Moon, H.; Fowler, J.; Schoellhammer, T.; Kim, C.-J. Electrowetting and electrowetting-on-dielectric for
microscale liquid handling. Sens. Actuators A Phys. 2002, 95, 259-268. [CrossRef]

Yi, U.-C.; Kim, C.-J. Characterization of electrowetting actuation on addressable single-side coplanar
electrodes. J. Micromech. Microeng. 2006, 16, 2053. [CrossRef]

Latip, E.A.; Coudron, L.; McDonnell, M.; Johnston, I.; McCluskey, D.; Day, R.; Tracey, M. Protein droplet
actuation on superhydrophobic surfaces: A new approach toward anti-biofouling electrowetting systems.
RSC Adv. 2017, 7, 49633-49648. [CrossRef]

Jonsson-Niedziétka, M.; Lapierre, E; Coffinier, Y.; Parry, S.; Zoueshtiagh, F; Foat, T.; Thomy, V.;
Boukherroub, R. Ewod driven cleaning of bioparticles on hydrophobic and superhydrophobic surfaces.
Lab A Chip 2011, 11, 490-496. [CrossRef]

Zhao, Y.; Cho, S.K. Microparticle sampling by electrowetting-actuated droplet sweeping. Lab A Chip 2006, 6,
137-144. [CrossRef]

Lee, K.Y,; Hong, J.; Chung, S.K. Smart self-cleaning lens cover for miniature cameras of automobiles.
Sens. Actuators B Chem. 2017, 239, 754-758.

Geng, H.; Cho, S.K. In Anti-biofouling droplet manipulation by slippery liquid infused porous surface (slips)
integrated with electrowetting and liquid-dielectrophoresis. In Proceedings of the 2018 IEEE Micro Electro
Mechanical Systems (MEMS), Belfast, UK, 21-25 January 2018; pp. 261-264.

Duncombe, T.A.; Erdem, E.Y,; Shastry, A.; Baskaran, R.; Bohringer, K.F. Controlling liquid drops with texture
ratchets. Adv. Mater. 2012, 24, 1545-1550. [CrossRef]

Sun, D.; Bohringer, K.F. Self-cleaning surfaces using anisotropic ratchet conveyors. In Proceedings of the
2017 19th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS),
Kaohsiung, Taiwan, 18-22 June 2017; pp. 1773-1776.

Masuda, S.; Washizu, M.; Kawabata, I. Movement of blood cells in liquid by nonuniform traveling field.
IEEE Trans. Ind. Appl. 1988, 24, 217-222. [CrossRef]

Sharma, R.; Wyatt, C.A.; Zhang, J.; Calle, C.I; Mardesich, N.; Mazumder, M.K. Experimental evaluation
and analysis of electrodynamic screen as dust mitigation technology for future mars missions. IEEE Trans.
Ind. Appl. 2009, 45, 591-596. [CrossRef]

26



Micromachines 2019, 10, 101

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Biris, A.; Saini, D.; Srirama, P.;, Mazumder, M.; Sims, R.; Calle, C.; Buhler, C. Electrodynamic removal
of contaminant particles and its applications. In Proceedings of the Conference Record of the 2004 IEEE
Industry Applications Conference, Seattle, WA, USA, 3-7 October 2004; pp. 1283-1286.

Sharma, R.; Wyatt, C.; Zhang, J.; Mazumder, M.; Calle, C.; Mardesich, N. Performance analysis of
electrodynamic self-cleaning transparent films for its applications to mars and lunar missions. In Proceedings
of the 2007 IEEE Industry Applications Annual Meeting, New Orleans, LA, USA, 23-27 September 2007;
pp. 434-437.

Mazumder, M.; Horenstein, M.N; Stark, ].W.; Girouard, P.; Sumner, R.; Henderson, B.; Sadder, O.; Hidetaka, I.;
Biris, A.S.; Sharma, R. Characterization of electrodynamic screen performance for dust removal from solar
panels and solar hydrogen generators. IEEE Trans. Ind. Appl. 2013, 49, 1793-1800. [CrossRef]

Horenstein, M.N.; Mazumder, M.; Sumner, R.C., Jr. Predicting particle trajectories on an electrodynamic
screen—theory and experiment. J. Electrost. 2013, 71, 185-188. [CrossRef]

Horenstein, M.N.; Mazumder, M.K.; Sumner, R.C.; Stark, J.; Abuhamed, T.; Boxman, R. Modeling of
trajectories in an electrodynamic screen for obtaining maximum particle removal efficiency. IEEE Trans.
Ind. Appl. 2013, 49, 707-713. [CrossRef]

Guo, B.; Javed, W. Efficiency of electrodynamic dust shield at dust loading levels relevant to solar energy
applications. IEEE ]. Photovolt. 2018, 8, 196-202. [CrossRef]

Guo, B.; Javed, W.; Pett, C.; Wu, C.-Y,; Scheffe, ].R. Electrodynamic dust shield performance under simulated
operating conditions for solar energy applications. Sol. Energy Mater. Sol. Cells 2018, 185, 80-85. [CrossRef]
Autumn, K,; Liang, Y.A.; Hsieh, S.T.; Zesch, W.; Chan, W.P,; Kenny, T.W.; Fearing, R.; Full, R.J. Adhesive force
of a single gecko foot-hair. Nature 2000, 405, 681-685. [CrossRef]

Autumn, K; Sitti, M.; Liang, Y.A.; Peattie, A.M.; Hansen, W.R.; Sponberg, S.; Kenny, TW.; Fearing, R.;
Israelachvili, J.N.; Full, R.J. Evidence for van der waals adhesion in gecko setae. Proc. Natl. Acad. Sci. USA
2002, 99, 12252-12256. [CrossRef]

Stark, A.Y.; Wucinich, N.A.; Paoloni, E.L.; Niewiarowski, PH.; Dhinojwala, A. Self-drying: A gecko’s innate
ability to remove water from wet toe pads. PLoS ONE 2014, 9, e101885. [CrossRef]

Hansen, W.R.; Autumn, K. Evidence for self-cleaning in gecko setae. Proc. Natl. Acad. Sci. USA 2005, 102,
385-389. [CrossRef]

Sethi, S.; Ge, L.; Ci, L.; Ajayan, PM.; Dhinojwala, A. Gecko-inspired carbon nanotube-based self-cleaning
adhesives. Nano Lett. 2008, 8, 822-825. [CrossRef]

Lee, J.; Fearing, R.S. Contact self-cleaning of synthetic gecko adhesive from polymer microfibers. Langmuir
2008, 24, 10587-10591. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

27



. . &
micromachines ml\l)\l’y
=

Review

Micro-Surface and -Interfacial Tensions Measured
Using the Micropipette Technique: Applications in
Ultrasound-Microbubbles, Oil-Recovery,
Lung-Surfactants, Nanoprecipitation,

and Microfluidics

David Needham 1%3*({), Koji Kinoshita ! and Anders Utoft

L Institute for Molecular Medicine, University of Southern Denmark, Odense 5230, Denmark;

koji@health.sdu.dk (K.K.); aum@health.sdu.dk (A.U.)

Department of Mechanical Engineering and Material Science, Duke University, Durham, NC 27708, USA
3 School of Pharmacy, University of Nottingham, Nottingham, NG7 2RD, UK

*  Correspondence: d.needham@duke.edu; Tel.: 919-660-5355

check for
Received: 14 December 2018; Accepted: 25 January 2019; Published: 1 February 2019 updates

Abstract: This review presents a series of measurements of the surface and interfacial tensions we
have been able to make using the micropipette technique. These include: equilibrium tensions at
the air-water surface and oil-water interface, as well as equilibrium and dynamic adsorption of
water-soluble surfactants and water-insoluble and lipids. At its essence, the micropipette technique is
one of capillary-action, glass-wetting, and applied pressure. A micropipette, as a parallel or tapered
shaft, is mounted horizontally in a microchamber and viewed in an inverted microscope. When filled
with air or oil, and inserted into an aqueous-filled chamber, the position of the surface or interface
meniscus is controlled by applied micropipette pressure. The position and hence radius of curvature
of the meniscus can be moved in a controlled fashion from dimensions associated with the capillary
tip (~5-10 um), to back down the micropipette that can taper out to 450 pum. All measurements are
therefore actually made at the microscale. Following the Young-Laplace equation and geometry
of the capillary, the surface or interfacial tension value is simply obtained from the radius of the
meniscus in the tapered pipette and the applied pressure to keep it there. Motivated by Franklin’s
early experiments that demonstrated molecularity and monolayer formation, we also give a brief
potted-historical perspective that includes fundamental surfactancy driven by margarine, the first use
of a micropipette to circuitously measure bilayer membrane tensions and free energies of formation,
and its basis for revolutionising the study and applications of membrane ion-channels in Droplet
Interface Bilayers. Finally, we give five examples of where our measurements have had an impact on
applications in micro-surfaces and microfluidics, including gas microbubbles for ultrasound contrast;
interfacial tensions for micro-oil droplets in oil recovery; surface tensions and tensions-in-the surface
for natural and synthetic lung surfactants; interfacial tension in nanoprecipitation; and micro-surface
tensions in microfluidics.

Keywords: micropipette-technique; air-water surface; oil-water interface; soluble surfactant;

insoluble lipids; “black lipid films”; “droplet-interface-bilayers”; equilibrium; dynamic; adsorption;
gas-microbubbles; oil-microdroplets; lung-surfactants; nanoprecipitation; microfluidics
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1. Introduction

In this contribution to the Special Issue "Microscale Surface Tension and Its Applications,” we give
an up-to-date review from 1983 [1] to the present day, of our wide range of micropipette-techniques
utilised for measurements of surface and interfacial tensions, droplet dissolution, and molecular
adsorption in air-water, oil-water, water-oil systems. While there are many other techniques and
methodologies associated with microsurfaces including microfluidic tensiometry, capillarity of gas
bubbles, and other micro techniques involving “Laplace sensors” [2-5] we take the liberty to limit
the scope of this review to our own studies. Micropipettes are glass capillaries that are custom cut
to have tip diameters ~5 um and can taper out to 450 um, and so all measurements are actually
made on surface and interfacial menisci, gas microbubbles or liquid microdroplets at the microscale.
As motivated in the special issue, surface tension and capillary effects enable many of the applications
in micro- and nano-systems. So here, by utilising a micropipette technique, we provide direct measures
of surface and interfacial tensions at the same scales as microfluidic, lab-on-chip, and other devices.
The goal is to provide the readership with a comprehensive review of many of the surface and
interfacial tension measurements we have been able to make using the micropipette technique,
including equilibrium measurements of the clean air-water surface and oil-water interface [6], as well as
equilibrium and dynamic adsorption of water-soluble surfactants [7,8] and water-insoluble lipids [9,10]
that required the development of a new technique, the Micropipette Interfacial Area-Expansion Method
(MIAM) [7]. We also give examples of where our measurements and those of others [11] have had
a direct impact on at least five applications. These selected applications include: gas microbubbles
for ultrasound contrast [12-14]; interfacial tensions of micro-oil droplets for oil recovery [11]; surface
tensions and tensions-in-the surface of natural and synthetic lung surfactants [10]; interfacial tension
in nanoprecipitation [15-17]; and micro-surface tensions in microfluidics [18].

We start though by presenting a few short stories behind some aspects of surfactancy we find
interesting and/or have made contributions to. This historical-perspective briefly describes certain
collaborations, personal contacts, and friendships that often underlie, or have even enabled, surfactancy
R&D. It takes us on a potted personalised journey that includes: Franklin and his “cruet of o0il”;
the importance and role of Unilever scientists in generating much of the fundamental studies at the
time; an academic-industrial friendship that came out of those studies; an early micropipette technique
for studying fundamentals of “Black Lipid Films” (BLMs) and their interfacial tension, and how this
system helped to generate a new, and currently very active, field of “Droplet Interface Bilayers” (DIBs).
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1.1. Franklin and Friends at the Royal Society

As is well known, when an oil droplet is introduced at the air-water surface, an oil film can
spontaneously spread producing eventually a monomolecular film. Franklin communicated his
famous experiment to his friend William Brownrigg, and it was read and published in the Royal
Society in 1774 [19]. While Clapham Common may have been one site for “smoothing the waves,”
their friendship extended to Franklin and John Pringle visiting Brownrigg at his home in Ormathwaite
in the English Lake District. As recounted by Mertons [20], “The three of them went to nearby Derwent
Water where Franklin demonstrated the wave-stilling effect of a little oil he kept in the hollow upper
joint of his bamboo cane.”

Having observed that the wakes of two ships were remarkably smooth, while all the others were
ruffled by the wind, Franklin asked the captain, who told him that the cooks on those two ships
had probably just emptied their greasy water. As recounted by Franklin in his letter to the Royal
Society [19,20].

“At length being at Clapham where there is, on the common, a large pond, which I observed to be one
day very rough with the wind, I fetched out a cruet of oil, and dropt a little of it on the water. I law it
spread itself with surprizing swiftness upon the surface; but the effect of smoothing the waves was not
produced; for I had applied it first on the leeward side of the pond, where the waves were largest and
the wind drove my oil back upon the shore. I then went to the windward side, where they began to
form; and there the oil, though not more than a tea spoonful, produced an instant calm over a space
several yards square, which spread amazingly, and extended itself gradually till it reached the lee side,
making all that quarter of the pond, perhaps half an acre, as smooth as a looking-glass.”

This spreading of an oil film is one of the characteristics of amphiphilic molecules having
hydrophilic and hydrophobic parts. As Tanford mentioned in his book in 1980 [21], if the oil molecule
has only pure hydrocarbon chains, the film-spreading phenomena will not happen, i.e., the oil stays
at the surface as a droplet; but, if it is an amphiphile, a monolayer of just one molecule thick can be
obtained, and this monolayer reduces the clean surface or interfacial tension. Hardy, a British biologist
and food scientist [22], in his 1912 paper to the Royal Society, entitled “The tension of composite
fluid surfaces and the mechanical stability of films of fluid” [23] found that without a polar group
(hydrophilic part) in the molecule, there indeed was no driving force for surface adsorption and so no
surface tension reduction. Since then, more than one century has passed. Currently, liquid-liquid and
liquid-gas interfacial phenomena with various monolayer-forming amphiphilic compounds have been
extensively investigated in order to understand the mechanism of spreading, wetting, and dynamic
and equilibrium adsorption that change surface and interfacial tension. These fundamental studies
have been applied mainly for product development in drug and food industries, which brings us to
our next story.

1.2. Surfactant-Colleagues at Unilever and Cambridge

It could be argued that one of the biggest driving influences on the basics of surfactancy was in
the development of margarine. In relating this story, we have an opportunity to point out that, as is
often forgotten when we now so easily collect papers and references from search engines, talented and
hardworking people are behind those studies, and it is their legacy from which we now benefit.

The story starts with the establishment of one of the largest industrial mergers of its time; in 1929,
Margarine Unie teamed up with Lever Brothers to create Unilever [24]. Unilever scientists were at the
forefront of fundamental surface and interfacial chemistry research that underlies the performance of
their, now over-400 products in food and beverages (about 40% of its revenue), cleaning agents, and
personal care products. One particular group of researchers requires special mention. Brian Pethica and
James Mingins, working at Unilever Research, Port Sunlight Laboratory, Port Sunlight, Wirral, Cheshire
L62 4XN, England, were particularly prolific from the late 1950s through the 1980s [25-35] (and actually
beyond [36]). They published papers on such topics as “The Properties of Ionized Monolayers” [25];
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“Phase-changes and mosaic formation in single and mixed phospholipid monolayers at the oil-water
interface” [28]; “Entropies of Compression of Charged Monolayers at Aqueous Interfaces” [29];
“Phospholipid interactions in monolayers” [31]; and “Intermolecular forces in monolayers at air/water
interfaces” [35]. These articles appeared in journals like, Trans Faraday Soc, Journal of Colloid and
Interface Science and the edited book, “Monolayers” [29]. These are just a few of their publications on
the most fundamental topics in surface science, carried out in a commercial company initially founded
on making margarine. We would encourage interested readers to examine these “industrial” papers.

Interestingly, the “human factor” of research and development is perhaps no better exemplified
than in the friendship between the “academic,” Dennis Haydon FRS in the Physiological Laboratories
in Cambridge, studying surfactancy of black-lipid films and anaesthesia in biological membranes, and
the “industrialist” Jim Mingins at Unilever. They were good friends and colleagues, often referencing
each other’s work, and enjoyed especially hiking, and snow- and ice-climbing together. One can
only imagine the discussions of monolayers and bilayers, surfactants and margarine, that might have
ensued in the crags of Snowdonia in North Wales or Ben Nevis in Scotland [37]. It is therefore an
important point to make and recognise that, not only were fundamentals applied in a range of new
products since the early part of the 20th century, the development of these applications necessitated
advancement in fundamentals of surface and interfacial chemistry. Fundamentals and applications,
“academics and industry” went hand-in-hand in those days.

1.3. From BLMs in Cambridge (1983) to DIBs in Oxford (2005) and Beyond

One of us, (Needham) was lucky enough to do a post doc with Dennis Haydon FRS from 1980 to
1983. In one project, we evaluated the interfacial tension of a bilayer membrane against water (made
from Glyceryl Mono-Oleate (GMO)) and a series of alkanes and squalene [1]. These bilayer membranes
were called “Black Lipid Membranes” (BLM), because their thickness is below the wavelength of light
and they are only “visible” microscopically at reflected glancing angles. The goal of the experiment
was to evaluate the interfacial tension of a bilayer membrane (¢) by measuring the interfacial tension
of the stabilising monolayer () and the contact angle (§) between a lens trapped in the bilayer,
and with it, determine the free energy of formation of the newly discovered solvent-free films in
equilibrium with Squalene, as first introduced by Stephen White [38]. In the methods previously
developed by Haydon et al., the black lipid membranes were formed in a tiny 1 mm-diameter hole
drilled in a Teflon support [39] and GMO-decane solution was introduced into the hole via painting
across the hole with a small paint-brush. Normally, for BLMs formed by solutions like GMO-decane,
hydrocarbon-lenses were readily trapped in the bilayer during the electrical compression that triggers
bilayer formation and the angle was found to be ~2° [39]. The contact angle was simply measured
from the ringed-interference pattern of the lens, (or torus) when viewed in incident light [39]. However,
for systems where the difference in bilayer to monolayer tension was greater, we expected a much
greater contact angle. It was nevertheless thought that the interference fringes could be observed
and measured using a high resolution interferometer, in the labs at Port Sunlight. However, with the
GMO-Squalene systems, we found that it was not possible to even trap lenses during this process
associated with bilayer formation. Attempts failed to form a lens. Repeated failed attempts, one after
the other, were followed by a cleaning of the hole in which the GMO solution was introduced in the
Teflon support, (i.e., quick “suck-blow” with a pasteur pipette), ready for the next attempt. One night,
a surprising (and as it turned out fortuitous) observation was made; when the next bilayer was formed,
(without a trapped lens), over the next few minutes, tiny spots of light appeared in the membrane
when view in incident light. Remarkably, what had happened was that, the “suck-blow-cleaning” with
the pasteur pipette had formed small emulsion droplets, that were driven downwards.

Then, when a new bilayer was formed, and as the emulsion droplets rose due to their
buoyancy-effect, they touched and fused with the new bilayer! Tiny lenses had formed! A new
apparatus had to be designed, built, and tested.
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A more controlled technique was therefore developed in which a single, new lens could be formed
in the bilayer by introducing it to the bilayer interface with a micropipette using an in-house built
contraption [1], as shown in Figure 1A. When the lens was viewed with incident interference optics, the
interference fringe-rings were not resolvable, implying that the contact angle was indeed quite large.
However, as shown in Figure 1C, the hydrocarbon-filled-torus that supports the bilayer can be viewed
in transmitted light, as could the lens. And so, the new method that was developed as a consequence
of this “happy accident,” allowed a lens of known volume to be ever-so-gently, introduced from
underneath these, notoriously fragile (“2-molecule-thin”) bilayers by the micropipette (Figure 1B).
Then, by viewing in transmitted light (Figure 1C), we could visualise (and photograph) the new lens,
and use its geometry to calculate its curvature and hence contact angle with the bilayer [1].

Thus, this apparatus and technique [1] allowed us to measure the actual membrane tension, o,
given by

o =2ycosb. 1)

Then, from the area of the film A, we determine the Helmholtz free energy of formation of a black
lipid film, AA, from the relationship,

AA =27A(cosf —1). ()

For the solvent-free films in equilibrium with squalene, [38] (or with Triolein [1]), the contact
angles were much higher than for the solvent containing decane films (of only 2°). The squalene
monolayer tension was measured by the drop-volume method to be 2.4 mN/m, its contact angle
was 26.5°, giving a bilayer tension of 2.2 mN/m and a Helmholtz free energy of formation per unit
area AA* of —511 + 134 uJ/m? which was ~100 times that of the decane film (only —4.5 uJ/ m?).
For GMO bilayers in equilibrium with Triolein, the difference between the tensions of the monolayer
(1.8 mN/m) and bilayer (1.0 mN/m) were even larger, showing an even larger contact angle (57°)
and concomitantly larger free energy of formation, of —1673 pJ/m?. Thus, for these solventless
bilayers of only 2.3 nm thickness (essentially twice the length of the GMO hydrocarbon oleate
chains), the free energies of formation and hence stability turned out to be very high. Previous
explanations for the free energy of formation of membranes made from GMO-decane to -hexadecane
measured previously by Requena et al. [40], had focused on simply the thinning energy associated
with the Lifshitz theory of van der Waals attraction of water across the membrane. However,
the newly-measured values supported the molecular-exclusion, mean field theory predictions of
David Gruen, (who was also a post doc of Haydon’s) 3 years earlier working on theory [41,42]. These
solventless bilayers then provided artificial, solvent-free model membranes [38] that more closely
modelled natural membranes. Thus, in 1981, Needham was already working with, and exploring the
use of, a micro-manipulated-micropipette to deliver oil droplets for interfacial tension measurements
long-before working with the current more advanced micropipette manipulation set up (see later,
Figure 4). In fact, it was this ability to innovate, develop and perform these very delicate experiments
that prompted Haydon to suggest and recommend Needham (for his next post doc) to Evan Evans,
who had been pioneering the micropipette manipulation techniques for evaluation of red blood cell
membranes since the early 1970s. And, as they say, the rest is history.
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Figure 1. Measurement of high contact angles in black lipid membranes. (A) Diagram of the apparatus
showing the micropipette (mp) with microdroplet (md) of Glyceryl Mono-Oleate (GMO)-alkane placed
just beneath the black lipid membrane (blm) circled in red. (B) Schematic of the BLM formed in a
Teflon support using a feeder tube, showing the GMO bilayer in the hole, in equilibrium with the GMO
monolayer on the alkane torus, and the positioning of the micropipette with microdroplet ready to be
inserted into the bilayer. (C) Photographic images of: (a) a droplet of monoolein 8.4 mM in squalene
under 0.1 M NaCl on the end of a micropipette of tip external diameter 13.6 um; (b) the lens that was
formed by touching the droplet to the black lipid film formed from the same solution. Bar equals
100 pm. Adapted from [1].

Finally, it was recognising this new-found bilayer stability that led Needham, in the summer
of 2005, to suggest to Hagan Bayley, Professor of Chemical Biology at Oxford University, to flip the
BLM-system and use two opposing water droplets under oil and so form a similar bilayer between
them [43]. Bayley had been studying single-channel conductance of hemolysin channels in BLMs, but
was having trouble stabilising the films. As illustrated in Figure 2, Needham had shown in, as then,
unpublished work, that when two water droplets were formed on the ends of two micropipettes in
solutions of GMO-alkane and then brought gently into contact, they spread on each other but did
not fuse into one droplet. It was clear that a “BLM” had been formed between the two microdroplets
(Figure 2A) and was stabilised in this droplet-droplet system as shown in the microscope image and
schematic bilayer overlay in Figure 2B.
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Figure 2. Two opposing water droplets under oil. (A) Two water droplets formed (top) in GMO-Alkane
solution have a monolayer of GMO at their interfaces. When presented to each other (bottom) using
micropipette manipulation they form a GMO-bilayer between them; (B) the same image as in (A)
(bottom) but now with an overlaid-schematic of the Droplet Bilayer Interface (DIB) showing that a
bilayer is formed between them as in the black lipid film.

Upon learning this, Bayley’s post doc, Mathew Holden, rapidly and successfully implemented
the idea [44] and this two-droplet system joined by a black lipid film became known as the Droplet
Interface Bilayer (DIB). Since then the DIB has been the basis for and invention [45], and multiple new
applications involving membrane-stabilised protein channels [43], and the development of a new class
of active material based on the ion-transport properties of functional biomolecules [46]. Adding more
and more droplets together, Gabriel Villar then created new droplet networks as “Multisomes” [47], that
were shown to make tissue-like printed-droplet-networks [48,49] of 35,000 droplets and their stabilising
interface bilayers [48]. As Villar concluded, (these networks) “might be interfaced with tissues, used as
tissue engineering substrates, or developed as mimics of living tissue” [48]. These systems have also
been extended by others into droplet microfluidics for the construction of compartmentalised model
membranes [50], and organogels [51]. Here then, this simple BLM, when flipped to be a bilayer between
water droplets in oil (Figure 2B), has now spawned over 1000 entries listed on Google Scholar. Once
again, this kind of innovation, research, and development exemplifies the power of developing new
techniques to allow new measurements—in this case of bilayer tensions, understanding fundamentals
of free energies of formation, that are picked up by other talented and driven scientists (perhaps our
friends, or friends to be) for subsequent development and new applications. We hope you enjoyed this
little potted-history of just some aspects of surfactancy and appreciated the “human factor” at the root
of all published research that we perhaps too often take for granted.

2. Basic Micropipette Manipulation Techniques for Surface and Interfacial Tension Measurement

The micropipette manipulation technique is based on the principles of capillary action. As is
well-known, capillary action is the tendency of a fluid to be raised in a narrow tube, as the result of
the positive adhesion and wetting of the tube by the liquid. (Note: Non-wetting can produce the
opposite effect and suppress capillarity, e.g., mercury-air-glass). The classic observation is that, when a
narrow glass tube, with a radius of a few hundred microns, is dipped into water, the water rises up the
tube to such an extent that its wetting-adhesion around the circumference of the glass opposes the
gravitational force on its raised mass. In the micropipette technique, we use similar glass capillary
tubes mounted horizontally (hence, no gravity effects) where the capillary action is now precisely
controlled by the application of often delicate, applied micropipette pressures (10 s of micro-metres of
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water) to sometimes quite forceful (10 s of centimetres of water), all viewed under an inverted optical
microscope. While initially developed in its current form in the early 1970s and used for studying the
micromechanics of red blood cells [52—-60] white blood cells, [61-71], and lipid vesicles [72-84], here,
we review its adaptation for measurements of surface and interfacial tension at air-water surfaces,
oil-water interfaces, and the equilibrium and dynamic adsorption of surfactants and lipids.

2.1. Principles of Capillary Action and the Micropipette

Atits essence then, the micropipette technique is one of capillary-action, glass-wetting and applied
pressure. Classical capillary rise is a well-known physical phenomenon associated with the surface
tension forming inside a capillary [85-87]. It relies on gravity as the opposing force on the water
that wets the glass capillary at its air-water surface meniscus. In general, when one end of a vertical
capillary is immersed in a liquid to from the air-liquid surface, the liquid comes into the capillary.
Figure 3a shows a schematic image of this capillary action.

$ ||

Vertical Horizontal Tapered micropipette
2mRy-cos0 = nR2-phg AP= 2y-cosO/R AP=2y/R,

(@) (b) (c)

Figure 3. Capillary actions of the air-water surface. (a) Capillary-rise of water inside a vertical capillary.
Upon dipping the capillary tube into the liquid, meniscus rises against gravity a distance h above the
outside bulk surface. At equilibrium, this height reaches a force balance that follows the Young-Laplace

equation between gravity and wetting (mg versus 2mR~ycosf)). (b) In the horizontal capillary immersed
in an aqueous-filled microscope chamber, the water comes inside the horizontal capillary until opposed
by a counter force such as applying a pressure to the back-end of the pipette to hold it in position or
push it back. Again, the force balance follows the Young-Laplace equation of pressure opposed by the
surface tension scaled by the reciprocal of the single radius. (c) Similarly, for a tapered micropipette
where the meniscus position is now opposed requiring a series of increasing applied pressure to move
the surface down the taper. It is this tapered pipette that has been the most useful and is the basis for
our tension measurements.

In the vertical set up (Figure 3a), the liquid-rise is due to wetting of the glass (at some wetting
contact angle), providing a concave surface. This means that the pressure just below the surface is
less than the ambient pressure above it. The height of the meniscus (/), from the bulk surface is
thus the equilibrium between this reduced pressure scaled by the interfacial tension-acting at the
capillary circumference effectively “pulling” the meniscus upwards and gravitational force of the
mass of liquid “pulling” downwards. Thus, the interfacial tension force (F;) is expressed by the
equation, F; = 2mRycosf., where R is the inner radius of the capillary, and 6. is the contact angle
between the liquid and the capillary surface material. The gravitational force, as a counter balance
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force, is expressed by, Fy = mR?phg, where p is the density of the liquid, and g is the gravitational
constant. Using these equations, the interfacial tension is given by the following relationship [87],

_ Rohg 3)

"~ 2cosb.’

From the proportional relations of R and / in this equation, the capillary rise becomes higher,
when the capillary radius becomes smaller. The relation shows that for a given liquid, material of the
capillary (e.g., glass), and air-water surface tension, the capillary radius is a key factor in controlling
the capillary rise of the meniscus surface.

Using these principles, micropipette capillary techniques were developed to observe the gas-liquid
surface or liquid-liquid interface in an inverted microscope. Micropipettes are mounted horizontally
as a parallel shaft (Figure 3b) or tapered shaft (Figure 3c). Now, the position of the surface or interface
meniscus is controlled by the applied micropipette pressure, and can be moved in a controlled fashion
all the way to dimensions associated with the capillary tip (~5-10 um) (and even blow out a bubble,
see later, Figure 21). Figure 3b shows the capillary in a horizontal position and thus there is no
gravitational force acting on the meniscus or liquid in this position. In this case, the liquid comes
inside the capillary by capillary action unopposed and would move throughout the whole length of
the capillary tube since there is no counter balance against F;. To resist the liquid flowing into the
capillary, a counter balancing force can be initiated inside the micropipette by applying a positive
(blowing) pressure, which, when scaled by the surface tension and reciprocal of the radius, is again the
Laplace pressure. The relation is thus described with the Young-Laplace equation,

_ 27ycos b

A
R

@

The Laplace pressure required to stop the liquid flow is proportional to the reciprocal of the
capillary radius, and so, again, smaller diameter capillaries require higher opposing pressures to create
smaller radii of curvature. The other important factor is the contact angle 6. between the liquid and
the glass-surface material of the capillary. The contact angle of the air-water surface at a clean glass
surface is about 5°. To apply this technique for all liquids including mixed solutions against glass
surfaces and other surfaces, the 0. values have to be measured independently. However, because of the
constant diameter of the parallel capillary there is only a single pipette pressure for any given tension,
and so statistical averaging is somewhat limited. To allow multiple pressure-radius measurements and
so provide self-consistent (same system) values for the surface or interfacial tension, in 2001 a new
capillary-action-based technique, the tapered micropipette, was developed and applied to a series of
clean surfaces and interfaces as well as soluble- and insoluble-surface active materials [6,9].

Figure 3c shows the schematic image of the tapered micropipette for a surface tension
measurement. The tapered capillary is again set in a horizontal position. Following the Young-Laplace
equation and geometry of the capillary, the Laplace pressure controlling the liquid flow shows the
more simple relation (Young-Laplace equation),

2y
A= o ®)
where, again, R, is the radius of curvature of the interface inside the capillary. Using the tapered shape
for the capillary, the factor of . is cancelled out in the equation, as discussed below in association with
Equation (6).
Therefore, the surface or interfacial tension value is obtained by knowing the applied pipette
pressure AP, required to keep the meniscus at a geometry of R, and does not require knowledge of the
contact angle of the meniscus at the capillary surface.
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2.2. Micropipette Manipulation Apparatus

The interfacial tension measurement with the tapered micropipette is achieved by using a
bright field microscope system with one or more micropipette micro-manipulators mounted on
the microscope stage [7,9]. Other accessary equipment, such as a pressure transducer and camera are
also required. Figure 4a shows a photographic image of the micropipette manipulation system with a
tapered micropipette mounted in a microscope chamber filled with the test liquid (Figure 4b).

(a) (b)

Figure 4. Our Signature Micropipette Manipulation Platform provides an ability to establish a

well-defined interface (air-water, oil-water, with or without adsorbed material). (a) The system is
comprised of: micropipette pressure control from micro-atm to milli-atm; a microchamber for the
test solution; temperature control: 5 to 50 °C; manipulators with fine positional control of pipette.
Microscope images are recorded digitally for analysis. (b) Micropipette (i) is mounted via a chuck
(ii) in a custom-built holder (iii), mounted on a stage micrometre (iv) bolted firmly to the microscope
platform (v). The image of the micropipette in the microchamber (vi) is viewed via a 40x and 20x
objective lens for equilibrium and dynamic surface tension measurement, respectively (vii). With
permission from Elsevier [18].

Figure 4a shows the overall microscopy system. The bright-field microscope with Kohler
illumination (Zeiss) is used to observe the geometrical shape of the surface or interface inside a
micropipette, as for example, the water-air surface displayed on the monitor in Figure 4a. Figure 4b
shows an enlarged view around the glass cuvette sample-chamber (2 mm x 3 mm x 10 mm) with
a micropipette inserted. Tapered micropipettes (taper angle 6, ~ 3-4°) are custom-made de novo by
using a pipette puller (Shutter instrument, Novato, CA, USA), and cut to the desired tip diameter
(~5-10 pm) with a micro-forge (Narishige) [18]. To manipulate the tapered micropipette inside the
chamber, the pipette is attached to a Newport 3D mechanical micromanipulator, which is firmly bolted
to the microscopy stage. To monitor and record the geometrical shapes at the tip and the interface
inside the tapered micropipette, a CCD-camera with 30 frames per second (DAGE-MIT, Michigan, IN,
USA) is attached to the system. In-line pressure transducers (Validyne Engineering Corp., Northridge,
CA, USA) measure the applied pipette pressure, in the plastic tubing that connects to the micropipette
via an “L”-junction chuck. Precise pressure control by a syringe or manometer allows the system to be
set to zero flow and hence zero applied pressure. Surfaces, interfaces and formed gas microbubbles or
liquid microdroplets are monitored in real time and recorded as digitalised information on a computer
by using a home-built LabVIEW program. The digitised image is analysed with Image] software
provided by National Institute of Health [88].

2.3. Gas-Liquid Interfaces

The simplest measurement that can be made using the micropipette technique is to validate the
well-established clean air-water surface tension using the tapered micropipette [9]. (This is actually
an experiment we use to train new researchers on the micropipette manipulation system). Figure 5
shows a series of typical air-water surface images inside a micropipette corresponding to four different
applied positive Laplace pressures [9].

37



Micromachines 2019, 10, 105

—
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Figure 5. Microscope images of an air-water surface inside a tapered micropipette. (a) The air-filled
micropipette was inserted into the surfactant solution under relatively high positive applied pipette
pressure 18.8 kPa. The meniscus came to equilibrium such that the interface meniscus (diameter
~15 um) was close to pipette tip. (b—d) The applied positive pressure was then decreased to, (b) 12 kPa,
(c) 8.8 kPa, and (d) 7.1 kPa respectively allowing the meniscus to recede down the tapered pipette to
new equilibrium curvatures. In the experiment this is followed by a series of increasing pressures that
move the meniscus back down the pipette and so is advancing. There was no hysteresis in the positions
or contact angle for these receding or advancing contact angles. With permission from American
Chemical Society [9].

As described previously (Section 2.1., Principles of Capillary Action and the Micropipette), water
enters and flows continually into a horizontal micropipette by capillary action if we do not apply any
positive, opposing pressure inside the pipette. In the experiment the micropipette was inserted into
the surfactant solution under an initially relatively high pre-set positive applied pipette pressure of
18.8 kPa. As seen in Figure 5a, the meniscus came to equilibrium with a diameter of ~15 pum such that
it was close to pipette tip. A subsequent decrease of the applied pressure from 18.8 kPa (Figure 5a) to
7.1 kPa (Figure 5d), resulted in the movement of the air-water meniscus to larger and larger radii in the
tapered pipette. This control of the meniscus position (and hence radius of curvature of the interface)
inside the tapered micropipette, provides the surface tension measurement by simple application of
the Laplace equation, Equation (5). Figure 6 shows how to calculate the radius of curvature R., from
the air-water surface geometry, defined by the vertical distance (Y) and the horizontal distance (X) that
correspond, respectively, to the chord between the ends of an arc spanning the cap and the height of
the cap.

10pm

Figure 6. Calculation of radius of curvature R, from the geometry of the surface image. With permission
from American Chemical Society [9].

From the geometry of the interface inside the capillary, the following relation is obtained,

(3)+x2

R. =
¢ 2X

(6)



Micromachines 2019, 10, 105

As mentioned above, the tapered micropipette manipulation technique solved the 6. problem by
using R. in the equation rather than using R, thus not requiring any factor of 6. at the point where
the three phases (air-water-glass) meet. In order to check this, we measured the air-water surface
tension for two different contact angles. A glass pipette surface coating of 3-Cyanopropyltrichloro
silane (CTPCS) produced a much higher contact angle of 54° compared to that for a clean glass surface
of 5° [7]. Figure 7a (CTPCS-coated) and Figure 7b (non-silane coated) show the images of the air-water
surface with different contact angles at ~1.4 kPa applied pressure.
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Figure 7. Contact angle change with and without silane coating at the glass surface of the micropipette
at 20 °C and corresponding surface tension plot. (a) 3-Cyanopropyltrichloro silane (CTPCS) coated
micropipette, having a contact angle of 54° and applied pressure of ~1.4 kPa inside the pipette. Using
the fitting of curvature (dashed circle) at the diffraction pattern at the air surface area, the contact
angle is calculated by considering the point “p” and “py” giving 54 & 7°. Note this circle is not at
the interface but at the point at which the meniscus leaves the glass surface. Point “p” shows the
grey and black pattern boundary spot on the circle, and py shows a crossing point of the circle and a
vertical line crossing the circle centre. (b) Non-silane coated (just glass) micropipette having ~1.4 kPa
applied pressure inside the pipette with the much smaller contact angle of 5°. (c) Equilibrium air-water
surface tension measured by the micropipette manipulation method with increasing pressure (hollow
symbols: interfacial area decreasing) and decreasing pressure (solid symbols: interfacial area increasing)
comparing with and without CTPCS coating. The surface tension was calculated from the slope of a
plot of applied pressure AP vs. the reciprocal radius of curvature 2/R. at each applied pressure. With
permission from Elsevier [7].

From the fitting circle at the edge of the diffraction pattern (Figure 7a, white dashed circle),
the contact angle 6. of the air-water surface against the hydrophobic CTPCS-coated micropipette
glass surface was estimated to be 6. = 54 & 7°. This showed good agreement with other literature
data of 56.3 & 2.2° [89]. We therefore confirmed that the estimation of 6. from the diffraction pattern
was a reliable method for the air-water surface tension measurement. By comparison, the contact
angle against the clean glass surface of 5°, shown in Figure 7b is, as expected, much smaller than the
CTPCS-coated micropipette. Satisfyingly, in Figure 7c, both measurements of AP vs. 2/R. plotted
for a series of different applied AP showed the same linear fitting slope. Then, using Young-Laplace,
Equation (5), the slope expressed the -y values, and these were, ¥ = 72.5 £ 0.1 (CTPCS coating) and
72.6 = 0.2 mN/m (non-coating), at 20 °C. Thus, even though the two glass surfaces were of completely
different hydrophobic or hydrophilic character, the measurement of the clean air-water surface tension
was self-consistent in excellent and accurate agreement with reference data from the literature [90].
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What these simple experiments show is that the radius of curvature R, is accurately determined
from a segment of the interface and the contact angle is not required in order to measure the surface
tension with the tapered micropipette system.

2.4. Liquid-Liquid Interfaces

We have also established the technique for making equilibrium interfacial tension measurements
at oil-water interfaces [9]. By partially filling the pipette with oil and placing water in the microchamber,
a curved interface can be formed in the micropipette, much like the one between air and water. Since
oil is hydrophobic the curvature of the meniscus in contact with the glass pipette surface is again
dependent on water-wetting of the hydrophilic glass. As with the simple air-water system, as shown
in Figure 8, the application of positive pipette pressure moves the interface position down the pipette
(Figure 8a,b) changing its radius. The application of negative pressures then allows it to recede back
up the pipette for reversible measurement of advancing and receding positions.

—

increasing applied pipette pressures drive interface down tapered pipette
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Figure 8. Equilibrium interfacial tension for the simple oil-water system. Shown are video-micrographs
from an experiment where n-decane filled the micropipette and water was placed in the microchamber.
(a) (right-hand micrograph) As in Figure 5, the (partially) oil-filled micropipette was inserted into the
water under positive applied pipette pressure AP of 2 kPa to give an interface meniscus in the pipette
taper with a diameter ~100 um. The applied positive pressure was increased to (b) 2.2 kPa, and the
oil-water interface was moved to a new position with a smaller diameter of 93 um. This was repeated
to obtain the advancing and receding meniscus positions and corresponding radii used to plot the data
in Figure 9.

As before (Figures 5-7 and associated text), this allows the interfacial tension to be measured using
the Laplace equation, Equation (5). From the best fitting slope to a plot in Figure 9 of applied pressure
AP vs. 2/R; at each applied pressure, gives the interfacial tension for the decane-water interface as
51.2 4+ 0.4 mN/m [9]. Additionally shown on the plot is plot and surface tension for the decane-air
interface as 23.6 £ 0.5 mN/m [9]. These values were in good reasonable agreement with literature
values [91]. In general, the oil-air interfacial tension has a lower value compared with the oil-water
interfacial tension. For completion, and to summarise this section on gas-liquid and liquid-liquid
systems, Table 1 shows the list of different alkane or alkanol interfacial and surface tensions against
water yow or air yoa. The results from the tapered micropipette manipulation technique (bold letters)
are combined with those from the literature [91,92]. Interestingly, for the completely non-polar alkanes
the alkane-water surface tension (~51 mN/m) is always larger than the alkane-air tension (~21 mN/m).
The alkanol-air tensions (~27 mN/m) are similar to those of the alkane-air due to the presentation of
their own alkane chains to air. Conversely, at the alkanol-water interface, the polar head group of the
alkanol can orient towards the water (see later, Figure 11a) and provides a lower interfacial tension
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(~8 mN/m) than to air. This result clearly suggests that alkanols have a monolayer-forming capacity
and can act as surface active compounds, an effect that we examined for 1-Octanol [7] and present
and discuss later as equilibrium and dynamic adsorption (see Section 4. Equilibrium and Dynamic
Surface Tension: Adsorption of Soluble Surfactants). As mentioned at the beginning of this review,
a pure hydrocarbon chain molecule, like decane cannot spread at the air-water surface because of a
lack of molecule polarity [21].
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Figure 9. Plot of Equilibrium surface and interfacial tensions measured by the tapered micropipette
manipulation technique. Data for applied micropipette pressure AP (kPa) is plotted in this
particular paper [9] against the reciprocal of the radius of curvature 1/Rc (x 10% m~1) for Water/ Air,
Water/Decane and Decane/ Air. Meniscus position was measured for both increasing pressure (hollow
symbols) and decreasing pressure (solid symbols). As before (Figure 7), the surface tension was
calculated from the slope of the plot. With permission from Elsevier [9]. The circled data correspond to
the menisci shown in Figure 8, i.e., at the lowest pressures and largest radii of curvature.

Table 1. Alkane and alkanol interfacial and surface tensions against water or air. Micropipette
aspiration technique results are shown in bold letters. Data are at 20 °C, except, micropipette aspiration
technique results (23 °C), yow of Decane (24.5 °C), and both 1-Hexanol interfacial tensions (25 °C).
The literature data is obtained from [91,92].

Alkane Alkane-Water Alkane-Air
Yow (mN/m) Yoa (mN/m)
Hexane (C6) 51.1 18.4
Octane (C8) 50.8 21.6
Decane (C10) 51.2 (52.0) 23.6 (23.8)
Alkanol Alkanol-Water Alkanol-Air
Yow (mN/m) Yoa (mN/m)
1-Hexanol (C6) 6.8 25.8
1-Octanol (C8) 8.52 275
1-decanol (C10) 8.97 289

In order to finish this section on the development of the micropipette techniques, we present now
our most recent Micropipette Interfacial Area-expansion Method (MIAM) that has allowed us to make
Dynamic Surface Tension (DST) measurements.
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2.5. More Advanced Techniques: Micropipette Interfacial Area-Expansion Method (MIAM)

The initial tapered micropipette technique was developed and introduced by Lee et al. in 2001 [6,9].
It was used to measure equilibrium tensions of clean and surfactant-adsorbed surfaces and also to make
dynamic surface tension measurements for the adsorption of phospholipids (as described later, see
Section 5. Equilibrium and Dynamic Surface Tension: Adsorption of Insoluble Surfactants). The system
was able to track dynamic surface tension changes for times on the order of ~15 s. It was successful in
that it demonstrated the formation of lipid monolayers from adsorbing lipid vesicles in the aqueous
phase, that came to equilibrium in times on the order of 2 min. While successful for lipid adsorption,
it clearly had limits for faster-transport-surfactants. In the dynamic process of lipid or surfactant
adsorption to a clean surface or interface, there is a decrease in tension and so a meniscus-interface in
the tapered micropipette would move to smaller radii for a constant applied pipette pressure. While
we did manage to blow surfactant solution at a clean interface using a smaller delivery pipette inserted
into the larger tapered pipette (see Figures 6 and 7 in Lee et al. [9]) and observe the rapid movement of
the meniscus to correspondingly smaller radii, the limits of this early technique were simply due to not
being able to move the micropipette inside the chamber fast enough to observe the meniscus position
(and measure its radius). Therefore, for more advanced applications (see later in Section 6 Applications)
and indeed for more accurate and sensitive fundamental studies in dynamic tension measurement for
surfactants, we developed the Micropipette Interfacial Area-expansion Method (MIAM) [7].

In order to improve the time-lag, any need for micropipette movement was eliminated by fixing
the micropipette a priori at a position that represented the expected meniscus diameter for a clean
air-water surface (i.e., ~72 mN/m tension). This surface was then ready for the initial adsorption and
therefore setting a diameter for time zero [7,8]. Figure 10 shows schematic images of the Micropipette
Interfacial Area-expansion Method as used in this technique and a description of the sequence of events.

22 micron diameter meniscus at tip (a)
Applied pipette Pressure ~ 9 kPa

[T il
Ar 48 APT

Chamber

300 micron diameter meniscus further down pipette
Applied pipette Pressure ~ 1.2 kPa

Rapid (b)
Interface

Expansion i « AP
— \’*’_

Monitored Surface

Figure 10. Schematic image of the Dynamic Surface Tension (DST) measurement using the Micropipette
Interfacial Area-expansion Method. (a) The micropipette is inserted into the surfactant solution under
high positive applied pipette pressure such that the new interface meniscus (diameter ~22 pm) is
close to the pipette tip. This is observed by initially positioning the micropipette tip in the field of
view. To avoid convective flow inside the chamber, the microchamber is gently sealed with a plug of
hexadecane after the pipette is inserted and the pipette moved to a new viewing position where a clean
surface is expected to locate when a pre-set lower pipette pressure is applied. (b) Following a 15-fold
decrease of the applied pipette pressure, AP, (from the high value of ~9 kPa, that held the interface
close to the pipette tip, to 0.6 kPa), the surface area quickly expands to a new diameter of ~300 um in
0.1to 0.3 s. The pipette pressure is rapidly fixed to a constant reset pressure of 1.2 kPa, and the surface
meniscus moves to the observed region (dotted box). The movement of the surface meniscus is tracked
as surfactant adsorbs to the water-air surface and reduces the tension to the new equilibrium. With
permission from Elsevier [7].
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The method follows a protocol of these three steps:

Step 1: Set the position of the micropipette inside the microchamber and apply a high positive
pressure (~9 kPa) by using a syringe pump. This pressure minimises the air-liquid meniscus area
and makes it almost coincident with the micropipette tip (radius ~11 um) (Figure 10a). The end of
the microchamber is sealed with a small volume of hexadecane to avoid water evaporation and limit
convective flow during the experiment.

Step 2: Quickly release the applied pressure from 9 to 0 kPa in 0.1 to 0.3 s. This achieves a 200-fold
interfacial area expansion, i.e., from 700 to 140,000 pmz, as shown in Figure 10b, and moves the
meniscus to the position indicated by the grey-dashed meniscus in the pipette. This rapid surface area
expansion creates an essentially clean air-water surface in the micropipette (i.e., with only ~0.5% of the
initial concentration of the surfactant that would have been adsorbed at the initial small interface).

Step 3: After the rapid expansion of the surface area, quickly apply a reset pressure ~1.0 kPa,
observe the position of the surface meniscus (dotted box) and proceed with the R, measurement of
its gradual movement down the micropipette taper to smaller radii at this constant applied pipette
pressure. That is, the maximum surface area becomes smaller when surface active agents adsorb at
the relatively clean air-water surface (Figure 10b, monitored area). Thus, the dynamic change of the
position of the meniscus in the tapered micropipette and hence its corresponding surface curvature is
monitored and recorded in real time for later analysis.

This technique then was developed to capture the fastest times possible for surface and interfacial
movements in response to surfactant adsorption. Of course, this process includes the diffusion
of surfactants to (and from) the surface and so embedded in it, and obtainable from the results,
is the diffusion coefficient of the adsorbing species. All this will be presented and shown later for
both non-ionic and ionic test surfactants (Sections 4 and 5) and for an application studying lung
surfactants (Section 6.3.). First, though, we consider the entities involved in the equilibrium and
dynamic surfactancy that we have studied.

3. Entities: Soluble and Insoluble Surfactants as Monolayers, Micelles, Vesicles and Emulsions

By way of a more technical introduction to the systems we have studied, we now briefly describe
the surfactant- and lipid-systems in which our micropipette manipulation experimentation has made
some important contributions. Amphiphilic compounds are well-known surface-active agents at
the air-water surface and also form association colloids. The schematic images in Figure 11 show
typical behaviours for some common examples of these compounds at the air-water surface as soluble
monolayers and in bulk solution as micelles, as well as insoluble monolayers and membrane vesicles
of the relatively more-insoluble lipids. In our earlier micropipette work in 2001, we established the
rudimentary methods for measuring equilibrium tensions of clean and surfactant-adsorbed surfaces [9]
as well as the equilibrium and dynamic tensions due to adsorption of phospholipids [6]. In 2017
we have now improved on, and extended, these techniques for both equilibrium and shorter-time
dynamic behaviour of the surface-active agents Octanol [7] and sodium dodecyl sulphate [8], and as
described later in Section 6.3., for lung surfactant formulations [10].

Simple amphiphilic compounds can create monolayers at the air-water surface by orienting
their monomers, i.e., hydrophilic polar head groups towards the water and hydrophobic chain(s)
towards the air. Upon formation of a monolayer of these compounds, the air-water surface tension is
decreased from 72 mN/m (at 20 °C) to much lower values depending on the surface concentration
(I'), and characteristics of these compounds, but can be on the order of 30 mN/m. As depicted
in Figure 11, amphiphilic compound-monolayers can be separated into two groups, i.e., soluble
and insoluble monolayers [93]. When monomers of the monolayer have significant solubility in
the aqueous phase and can exchange with excess monomers in the equilibrium bulk solution, it is
called a soluble monolayer. These monomers rapidly come to equilibrium and maintain a relatively
constant surface pressure due to rapid desorption or adsorption when compressed or expanded,
respectively. If the monomers are relatively insoluble in water and remain at the surface rather than
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exchanging during any monolayer expansion or compression, it is called an insoluble monolayer.
These different characteristics of monomers can also result in different aggregation behaviour in bulk
aqueous media. For example, soluble surfactants tend to form micelles (Figure 11b) that can exchange
with soluble monolayers, while lipids form bilayer-membrane vesicles (Figure 11c) that can form
insoluble monolayers but are less likely to exhibit rapid exchange. In all cases, above the solubility limit
of the monomers, they coexist with these self-assembled-aggregates in the bulk water. Interestingly,
the surfactants themselves, e.g., octanol, even in the absence of a second oil phase, can form their
own “oil droplets” as microscopic emulsions and as nanoparticles in aqueous suspension (as shown in
Figure 11c). Next, we consider the physicochemical characteristics of each amphiphilic compound and
how it influences the micropipette manipulation-measurements we have made.

e.g. octanol e.g. SDS e.g. Phospholipid e.g. TO-SDS
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Figure 11. Surface active compounds at the air-water surface and in bulk aqueous phase. (a) Soluble
Monolayer: Long-chain alcohols, such as Octanol, can spread at the air-water (blue background) surface
to make a soluble monolayer (monomer can transfer between monolayer and bulk). The monolayer has
a certain orientation, i.e., hydrophilic OH-headgroup (white circle) towards the water and hydrophobic
C8 alkyl chain (black curvy line) towards the air. Above its solubility limit in bulk aqueous solution,
octanol can behave like pure hydrophobic oil, i.e., forming its own oil emulsion with octanol also
adsorbed at this interface. (b) Soluble Monolayer: Detergents, such as the anionic sodium dodecyl
sulphate (SDS), can spread at the air-water surface to form a soluble monolayer. The orientation is
the same as the long-chain alcohol with the negatively charged hydrophilic polar group facing the
aqueous phase, (yellow circle) and the hydrophobic C12 alkyl chain towards the air (black curvy line).
Above its solubility limit in bulk, monomers form micelles. (c) Insoluble Monolayer: Lipids, such
as phospholipids, can spread at the air-water surface to form an insoluble monolayer, again with
headgroups in the water phase (green circles) and double acyl chains in air (double black curvy lines),
with relatively little molecular lipid (bracketed) in solution (water solubility, Sy ~10 nM or less). In the
bulk aqueous phase monomer lipids self-assemble into vesicles. (d) Surface-Stabilised-Droplets. Micro-
or nano-emulsion droplets can be stabilised with, for example, the anionic detergent SDS.

3.1. Long-Chain Alcohols form Soluble Monolayers and Emulsions

In general, water-miscible, short-chain alcohols decrease the surface tension by forming a
monolayer at the air-water surface. For example, by increasing the concentration of the water-miscible
solvents methanol, ethanol, and propanol in an aqueous solution, there is a concomitant decrease
in the air-water surface tension from 71 to ~ 23 mN/m at 20 °C [94]. In the case of the longer-chain,
water-immiscible alcohols, such as 1-Octanol (see below, Section 4.1.) they can also decrease the
air-water surface tension to ~25-30 mN/m [7], by forming a soluble monolayer at the surface, and so
not quite as much as for short-chain alcohols. A special case for longer-chain alcohols is their ability to
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form emulsion droplets (Figure 11a) and hence an immiscible interface. Interestingly, the long-chain
alcohol molecules start aggregating into emulsion droplets before reaching the lowest surface tension.
This behaviour correlates with the solubility of the carbon chain, i.e., the longer the carbon chain
length, the lower its solubility in water [21] and the greater its tendency to form the emulsion
droplet. As mentioned in the Introduction 1.1, non-polar, pure hydrocarbon chains, such as the
n-alkane homologous series, cannot spread as monomolecular films at the air-water surface. Therefore,
just the addition of one terminal-OH group converts the relatively insoluble and surface inactive
octane to a more soluble and surface-active octanol. As described in more detail below, (Figures 12
and 13) our micropipette experiments have measured the rapid and dynamic adsorption of Octanol to
otherwise clean air water interfaces and shown their rapid approach to equilibrium tensions [7]. These
measurements provided a value for the diffusion coefficient of 1-Octanol, of 7.2 £ 0.8 x 107¢ ecm?/s.
While highly related, but beyond the main scope of this review, once we obtained a microdroplet of
octanol in water, the micropipette technique was further developed (along the lines as for gas bubble
dissolution, see Section 6.1.1.) to measure the dissolution of octanol [7,16] into water, as well as a
series of organics and their mixtures [95]. Briefly, the dissolution of a 50 um diameter microdroplet of
octanol into water takes a relatively long time, ~3000 s. This is because, as we can see according to the
Epstein Plesset equation (see later Equation (8) [96]), the rate of loss of material, dm/dst, is a function of
the product of the diffusion coefficient D (of octanol in water) and its water-saturation concentration
Cs. In contrast to a dissolving gas bubble (Section 6.1.1.) that has a finite surface tension and hence
a Laplace pressure, for a liquid microdroplet the interfacial tension and the Laplace pressure play
virtually no role because of the incompressibility of the octanol. Thus, the very low solubility of octanol
(and other organics) in water increases their microdroplet dissolution time. This experiment has thus
allowed us to actually measure the diffusion coefficients for octanol to be 7.3 £ 0.1 x 107° cm?/s,
in excellent agreement with the result from the dynamic adsorption technique [7]. Dissolution is
also proportional to 1/R and so large droplets on the order of millimetres might appear to “never”
dissolve. This is another key aspect of being able to directly observe and measure microdroplet
behaviour with the micropipette technique and our single microparticle micropipette experiments, i.e.,
for micron-scale dimensions (e.g., x = 100 um) and diffusion coefficients on the order of 5 x 1076 cm?/s,
Einstein’s mean-square displacement diffusion equation [97], x*> = 2Dt, puts the time t = 10 s, whereas
for 10 millimetre-sized particles, t is on the order of 100,000 s (~28 h). Thus, because of the scale
of our experimentation, the results of micropipette manipulation experiments are observable in our
laboratory time frame.

3.2. Soluble Monolayer: Detergents form Micelles

More common than alcohols are the well-known ionic surfactants such as sodium dodecyl
sulphate (SDS). This anionic detergent can decrease the air-water surface tension from 71 mN/m to
around 40 mN/m by forming a soluble monolayer at the air-water surface (see Section 4.1.) [8]. One of
characteristics of this compound is that it readily forms micelles at its limit of monomer-solubility
(8.1 mM) in bulk water (Figure 11b)—its critical micelle concentration, CMC. (Note, this micelle is
also in solution and has its own dynamic, solubilised interface). Compared with the self-assembly
of long-chain alcohols into actual emulsion droplets, SDS forms micelles in water where 30 to
70 monomers are oriented per micelle depending on concentrations in excess of the CMC [98,99].
Interestingly, in NaCl solution, the aggregation number is increased to ~130 (in 0.4 M NaCl) because of
electrostatic shielding of the sulphate negative charge so allowing a more close-packed arrangement
of the sulphate headgroups. As described in more detail below (Figures 12 and 13), using similar
techniques as developed for octanol, our micropipette experiments have also measured the rapid
and dynamic adsorption of SDS to otherwise clean air-water interfaces and have shown their rapid
approach to equilibrium tensions [8].
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3.3. Insoluble Monolayer: Lipids form Vesicles

The most well-known insoluble monolayer is the phospholipid monolayer. Actually, the study of
insoluble monolayers was first established by studying fatty acids [100]. Unlike the rapidly-exchanging,
soluble monolayers, insoluble monolayers are characterised by complex 2-dimensional phase
behaviour as surface pressure-molecular area (I1-A) diagram, nicely reviewed by [101]. Such pressure
vs. area curves characteristically include two-dimensional analogues of solid, liquid, and gaseous states
along with intermediate phases such as the liquid-expanded and liquid-condensed regions appearing
on occasion between the main states [102]. The addition of a small amount of a phospholipid to a clean
air water interface results in a rapidly spread monolayer of the material and, again, a reduction in
surface tension to values that can be ~20-25 mN/m at the air-water surface (again measured by our
micropipette technique [10], see later Section 6.3. Lung Surfactants) and as low as 1-2 mN/m at the
oil-water interface (see Section 6.4. Nanoprecipitation) [17].

The unique measure of lipid self-association is characterised by the Critical Bilayer Concentration
(CBC). In general, the “CBC” of such insoluble monolayer compounds is extremely low compared with
soluble monolayer compounds such as SDS (CMC 8.1 mM). For example, the CBC for dipalmitoyl-PC
(DPPC, two carbon chains of C16:0) is 0.46 nM [103]—seven orders of magnitude smaller than
the CMC of SDS! This is because of the greater hydrophobicity of DPPC’s two long hydrocarbon
chains compared to SDS’s one. These lipids form vesicles as shown in Figure 11c, where simple
rehydration of dried lipid can form multi-lamellar vesicles (MLV) having bilayer membranes in a
sphere shell shape [104-106]. Vesicles can also be made as small (100 nm) unilamellar vesicles (SUVs)
with special extrusion processing [107] or can be large enough as so called Giant Unilamellar Vesicles
(GUVs) to make microscale measurements on them with the micropipette by gentle rehydration.
The mechanochemistry, thermal and interactive properties of these GUVs also have been studied
extensively by the micropipette technique as reviewed many times [73,80,108], and also recently by
Parra and Needham [109].

Interestingly, since air is relatively hydrophobic, a similar phenomenon occurs at the oil-water
interface and a spread monolayer is formed. As established by Mingins [110], such materials can
also be described by isotherms of surface pressure () against area per molecule (A) reported for a
homologous series of pure synthetic saturated 1,2-di-acyl glycerophosphocholines (lecithins) (C14
to C2,) spread at n-heptane/aqueous electrolyte interfaces. Haydon also measured lipid spreading
on monolayers and the surface-potential changes in lipid monolayers and the ‘cut-off” in anaesthetic
effects of N-alkanols [111]. Therefore, here we have a situation where a phospholipid monolayer is
now a solvent for n-alkanols, and is actually an interesting test system for anaesthetic absorption into
bilayer membranes and the proteins they contain in nerve cells. In another anomaly, as presented in
the introduction, a single chain surfactant like Glycerol MonoOleate (GMO) can actually form bilayers
if its molecular volume is enhanced with adsorbed alkanes, and so forms the so called “black lipid
films” [39,112]. As described above (Section 1.3) these bilayer films [47] have been characterised in terms
of free-energies of formation from solvent-containing to solvent free, [1,38] and used extensively as
model biological membranes, for anaesthetic adsorption and channel formation and activity [113,114].

Thus, lipid monolayers have been studied extensively in their own right, and interestingly, when
literally pushed to their limit, i.e., when the monolayer is compressed above a certain surface pressure
limit, they collapse into vesicles rather than reverting to monomers [115,116]. They can even exist
in equilibrium with vesicles that are placed in the aqueous sub-phase, as shown by MacDonald
and Simon [117]. Here, the collapse pressure was similar to the internal pressure of lipid bilayers
(~50 mN/m), which corresponds to a true equilibrium for unstressed liposomes. Such monolayers
of DMPC also underwent the same phase transitions as would a vesicle. Their data agreed well
with Needham and Evan’s data [76] on the same DMPC lipid as a GUV. Thus, the mechanical and
thermodynamic properties of bilayers, particularly phase-transition parameters, have corresponded
closely to those of monolayers with which they are in equilibrium. In the context of lipid bilayer vesicles,
while we are mainly focused here on surface and interfacial tensions at interfaces, for completion, the
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micropipette technique has been also used extensively to apply well defined tensions and measure
the mechanical [73,78,80,83,108,109,118], thermal [72,76,77], molecular exchange and inter-bilayer
interaction properties [73,119] of giant (20-30 um-diameter) phospholipid vesicles [120].

Returning to lipid monolayers, some of our first measurements were made while developing
and using the micropipette technique for measuring the dynamic and equilibrium surface tensions of
adsorbed phospholipid monolayers from aqueous suspensions of uni-lamellar lipid vesicles to clean
air water interfaces [6,9] (see later Section 5, Adsorption of Insoluble Surfactants). These were followed
18 years later by using the improved micropipette methods to observe and measure the adsorption
and complex multi-bilayer forming mechanism of lung surfactants, seen earlier by others [10,121-125].

Thus, it is generally accepted that phospholipids form bilayers and soluble surfactants form
micelles. However, when the carbon chains of the phospholipids are made extremely short,
these compounds can also make micelles rather than bilayer vesicles [100]. Such short chain
phosphatidyl-cholines (PC) are structurally phospholipids, but their short fatty acyl chains of
6-8 C-atoms endow the molecule with detergent-like properties [126]. Since surfactants are usually
single chain and the lipids are usually double chain, there is a relationship between the molecular
volume, its headgroup area at the interface and the length of the hydrocarbon chain [93], and so
micelle- or vesicle-formation can be described by a packing parameter model [127].

3.4. Surfactants Can Adsorb at Oil-Water Interfaces and the Oil Can Swell Micelles

Finally, just as they can adsorb at air-water surfaces, surfactants can adsorb at oil-water interfaces.
Air is hydrophobic, and so just like at the air water interface, the hydrocarbon chains of a surfactant
partition in the same way at oil-water interfaces. As shown by example, in Figure 11d, micro- or
nano-emulsion droplets of Triolein can be stabilised with the anionic detergent SDS. For this situation,
several equilibria are set up: SDS molecules in solution are in equilibrium with the monolayer at the
air-water surface, with micelles if above the CMC, and with the oil-water interface of the emulsion.
Interestingly, the micelle is also in equilibrium with the bulk phase of the emulsion, and can contain
a number of oil molecules that are in equilibrium with the oil in the bulk phase. In unpublished
studies (Needham, undergraduate projects) we hypothesized in 2000, that this represents just enough
molecules to create bulk matter [128]. We found that, indeed, small alkanes (pentane to decane)
would swell micelles of Tween 20 (hydrogen-saturated C12 monolaurate chain) showing a statistically
significant increase in hydrodynamic radius within the first 48 h from the initial micelle radius of
4.42 £ 0.08 nm to 6.5 & 0.09 nm for the pentane system, to 7.84 £ 0.33 nm for the decane system.
If the radius of the micelle is equivalent to the size of the Tween20 molecule, and we assume that
this represents the thickness dimension of the Tween80 monolayer on the swollen micelle, then the
alkane-core-radius for decane is simply 7.84 nm — 4.42 nm = 3.42 nm, which gives a core-volume of
decane of ~168 nm®. Since decane has a molar volume of 195 cm?®/mol, and so volume per molecule of
0.32 nm?/molecule, the micelle core would contain 525 molecules. Here the molecules in the swollen
micelle are expected to be in equilibrium with, and so at the same chemical potential as, the bulk
emulsion. Is this how many molecules of decane it takes to create bulk matter? On-going experiments
in our lab are now exploring this further.

As is often said by our friend and collaborator Evan Evans, there are only two things we need to
know in characterising any system scientifically, “where it is going” (equilibrium thermodynamics)
and “how long it takes to get there” (kinetics or dynamics). Therefore, following this maxim,
next, we give examples of using these techniques for equilibrium and dynamic surface tension
measurements on soluble surface active materials (Octanol and SDS) and insoluble phospholipids
(the Phosphatidylcholines).

4. Equilibrium and Dynamic Surface Tension: Adsorption of Soluble Surfactants

In 2017, we presented new measurements of the equilibrium and dynamic surface tensions of
soluble monolayers of 1-Octanol and SDS at the air-water surface using the tapered micropipette
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manipulation technique [7,8]. Since SDS is anionic, we would expect shielding of the electrostatic
interactions between molecules at the surface for SDS in NaCl, reflected in a lower CMC. Experimental
conditions therefore included milli-pure water and high ionic strength NaCl solutions in order to
evaluate the effect of charge of the SDS molecule on adsorption rates and monolayer formation. It was
these measurements that necessitated the development of the more advanced Micropipette Interfacial
Area-expansion Method (MIAM) (see previous Section 2.5.) [7,8].

4.1. Equilibrium Surface Tension for Adsorption of Soluble Surfactants: Octanol and Sodium Dodecyl Sulfate

As mentioned above (Figure 11a) [129], the long-chain alcohol, 1-Octanol has a limiting solubility
of C; = 3.53 mM in aqueous media. Above this solubility limit concentration, its molecules can
self-assemble as oil emulsions. Therefore surface tension measurements were done at much lower
solution concentrations than the Cs of 1-Octanol i.e., 0, 0.3, 0.5, 1.0 and 2.0 mM [7]. Figure 12a shows
plots of the applied micropipette pressure AP vs. the reciprocal radius of curvature as 2/R. for the
air-water meniscus in the pipette at each applied pressure for each 1-Octanol solution concentration.
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Figure 12. Equilibrium surface tension measurements for soluble surfactants. Pipette pressure vs. 2/R.
plots for test surfactants Octanol and SDS to give equilibrium surface tension of soluble monolayers at
each of the test concentrations in aqueous solution for (a) 1-Octanol, (b) SDS and (c) SDS with 100 mM
NaCl. Measurements were made for both increasing and decreasing applied pressure at 20 °C. Hollow
and solid symbols show the direction of applied pressure—hollow symbols: pressure increasing,
interfacial area decreasing; and solid symbols: pressure decreasing, interfacial area increasing. Each
surface tension was calculated from fitting slope as mentioned in the text corresponding to the plots in
Figure 7c. Reproduced from Kinoshita et al. [7,8], with permission from Elsevier.

The equilibrium surface tension was calculated from the best fitting linear slope of the plots at
each concentration. As we saw for the clean air-water surface tension in Figure 7c, the linear slope
at each concentration did not show any significant difference between advanci