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Medida direta da energia de coesão ‘perdida’ por unidade de área.
se a = tamanho da molécula e a2 sua área exposta, 

Tensão superficial g

Para criar superfícies é necessário fornecer energia:

Energia proporcional à área criada e à tensão superficial where 
must be supplied to increase the area by one unit.
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continuum or composed of atoms, molecules (but not yet in
the modern sense of molecules), or particles/corpuscles
continued well into the 19th century. Interference experiments
by Young showed that light behaves as waves, and theoretical
progress in explaining phenomena in terms of continuum field
theories (electrical or gravitational) also led to a decline in the
belief in particles. Maxwell is said to have noted in an
introductory lecture on light that the main reason for why, by
the mid-19th century, nobody believed in particles (at least of
light) any longer was not because anyone had shown that they
did not exist but because “all those who believed in the
corpuscle theory have died”.14

The first successful attempt to estimate the size of molecules
was made in 1815 by Young, who realized that the surface
tension γ (in units of J m−2 or N m−1) and the cohesive energy
or latent heat of a material U (in units of J m−3 or N m−2) were
related via the range of intermolecular forces and/or the
molecular size. The value he obtained for water was 0.09 nm,
which is remarkably close to the radius of a water molecule.
Unfortunately, Young published his calculation in an
encyclopedia article and under a pseudonym, and it was
ignored.
Another observation that would enable an estimate of

molecular size (although not recognized as such at the time)
was a report by Benjamin Franklin (1706−1790) to the Royal
Society of London in 1774.15 A few years earlier, inspired by an
observation at sea in 1757, he had poured about one teaspoon
of oil on Clapham Pond near London and noted that as the oil
spread it stilled the waves over “perhaps half an acre” of the
pond’s surface.15 This phenomenon was already known to
ancient seafarers, divers, and fishermen,4,16 and a modern-day
illustration of Franklin’s experiment is shown in Figure 3.
Remarkably, neither Franklin nor any member of the Royal

Society nor any of his contemporaries (for example, Boscovich,
who he had met) thought of calculating the film thickness to
estimate the size of the molecules from the known area (∼2000
m2) and volume (∼2 cm3),16 which would have given ∼1 nm.
This connection was not made until more than 100 years later,
in 1890, by Lord Rayleigh,18 who repeated these measurements
by accurately measuring the spreading of olive oil on water in a
“sponge bath” and obtained a film thickness of 1.6 nm.

In the second half of the 19th century, the growing
appreciation of the kinetic theory of gases and the van der
Waals equation of state, which both required attracting
molecules and corroborated values for the sizes of molecules,
led to a return to the belief in molecules. The first calculations
of molecular sizes within the framework of the kinetic theory
were carried out (much along the lines of Young’s work) by van
der Waals and others and also by Albert Einstein (1879−1955)
in his first paper (on the interaction potential between
molecules, submitted in 1900).19 During the last decades of
the 19th century, the new field of statistical mechanics was
developed mainly by Clausius, Maxwell, van der Waals, Ludwig
Boltzmann (1844−1906), and J. Willard Gibbs (1839−1903)
to unify continuum theories such as thermodynamics
(discussed below) and mean-field theories with molecular
theories. However, the origin of the intermolecular forces
themselves remained unresolved until the radically new
concepts of quantum theory were put forward the 1920s.

■ THERMODYNAMICS
Nature of Heat. The nature of heat was a mystery well into

the 19th century. In the 17th century, it was believed that heat
was a substance consisting of particles and that an object that
contained such particles became hot through their motion or
that it was a volatile substance, phlogiston. In the 1760s, Joseph
Black (1728−1799) proposed that phlogiston could be
absorbed by bodies and flow from one place to another, a
theory that would dominate during the remainder of the 18th
century. Black introduced the concepts of latent heat and heat
capacity and did early calorimetric experiments, which were
further developed by Antoine Lavoisier (1743−1794) and
Laplace in the 1780s to measure the heat evolved in chemical
reactions. Lavoisier, who had shown that the phlogiston theory
was incorrect, strongly supported the notion that heat was a
fluid and named it caloric.13 Heating a material was believed to
add caloric to it, hence the expansion, and frictional heating was
due to caloric being squeezed out of the material.
Benjamin Thompson (Count Rumford, 1753−1814) is

credited with several inventions related to heat, including
improved kitchen and fireplace designs (the Rumford stove)
and discussed the propagation of heat in liquids after burning
his mouth on a hot apple pie. While overseeing the

Figure 3. View of Clapham pond (a) before and (b) after a teaspoon of olive oil was allowed to spread on its surface in a reconstruction of Franklin’s
experiment. Photographs by C. H. Giles in ref 17. Reproduced by permission of The Royal Society of Chemistry.
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Reconstrução do experiment de B.Franklin, reportado à Sociedade Real de Londres em 1774:
Lago Clapham antes e depois de uma colher de chá de azeite de oliva ser espalhada na superfície da água. 
Fotografia de C.H.Giles, Strathclyde University in Glasgow

Área de espalhamento ~ meio acre ~ 2023 m2

Uma colher de chá: Volume ~ 2cm3 = 2x10-6 m3

Espessura do filme de azeite em meio acre é ~ 2x10-6 m3/2023 m2 = 9.9x10-10m ~ 1 nm

Experimento de Benjamin Franklin:



Interfaces  ou superfícies curvas

Óleo na água:
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Comprimento de capilaridade:
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quando a pressão de Laplace equilibra a 
pressão hidrostática :

Água/ar: �c ~ 2mm



Equilíbrio mecânico: 
Forças capilares agindo na linha de contato se cancelam

,56 + ,68 cos <= = ,58Gotas pequenas:
Apenas forças capilares

V

V

Linha de 
contato (ou
linha de fase
tripla)

Equação de Young (1805):

)? = ,58 − (,56 + ,68

)? = ,68(ABC<D − 1

Cobertura da superfície:

? > 0Molhabilidade Total : 



Mecânica da Linha de Contato:

Superfícies inomogêneas:  
irregularidades físicas ou químicas

Cassie – BaxterWenzel

personal injury can result from falling ice; such hazards 
are exacerbated by extreme conditions. Furthermore, in 
a marine environment, the preponderance of water leads 
to additional challenges on ships and off-shore oil rigs45. 
Transmission line and tower failures have led to notori-
ous power outages, such as those caused by the 2008 ice 
storm in the northeastern United States, which left over 
1 million people without power and an estimated cost 
for damages exceeding US$1 billion. The efficiency and 
output of renewable energy sources, including wind and 
solar, can also be severely affected by ice formation43,46–48. 
Ice accumulation on aircraft is responsible for several 
problems such as frequent delays, increased drag and 
numerous fatal crashes, while the use of salts and glycols 
in deicing fluids increases costs and leads to groundwater 
contamination49,50. Frost formation in a humid environ-
ment on cold solid surfaces, such as those commonly 
used in thermal management systems, can substantially 
reduce the heat transfer efficiency, with additional energy  
consumed during necessary defrosting cycles40,41,51,52.

The diversity of icing problems presents many chal-
lenges. Icing conditions can only be controlled in cer-
tain environments. For example, heat exchangers may 
be designed to operate within narrow temperature and 
humidity ranges. However, in natural environments, 
ice accretion occurs over a wide range of temperatures, 
humidity levels and wind conditions owing to the many 
different forms of precipitation, including freezing rain, 
snow, in-cloud icing or fog icing, and frost formation44,45. 
Although it is typical for laboratory experiments to 
focus on a single aspect of icing, for many important 
applications icephobic materials require the ability to 
withstand a wide range of possible conditions. Current 
industry strategies for combatting icing problems pri-
marily involve active heating, chemical deicing fluids 
and mechanical removal44,49,50,53. These processes can be 
inefficient, environmentally unfavourable, expensive 
and time consuming. Thus, it would be advantageous if 
surfaces could passively prevent ice formation and ease 
ice removal. In this Review, we critically examine various 
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Box 1 | Key concepts in liquid–solid interactions

The shape of a liquid droplet deposited on an ideal 
solid surface (smooth and chemically homo- 
geneous) is dictated by an equilibrium of forces at 
the contact line formed by the three phases (solid, 
liquid and vapour). Young’s equation relates the 
equilibrium contact angle (CA) of the droplet (θ) to 
the specific energies of the solid/liquid (γ

sl
), solid/

vapour (γ
sv

), and liquid/vapour (γ
lv
) interfaces.

Most surfaces feature some level of roughness, 
which can cause significant deviation from the 
ideal surfaces described by Young’s equation. If a 
liquid droplet forms a continuously wetting 
interface along the topography of a solid surface, 
the apparent CA (θ*) can be defined by the Wenzel 
equation, where r is the roughness factor, which is 
the ratio of the actual surface area to the 
projected surface area of the solid.

In the Cassie–Baxter state, liquid droplets do not 
fully conform to the topography of hydrophobic 
surfaces and rest on a composite interface 
composed of the peaks of the solid texture and 
trapped air pockets. This form of the Cassie–
Baxter equation incorporates the relative 
contributions from the substrate and the air 
pockets on the CA of the liquid droplet, where ϕS

 
is the solid area fraction of the substrate in contact 
with the liquid droplet. The equation can be 
generalized to apply to surfaces with 
heterogeneous surface energy.

Movement of the contact line can lead to 
variations in the CA as a result of surface 
protrusions, adhesion hysteresis, heterogeneity 
and thermodynamic considerations. The largest 
CA observed before the contact line advances is 
recognized as the advancing CA (θA

). Conversely, 
the smallest CA observed before the contact line 
recedes represents the receding CA (θ

R
). The 

difference between these CAs is defined as the 
contact angle hysteresis (CAH). Surfaces with low 
CAH allow for high-mobility droplets with  
low adhesion.
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Contact Angle Hysteresis Explained
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A view of contact angle hysteresis from the perspectives of the three-phase contact line and of the kinetics of contact
line motion is given. Arguments are made that advancing and receding are discrete events that have different activation
energies. That hysteresis can be quantified as an activation energy by the changes in interfacial area is argued. That
this is an appropriate way of viewing hysteresis is demonstrated with examples.

When a small water drop encounters a solid surface, for
example, a raindrop on the hood of a car, a droplet is formed
that consists of a sphere of water sectioned by the surface at a
discrete, measurable contact angle. The shape of the droplet is
not reproducible, and on most surfaces, the contact angle will
vary by 20° or more. If a droplet on a surface is allowed to
evaporate in a low humidity environment or if water is carefully
withdrawn from the droplet with a syringe, the droplet decreases
in volume and contact angle, maintaining the same contact area
with the surface until it begins to recede. It recedes with a constant
contact angle, θR, characteristic of the surface chemistry and
topography (Figure 1a). If the surface is cooled to below the dew
point and water condenses on the droplet or if water is carefully
added to the droplet with a syringe, the droplet volume and
contact angle increase, and again, the same contact area is
maintained until the droplet begins to advance (Figure 1b). It
does so at a constant advancing contact angle, θA, which is also
characteristic of the surface chemistry and topography. A
metastable droplet can be formed (and a photograph taken) with
any angle between the advancing and the receding contact angles.
This is one reason it is important that both advancing and receding
contact angles be reported to characterize a surface; one static,
metastable angle is less meaningful and only designates an angle
somewhere between θR and θA. In order for a droplet to move
on a tilted surface (Figure 1c), the droplet must both advance (on
the downhill side) and recede (on the uphill side); it must also
distort from a section of a sphere to a complex shape with different
contact angles around the entire perimeter of the droplet. The
relationship between these angles, θR and θA, is not simple.

The difference between advancing and receding contact angles
is termed hysteresis; this has been the subject of significant
literature1,2 over the past few decades and has reemerged as a
popular topic because of recent interest in superhydrophobic and
self-cleaning surfaces.3-21 The purpose of this paper is to give

an alternative perspective on hysteresis, one that has been useful
and practical for us in designing surfaces and interpreting
structure-wetttability data. One might glean this perspective
from a careful review and filtration (ignoring most) of the
literature, but it would be difficult. The recent literature on
hydrophobicity indicates that this has seldom happened. In
particular, several authors, most recently our group21-23 and
Extrand,1,2,24 have commented on the importance of events that
occur at the contact line during advancing and receding and the
unimportance of interfacial free energy. Pease first suggested in
194525 that hysteresis is a 1-D issue, affected only by contact
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Figure 1. (a) Droplet of water receding on a surface due to
evaporation; the droplet is pinned at the three-phase contact line
until θR is reached at 2 and θR remains constant during subsequent
evaporation. (b) A droplet of water advancing on a surface due to
condensation; the droplet is pinned at the three-phase contact line
until θA levels at 6. (c) A droplet of water sliding on an inclined
surface.
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example, a raindrop on the hood of a car, a droplet is formed
that consists of a sphere of water sectioned by the surface at a
discrete, measurable contact angle. The shape of the droplet is
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vary by 20° or more. If a droplet on a surface is allowed to
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withdrawn from the droplet with a syringe, the droplet decreases
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maintained until the droplet begins to advance (Figure 1b). It
does so at a constant advancing contact angle, θA, which is also
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McCarthy, T. J. Langmuir 1999, 15, 3395 for early references of interest in this
topic.
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Figure 1. (a) Droplet of water receding on a surface due to
evaporation; the droplet is pinned at the three-phase contact line
until θR is reached at 2 and θR remains constant during subsequent
evaporation. (b) A droplet of water advancing on a surface due to
condensation; the droplet is pinned at the three-phase contact line
until θA levels at 6. (c) A droplet of water sliding on an inclined
surface.
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personal injury can result from falling ice; such hazards 
are exacerbated by extreme conditions. Furthermore, in 
a marine environment, the preponderance of water leads 
to additional challenges on ships and off-shore oil rigs45. 
Transmission line and tower failures have led to notori-
ous power outages, such as those caused by the 2008 ice 
storm in the northeastern United States, which left over 
1 million people without power and an estimated cost 
for damages exceeding US$1 billion. The efficiency and 
output of renewable energy sources, including wind and 
solar, can also be severely affected by ice formation43,46–48. 
Ice accumulation on aircraft is responsible for several 
problems such as frequent delays, increased drag and 
numerous fatal crashes, while the use of salts and glycols 
in deicing fluids increases costs and leads to groundwater 
contamination49,50. Frost formation in a humid environ-
ment on cold solid surfaces, such as those commonly 
used in thermal management systems, can substantially 
reduce the heat transfer efficiency, with additional energy  
consumed during necessary defrosting cycles40,41,51,52.

The diversity of icing problems presents many chal-
lenges. Icing conditions can only be controlled in cer-
tain environments. For example, heat exchangers may 
be designed to operate within narrow temperature and 
humidity ranges. However, in natural environments, 
ice accretion occurs over a wide range of temperatures, 
humidity levels and wind conditions owing to the many 
different forms of precipitation, including freezing rain, 
snow, in-cloud icing or fog icing, and frost formation44,45. 
Although it is typical for laboratory experiments to 
focus on a single aspect of icing, for many important 
applications icephobic materials require the ability to 
withstand a wide range of possible conditions. Current 
industry strategies for combatting icing problems pri-
marily involve active heating, chemical deicing fluids 
and mechanical removal44,49,50,53. These processes can be 
inefficient, environmentally unfavourable, expensive 
and time consuming. Thus, it would be advantageous if 
surfaces could passively prevent ice formation and ease 
ice removal. In this Review, we critically examine various 
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Box 1 | Key concepts in liquid–solid interactions

The shape of a liquid droplet deposited on an ideal 
solid surface (smooth and chemically homo- 
geneous) is dictated by an equilibrium of forces at 
the contact line formed by the three phases (solid, 
liquid and vapour). Young’s equation relates the 
equilibrium contact angle (CA) of the droplet (θ) to 
the specific energies of the solid/liquid (γ

sl
), solid/

vapour (γ
sv

), and liquid/vapour (γ
lv
) interfaces.

Most surfaces feature some level of roughness, 
which can cause significant deviation from the 
ideal surfaces described by Young’s equation. If a 
liquid droplet forms a continuously wetting 
interface along the topography of a solid surface, 
the apparent CA (θ*) can be defined by the Wenzel 
equation, where r is the roughness factor, which is 
the ratio of the actual surface area to the 
projected surface area of the solid.

In the Cassie–Baxter state, liquid droplets do not 
fully conform to the topography of hydrophobic 
surfaces and rest on a composite interface 
composed of the peaks of the solid texture and 
trapped air pockets. This form of the Cassie–
Baxter equation incorporates the relative 
contributions from the substrate and the air 
pockets on the CA of the liquid droplet, where ϕS

 
is the solid area fraction of the substrate in contact 
with the liquid droplet. The equation can be 
generalized to apply to surfaces with 
heterogeneous surface energy.

Movement of the contact line can lead to 
variations in the CA as a result of surface 
protrusions, adhesion hysteresis, heterogeneity 
and thermodynamic considerations. The largest 
CA observed before the contact line advances is 
recognized as the advancing CA (θA

). Conversely, 
the smallest CA observed before the contact line 
recedes represents the receding CA (θ

R
). The 

difference between these CAs is defined as the 
contact angle hysteresis (CAH). Surfaces with low 
CAH allow for high-mobility droplets with  
low adhesion.
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A view of contact angle hysteresis from the perspectives of the three-phase contact line and of the kinetics of contact
line motion is given. Arguments are made that advancing and receding are discrete events that have different activation
energies. That hysteresis can be quantified as an activation energy by the changes in interfacial area is argued. That
this is an appropriate way of viewing hysteresis is demonstrated with examples.

When a small water drop encounters a solid surface, for
example, a raindrop on the hood of a car, a droplet is formed
that consists of a sphere of water sectioned by the surface at a
discrete, measurable contact angle. The shape of the droplet is
not reproducible, and on most surfaces, the contact angle will
vary by 20° or more. If a droplet on a surface is allowed to
evaporate in a low humidity environment or if water is carefully
withdrawn from the droplet with a syringe, the droplet decreases
in volume and contact angle, maintaining the same contact area
with the surface until it begins to recede. It recedes with a constant
contact angle, θR, characteristic of the surface chemistry and
topography (Figure 1a). If the surface is cooled to below the dew
point and water condenses on the droplet or if water is carefully
added to the droplet with a syringe, the droplet volume and
contact angle increase, and again, the same contact area is
maintained until the droplet begins to advance (Figure 1b). It
does so at a constant advancing contact angle, θA, which is also
characteristic of the surface chemistry and topography. A
metastable droplet can be formed (and a photograph taken) with
any angle between the advancing and the receding contact angles.
This is one reason it is important that both advancing and receding
contact angles be reported to characterize a surface; one static,
metastable angle is less meaningful and only designates an angle
somewhere between θR and θA. In order for a droplet to move
on a tilted surface (Figure 1c), the droplet must both advance (on
the downhill side) and recede (on the uphill side); it must also
distort from a section of a sphere to a complex shape with different
contact angles around the entire perimeter of the droplet. The
relationship between these angles, θR and θA, is not simple.

The difference between advancing and receding contact angles
is termed hysteresis; this has been the subject of significant
literature1,2 over the past few decades and has reemerged as a
popular topic because of recent interest in superhydrophobic and
self-cleaning surfaces.3-21 The purpose of this paper is to give

an alternative perspective on hysteresis, one that has been useful
and practical for us in designing surfaces and interpreting
structure-wetttability data. One might glean this perspective
from a careful review and filtration (ignoring most) of the
literature, but it would be difficult. The recent literature on
hydrophobicity indicates that this has seldom happened. In
particular, several authors, most recently our group21-23 and
Extrand,1,2,24 have commented on the importance of events that
occur at the contact line during advancing and receding and the
unimportance of interfacial free energy. Pease first suggested in
194525 that hysteresis is a 1-D issue, affected only by contact
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(22) Öner, D.; McCarthy, T. J. Langmuir 2000 16, 7777.
(23) Youngblood, J. P.; McCarthy, T. J. Macromolecules 1999, 32, 6800.
(24) Extrand, C. W. Langmuir 2006, 22, 1711.
(25) Pease, D. C. J. Phys. Chem. 1945, 49, 107.

Figure 1. (a) Droplet of water receding on a surface due to
evaporation; the droplet is pinned at the three-phase contact line
until θR is reached at 2 and θR remains constant during subsequent
evaporation. (b) A droplet of water advancing on a surface due to
condensation; the droplet is pinned at the three-phase contact line
until θA levels at 6. (c) A droplet of water sliding on an inclined
surface.
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Hanging Drop Vapor
Diffusion Crystallization
  Crystal Growth 101

The hanging drop vapor diffusion technique is a popular method for the 
crystallization of macromolecules. The principle of vapor diffusion is 
straightforward. A drop composed of a mixture of sample and reagent is 
placed in vapor equilibration with a liquid reservoir of reagent. Typically the 
drop contains a lower reagent concentration than the reservoir. To achieve 
equilibrium, water vapor leaves the drop and eventually ends up in the res-
ervoir. As water leaves the drop, the sample undergoes an increase in relative 
supersaturation. Both the sample and reagent increase in concentration as 
water leaves the drop for the reservoir. Equilibration is reached when the 
reagent concentration in the drop is approximately the same as that in the 
reservoir.

Benefits of Hanging Drop Crystallization
t�$BO�CF�DPTU�FGGFDUJWF�
t�4BNQMF�BOE�SFBHFOUT�JO�DPOUBDU�XJUI�B�TJMJDPOJ[FE�HMBTT�TVSGBDF�
t�&BTZ�BDDFTT�UP�DSZTUBMT�
t�$BO�QFSGPSN�NVMUJQMF�ESPQT�	FYQFSJNFOUT
�XJUI�B�TJOHMF�SFTFSWPJS�

Using the VDX Plate for Hanging Drop Vapor Diffusion
The VDX Plate is a 24 well plate manufactured from clear polystyrene. The 
7%9�1MBUF�JT�UZQJDBMMZ�TFBMFE�XJUI�)JHI�7BDVVN�(SFBTF�BOE�4JMJDPOJ[FE����
NN�$JSDMF�PS�4RVBSF�(MBTT�$PWFS�4MJEFT��3PXT�PG�UIF�QMBUF�BSF�MBCFMFE�"�%�
and columns are labeled 1-6 on the VDX Plate.

Applying Sealant to a VDX Plate
1. Apply a bead of High Vacuum Grease along the top edge of the raised reser-
voir A1 of the VDX Plate. It is recommended that one apply the high vacuum 
HSFBTF�QSJPS� UP�QJQFUUJOH� UIF� SFBHFOU��$SFBUF�B�DJSDVMBS�CFBE�PO� UIF�VQQFS�
edge of the reservoir. Do not complete the circle. Leave a 2 mm opening 
between the start and finish of the circular bead. Leave a 2 mm opening be-
tween the start and finish of the circular bead as this will allow air pressure 
to escape when sealing the reservoir with a cover slide. For convenience, time 
savings and a consistent seal, the VDX Plate is also available with sealant.

2. Pipet 1.0 milliliter of crystallization reagent into reservoir A1 of the VDX 
1MBUF��	/PUF��3FDPNNFOEFE�SFTFSWPJS�WPMVNF�JT�����UP�����NJMMJMJUFST


���$MFBO�B�4JMJDPOJ[FE����NN�$JSDMF�PS�4RVBSF�$PWFS�4MJEF�CZ�XJQJOH� UIF�
cover slide with lens paper and blowing the cover slide with clean, dry com-

QSFTTFE�BJS��1JQFU���NJDSPMJUFS�PG�TBNQMF�JOUP�UIF�DFOUFS�PG�B�4JMJDPOJ[FE����
NN�$JSDMF�PS�4RVBSF�$PWFS�4MJEF��	/PUF��3FDPNNFOEFE�UPUBM�ESPQ�WPMVNF�
JT���UP����NJDSPMJUFST


4. Pipet 2 microliter of reagent from reservoir A1 into the drop on the cover 
TMJEF�DPOUBJOJOH�UIF�TBNQMF��	/PUF��4PNF�QSFGFS�UP�NJY�UIF�ESPQ�XIJMF�PUIFST�
do not. Proponents of mixing leave the pipet tip in the drop while gently as-
pirating and dispensing the drop with the pipet. Mixing ensures a homoge-
neous drop and consistency drop to drop. Proponents of not mixing the drop 
TJNQMZ�QJQFU�UIF�SFBHFOU�JOUP�UIF�TBNQMF�XJUI�OP�GVSUIFS�NJYJOH��/PU�NJYJOH�
BMMPXT�GPS�UIF�TBNQMF�BOE�SFBHFOU�UP�NJY�CZ�MJRVJE�EJGGVTJPO
�

���)PMEJOH�UIF�DPWFS�TMJEF�XJUI�GPSDFQT�UIF�1FO�7BD�PS�PO�UIF�FEHF�CFUXFFO�
your thumb and forefinger, carefully yet without delay invert the cover slide 
so the drop is hanging from the cover slide.

6. Position the cover slide onto the bead of grease on reservoir A1. Gently 
QSFTT�UIF�TMJEF�EPXO�POUP�UIF�HSFBTF�BOE�UXJTU�UIF�TMJEF���º to ensure a com-
plete seal.

���3FQFBU�GPS�SFTFSWPJST���	"�
�UISPVHI����	%�
�

Hanging Drop Tips
t�/PUF�UIF�7%9�1MBUF�IBT�B�SBJTFE�DPWFS� UP�QSPUFDU� UIF�DPWFS�TMJEFT�EVSJOH�
transport and storage.
t�5P�BDDFTT�B�ESPQ�BOE�PS�SFTFSWPJS�TJNQMZ�HSBTQ�UIF�FEHF�PG�UIF�DPWFS�TMJEF�
with forceps or fingertips, twist and pull gently while holding the plate 
TUFBEZ���5IF�5IJDL�	�����NN
�DPWFS�TMJEFT�SFTJTU�IFBWZ�IBOEMJOH�CFUUFS�UIBO�
UIF�SFHVMBS�	����
�DPWFS�TMJEFT�
t�7%9�1MBUFT�DBO�CF�TUBDLFE�GPS�DPOWFOJFOU�TUPSBHF�
t�0OF�DBO�QJQFU�NVMUJQMF�ESPQT�POUP�UIF�DPWFS�TMJEF��5IJT�UFDIOJRVF�JT�PGUFO�
useful when screening additives since one can use the same reservoir with 
multiple drops with each drop containing a different additive. This tech-
nique can also be used to screen different drop sizes and ratios versus the 
same reservoir. Use care not to avoid mixing the drops during pipetting, 
plate transport, and plate viewing.
t�-BCFM�QMBUFT�XJUI�QSPUFJO�OBNF� FYQFSJNFOU� ESPQ��� SFTFSWPJS� WPMVNFT�
and date.
t�6TF�UIF�(MBTT�$PWFS�4MJEF�(J[NP�%JTQFOTFS�GPS�GBTU�BOE�FBTZ�IBOEMJOH�PG�
TJMJDPOJ[FE�DPWFS�TMJEFT���0S�USZ�UIF�$PWFS�4MJEF�7BDVVN�(BEHFU�	)3�����
�PS�
1FO�7BD�	)3�����
�GPS�IPMEJOH�BOE�NBOJQVMBUJOH�DPWFS�TMJEFT�

Solutions for Crystal Growth

Reservoir Solution

H2O

[ppt]drop = 
[ppt]reservoir

2

Figure 1
Process of vapor diffusion

Figure 2

4JMJDPOJ[FE�$PWFSTMJQ

$SZTUBMMJ[BUJPO�%SPQMFU
	��mM�4BNQMF�����mM�3FBHFOU


Gotas como minireatores…

Gota pendente
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up to 690 nm with an As concentration of 70%, demonstrating
that the emission color can be adjusted for a range of
wavelengths, which is important for solid state lighting. The PL
lifetime has been determined for the different compositions and
Figure 4c shows that the lifetime is between 0.5 and 1 ns for all
samples. It is important to mention that the emission intensity
and lifetime of GaAsyP1−y ternary nanowires are independent of
the As composition, unlike in the case of bulk ZB GaAsyP1−y,
which has a direct/indirect energy gap crossover point at a
composition of y = 0.57.26 This confirms that these wurtzite

ternary nanowires preserve the direct nature of the band
structure over the whole compositional range.
We have demonstrated the conversion of indirect band gap

semiconductors into direct semiconductors by tailoring the
crystal structure. This approach is shown here for GaP and AlP,
and by transferring the crystal structure epitaxially14 it can be
tested for a variety of other materials. It opens new routes to
tune the optical properties of well-established materials with
inherent applications. Wurtzite GaP may help to bridge the
green gap and increase the efficiency of white light-emitting
diodes (LEDs).3 Currently, these devices have a limited
efficiency due to a lack of semiconductor materials, which can
efficiently emit green light. There are only few semiconductors
with a band gap energy corresponding to green light, and each
of these has a specific fundamental problem.3,27−29 The external
quantum efficiency (EQE) of green emitting LEDs is around
10%, and the current best solution is to use phosphors to
convert blue/UV light into green.29 In addition to this
application, GaP and AlP have a small lattice mismatch with
Si1 and wurtzite GaP hence facilitates the epitaxial integration
of photonic materials into silicon technology with a high-quality
hetero interface.
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Figure 4. Tunability of the emission wavelength of wurtzite nanowires.
(a) Photoluminescence spectra of WZ AlxGa1−xP and GaAsyP1−y
ternary compound wires, showing the tunability of the emission
wavelength. Substitution of Ga by Al induces a blueshift, and
substitution of P by As a redshift of the emission. (b) Energy at the
emission maxima as a function of the nanowire composition. (c)
Radiative lifetimes as a function of the different wurtzite AlxGa1−xP and
GaAsyP1−y compositions (blue data points). The ZB GaP substrate
lifetime is at 254 ns (red point). The dotted line at 57% As indicates
the direct/indirect transition for zinc blende GaAsP material. All the
measurements are performed at 4 K.
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tens of wires studied. An example of a whole wire, which has
been imaged from top to bottom by TEM is shown in the
Supporting Information Figure S2. A wider band gap ternary
AlGaP shell is grown around the GaP17 core to suppress
possible undesirable surface effects, as will be discussed below.
Shells are grown under different conditions compared to axial
nanowire growth, and the thickness is controlled by the shell
growth time and the composition by the Al/Ga gas input ratio.
The core/shell structure is visible from the high-angle annular
dark field (HAADF) TEM image in Figure 2c and the shell
composition and thickness for the different samples have been
determined from energy-dispersive X-ray (EDX) line scans as
shown in Figure 2d. We observe rotation of the side facets
during the AlGaP shell growth. As a result of this, the projected
thickness of the shell varies across the nanowire producing a
small “bump” in the EDX profile (see Supporting Information
Figure S2e for more details). This particular wire has a 10 nm
thick Al0.4Ga0.6P shell (Supporting Information Figure S2f).
Important to mention is that AlGaP is nearly lattice matched to
GaP,1 and as a result no defects are generated in the shell.
To check the sample quality and to determine the wurtzite

lattice parameters, X-ray diffraction measurements are
performed on large area nanowire samples patterned by
nanoimprint. In the scan in Figure 2e the (101 ̅.l)̅ peak series
for the WZ wires and the (2 ̅2̅4 ̅) ZB substrate peak are
observed, while no extra peaks from polytype structures (ZB,
4H, 6C) are found (see Supporting Information S2 for more
details). This together with the narrow line width of the WZ
peaks, which is limited by the resolution of the setup, shows the
high crystalline quality of the sample. The measured a- and c-
lattice parameters for the WZ unit cell are, respectively, 3.842
and 6.335 Å, which differ from the values when the ZB
parameters are geometrically converted into the WZ unit cell.
In the wires, the WZ unit cell is elongated along the growth (c-)
axis and compressed in the in-plane direction along the a-axes
similar to what is found for the WZ phase of other III−V
nanowires.18 This increase of the c/a ratio, which measures the
hexagonal crystal field, is in agreement with the results of
density functional theory (DFT) calculations within the local
density approximation (LDA).7 On the basis of these

experimental lattice values the electronic band structure is
calculated by DFT with the LDA-1/2 method taking quasi-
particle corrections and spin−orbit interaction into account.
The lowest predicted conduction to valence band transition,
Γ9v→Γ8c, corresponds to a band gap value of 2.12 eV.
In order to verify the direct nature of the band gap of WZ

GaP, the wires are studied with low-temperature micro-
photoluminescence (PL). For this, e-beam defined nanowire
array samples are used with a wire-to-wire spacing of 1.0 μm.
The emission intensity and radiative lifetime of the WZ
nanowires are compared with a ZB (001) bulk GaP sample as a
reference. The PL spectrum of the ZB GaP substrate in Figure
3a exhibits two main peaks at 2.317 and 2.268 eV,
corresponding to the A-line, which originates from excitonic
emission from isoelectronic nitrogen impurities on P lattice
sites, and its phonon-replica.19 The GaP/Al0.4Ga0.6P core/shell
nanowires show the strongest emission at 2.09 eV (=594 nm)

Figure 1. Uniformity of GaP nanowire arrays. (a) SEM picture of
GaP/Al0.4Ga0.6P core/shell nanowires in a nanoimprint pattern (tilting
angle 70°). Scalebar corresponds to 1 μm. We note that although the
wires are grown at high temperatures (T = 750 °C), untapered wires
are obtained by the use of HCl during growth. (b) Optical image of
the nanowires sample. Scalebar corresponds to 0.5 cm. (c) SEM top-
view image of the same sample as in (a) showing the periodicity of the
nanoimprint pattern. Scalebar corresponds to 500 nm.

Figure 2. Structural properties of wurtzite GaP nanowires. (a)
HRTEM image showing the pure wurtzite crystal structure. The
Al0.4Ga0.6P shell lattice matches the core and no defects are nucleated
from the interface. The scalebar corresponds to 5 nm. (b) FFT image
of the GaP nanowire in (a). (c) HAADF TEM image of a GaP/
Al0.4Ga0.6P core/shell wire, showing the uniformity of the shell. The
scalebar corresponds to 50 nm. (d) EDX line scan taken perpendicular
to the nanowire axis, showing the GaP/Al0.4Ga0.6P core/shell structure.
(e) X-ray diffraction intensity along the crystal truncation rod through
the (2 ̅2̅4 ̅) substrate peak, which includes the (101 ̅.l)̅ wurtzite peaks.
The resolution-limited line widths of the WZ peaks and the absence of
signal between the peaks show the high quality of the WZ material.
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ABSTRACT: Here we show a new nanowire growth
procedure, exploring the thermally activated motion of Au
droplets on III−V surfaces. We show that by setting a single
growth parameter we can activate the crawling motion of Au
droplets in vacuum and locally modify surface composition in
order to enhance vapor−solid (VS) growth along oxide-free
areas on the trail of the metal particle. Asymmetric VS growth
rates are comparable in magnitude to the vapor−liquid−solid
growth, producing unconventional wurtzite GaP morpholo-
gies, which shows negligible defect density as well as optical
signal in the green spectral region. Finally, we demonstrate
that this effect can also be explored in different substrate
compositions and orientations with the final shape finely tuned by group III flow and nanoparticle size. This distinct morphology
for wurtzite GaP nanomaterials can be interesting for the design of nanophotonics devices.
KEYWORDS: Gallium Phosphide, asymmetrically shaped nanowire, gold nanoparticle crawling, self-assembled nanotrail

Nanowire morphologies provide an opportunity to access
novel electronic and optical properties of the extensively

studied III−V semiconductor materials due to nanoscale
effects.1−4 In particular, direct band gap gallium phosphide
(GaP) nanowires in the wurtzite (WZ) crystal structure have
been demonstrated as a promising material for different
purposes as hydrogen production by water splitting,5 efficient
solid-state green emitters,6,7 light-harvesting applications,8 and
as compatible lattice substrate to epitaxial growth of hexagonal
Si.9

Actually, nonconical or cylindrical geometries in metal-
catalyzed semiconductor nanostructures have emerged as a new
trend to improve device performances, as demonstrated for
high electron mobility InSb nanosails (or nanosheets),10,11 high
efficiency light polarized sources in InP nanoflags,12 and
enhanced light scattering from V-shaped III−V nanomem-
branes.13 Nevertheless, one of the most promising benefits of
alternative nanostructure geometries is in the improvement of
optical absorption for photovoltaic devices, as extensively
explored in Si nanomaterials.14−21 Despite those results, some
phenomena are better suited to the traditional, high aspect ratio
nanowire morphology, such as enhanced light absorption
through light trapping, due to resonance effects when the
structure diameter is comparable to the wavelength scale.22,23

On the other hand, different shapes, such as conical forms, can
reduce reflection losses due to the gradual change of the
refractive index.18−20 Thus, distinct geometries can lead to

light-harvesting devices with different functionalities, and in
order to achieve specific morphology control, new growth
procedures or routes have to be created.24,25

Recently, the spontaneous motion of Au droplets on III−V
surfaces has been studied due to the role of this metal particle
in vapor−liquid−solid mechanism, usually employed in III−V
nanowire growth.26−28 In particular, the ability to control
droplet crawling opens up the possibility to create novel
structures and to facilitate nanowire integration in device
fabrication, through a process totally determined by an in situ
mechanism, which can reach similar size limits as electron beam
lithography. The fabrication of oxide free surfaces by Au droplet
crawling has already been observed;28 however, the direct
impact of Au droplet motion in nanowire growth to create
novel morphologies has not been determined yet. Here, we
report the proof of concept for this idea, showing the growth of
unconventional morphologies in defect-free WZ GaP nanoma-
terials by exploring the thermally activated motion of small Au
droplets on III−V surfaces.
The annealing procedure which induces droplet motion used

in this work was carried out with colloidal Au nanoparticles of
20 and 50 nm nominal diameters (in order to render
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ABSTRACT: Here we show a new nanowire growth
procedure, exploring the thermally activated motion of Au
droplets on III−V surfaces. We show that by setting a single
growth parameter we can activate the crawling motion of Au
droplets in vacuum and locally modify surface composition in
order to enhance vapor−solid (VS) growth along oxide-free
areas on the trail of the metal particle. Asymmetric VS growth
rates are comparable in magnitude to the vapor−liquid−solid
growth, producing unconventional wurtzite GaP morpholo-
gies, which shows negligible defect density as well as optical
signal in the green spectral region. Finally, we demonstrate
that this effect can also be explored in different substrate
compositions and orientations with the final shape finely tuned by group III flow and nanoparticle size. This distinct morphology
for wurtzite GaP nanomaterials can be interesting for the design of nanophotonics devices.
KEYWORDS: Gallium Phosphide, asymmetrically shaped nanowire, gold nanoparticle crawling, self-assembled nanotrail
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novel electronic and optical properties of the extensively

studied III−V semiconductor materials due to nanoscale
effects.1−4 In particular, direct band gap gallium phosphide
(GaP) nanowires in the wurtzite (WZ) crystal structure have
been demonstrated as a promising material for different
purposes as hydrogen production by water splitting,5 efficient
solid-state green emitters,6,7 light-harvesting applications,8 and
as compatible lattice substrate to epitaxial growth of hexagonal
Si.9

Actually, nonconical or cylindrical geometries in metal-
catalyzed semiconductor nanostructures have emerged as a new
trend to improve device performances, as demonstrated for
high electron mobility InSb nanosails (or nanosheets),10,11 high
efficiency light polarized sources in InP nanoflags,12 and
enhanced light scattering from V-shaped III−V nanomem-
branes.13 Nevertheless, one of the most promising benefits of
alternative nanostructure geometries is in the improvement of
optical absorption for photovoltaic devices, as extensively
explored in Si nanomaterials.14−21 Despite those results, some
phenomena are better suited to the traditional, high aspect ratio
nanowire morphology, such as enhanced light absorption
through light trapping, due to resonance effects when the
structure diameter is comparable to the wavelength scale.22,23

On the other hand, different shapes, such as conical forms, can
reduce reflection losses due to the gradual change of the
refractive index.18−20 Thus, distinct geometries can lead to

light-harvesting devices with different functionalities, and in
order to achieve specific morphology control, new growth
procedures or routes have to be created.24,25

Recently, the spontaneous motion of Au droplets on III−V
surfaces has been studied due to the role of this metal particle
in vapor−liquid−solid mechanism, usually employed in III−V
nanowire growth.26−28 In particular, the ability to control
droplet crawling opens up the possibility to create novel
structures and to facilitate nanowire integration in device
fabrication, through a process totally determined by an in situ
mechanism, which can reach similar size limits as electron beam
lithography. The fabrication of oxide free surfaces by Au droplet
crawling has already been observed;28 however, the direct
impact of Au droplet motion in nanowire growth to create
novel morphologies has not been determined yet. Here, we
report the proof of concept for this idea, showing the growth of
unconventional morphologies in defect-free WZ GaP nanoma-
terials by exploring the thermally activated motion of small Au
droplets on III−V surfaces.
The annealing procedure which induces droplet motion used

in this work was carried out with colloidal Au nanoparticles of
20 and 50 nm nominal diameters (in order to render
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Mudando energias de superfície e de interface:
Forças na linha de fase tripla

In conclusion, the droplet motion on top of a growing
nanowire presented here is driven by changes in the contact
angle caused by geometrical constraints as the growth interface
shrinks or widens. In an example shown here, the geometry of
the wire is dictated by the preference of the (111)-oriented
sidewalls. On the basis of real-time microscopic observations,
we have excluded other effects that could possibly explain the
oscillatory motion of the collector droplet on nonplanar growth
inteface. The revealed mechanism allows us to grow straight
nanowires despite droplet instability. It is reasonable to expect
that this droplet behavior can explain the plethora of nanowire
shapes observed in other nanowire systems where a geometrical
constraint exists, and its understanding will allow us to design
and fabricate a broader variety of nanowire morphologies than
are available today.

■ METHODS
We equipped a FEI Quanta 3D FEG with a high-temperature
heating stage and germanium evaporator10 to allow for in situ
experiments with nanowire growth. In the usual geometry, the
incidence angle of germanium atoms (evaporated from a solid
source) is 70°, and the electron beam is tilted by 52° to the
sample normal. The manipulator is capable of tilting and
rotating the sample in almost any direction, thus allowing the
observation angle to be changed. The pressure in the
microscope chamber during the experiment was between 7 ×
10−5 and 9.5 × 10−5 Pa.
Germanium substrate with either (100) or (111) orientations

was dipped in a solution of 40 nm colloidal gold for 30 min and
immediately transferred to the SEM. The temperature was
raised to 400 °C, and the evaporation was done using a flux of
3−8 Å/min. The germanium flux is changed by changing the

evaporator crucible temperature and was calibrated before the
experiment using the crystal quartz thickness monitor.
We did not observe any effect of electron-beam irradiation

on nanowire growth even if the beam current was increased
above the usually used 50 pA. The reported nanowire shapes
were observed on the whole sample surface.

■ ASSOCIATED CONTENT
*S Supporting Information
Postgrowth analysis of Ge nanowires deposited on a Ge(111)
sample at 400 °C; details of the Ge 2p, Ge 3d, and O 1s peaks
measured by X-ray photoelectron spectroscopy on the Ge(100)
substrate covered with both ⟨111⟩- and ⟨110⟩-oriented Ge
NWs; real-time SEM movie showing the oscillatory motion of
the eutectic Au−Ge droplet on top of a growing nanowire; real-
time SEM movie showing a droplet wetting a sidewall facet of a
Ge wire; postgrowth SEM image of a ⟨111⟩-oriented nanowire
grown on Ge(111); and real-time evolution of the ⟨111⟩-
oriented nanowire growth on Ge(111). This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 4. Growth of a ⟨110⟩-oriented nanowire. (a) Top left: SEM image showing a nanowire growing in the ⟨111⟩ direction. The droplet wets the
T facet only. The top right image shows the nanowire after the droplet jumps to the sidewall and the growth continued for a while with the droplet
wetting both the sidewall and T facet. The growth direction was changed to ⟨110⟩. Bottom: detailed view of the nanowire after a prolonged growth
period. The zigzag trench between the (111) sidewalls is clearly visible, with turning points marked by numbers according to the images in panel b.
The inset shows the morphology of the top facet (postgrowth image of the facet without the droplet). The scale bars are 100 nm. (b) Series of in situ
SEM images (⟨110⟩ observation direction) outlining the cyclic droplet movement on top of such a kind of nanowire during growth (different
nanowire than in panel a). The white arrows mark the direction in which the TPL will move in the next step. The schematics to the right illustrate
the droplet shape in each step, with black and red arrows showing the catalyzed growth direction of the facet and the force applied to the TPL by the
droplet, respectively.
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substrates are generally shorter18,19 with a complicated
morphology because of the absence of stable facets parallel to
the growth direction (Figure 1). The nanowires growing in the
⟨111⟩ direction show a hexagonal terminating top (111) facet
(marked as T in Figure 1). Similar to previous studies of Si
nanowires,15,20 three sidewalls are sawtooth-faceted ((1 ̅1 ̅2),
(1̅21 ̅), and (21 ̅1 ̅)). Contrary to previously studied Si nanowires,
the remaining three sidewalls are not smooth but have a hut
shape (outlined in red in Figure 1a) with faceted sides and
smooth (111)-oriented top and bottom parts (marked as the
S1, S2, and S3 facets in Figure 1). Postgrowth analysis of ⟨111⟩-
oriented nanowire hexagonal cross-sections showed that the
hexagon is irregular and slightly different from wire-to-wire,
depending on their length. Next, we focus on the hutlike
sidewall growth because the sawtooth faceting was discussed
previously.15,20

Real-time in situ SEM observations show unusual droplet
behavior on top of a ⟨111⟩-oriented nanowire. The droplet
does not wet the terminating T facet only, as is usually the case
in VLS nanowire growth. Instead, the droplet undergoes an
oscillatory motion. This is shown in Figure 1b,c, where a ⟨111⟩-
oriented nanowire is growing at the (100) substrate. Most of
the time, the droplet resides on the top facet; however, it
repeatedly unpins from one of the edges and slides down one of
the (111) sidewalls (denoted S1, S2, or S3) of a hut. In the next
step, the droplet pins again to the edge between the sidewall
and the top facet and it stays there for a while until another
unpinning event occurs. This oscillatory droplet motion was
observed over a wide range of ⟨111⟩-oriented nanowire
diameters (from 70 to 400 nm) and evaporation rates (3−8
Å/min) on both substrate orientations, differing only in the
frequency of pinning and unpinning events.
The real-time in situ SEM experiment allowed us to study

the droplet behavior in more detail. We chose a nanowire with

a diameter of ∼103 nm growing in the ⟨111⟩ direction on the
Ge(100) substrate and monitored the time that the droplet
spends on each facet. The results are shown in Figure 2a
together with SEM images of the studied nanowire showing its
evolution during growth. In the beginning of the observation,
the nanowire was already 230 nm long . The droplet spends a
longer time wetting only the T facet rather than both the top
and one of the sidewall facets simultaneously; however, with
increasing nanowire length, this behavior reverses. In Figure 2b,
we show a detailed time-resolved view of the growth during one
sidewall wetting cycle. Because nucleation is favorable at the
liquid−solid interface, it is not surprising that when the droplet
wets the top facet only the nanowire grows in the ⟨111⟩
direction. This results in the shrinking of the top T facet
because of the mutually inclined sidewalls. Once the droplet
unpins and wets both the top and sidewall facet simultaneously,
growth is also possible at the sidewall, which is indeed observed
(see the solid white line in image 7 in Figure 2b). This
compensates for the shrinking of the top T facet. Moreover, the
step formed at the sidewall because of the catalyzed growth
serves as a nucleation site for noncatalyzed step−flow growth
on the sidewall, which is the mechanism for hut growth. This is
the only case that we have seen noncatalyzed sidewall growth in
this particular experiment.
We illustrate the evolution of the corresponding facets during

each growth step depicted in Figure 2b using schematic outlines
of nanowire-growth evolution. When only the terminating T
facet is wetted, the nanowire cross-sectional area actually
shrinks because of the inward motion of the top facet edges
(edges between the (111) sidewalls and the T facet, see
schematic 3 and 4 in Figure 2b). Knowledge of the nanowire
growth rate and geometry allowed us to calculate an elongation
of the nanowire by 1.4 nm during the corresponding step. As a
consequence, the T facet becomes narrower by 0.5 nm. This

Figure 1. ⟨111⟩-oriented nanowire morphology and associated collector droplet behavior for nanowires grown on both substrates. (a) ⟨111⟩-
oriented nanowire grown on the Ge(111) substrate as seen by SEM along the [112̅] (left) and [01 ̅1] directions (middle). The inset shows a different
nanowire from the top, with the top (111) terminating facet marked as T (outlined with a dashed red line) and three (111)-oriented sidewall facets
(S1, S2, and S3, with facet S1 outlined in red in the right schematic). A schematic view of the ⟨111⟩-oriented nanowire is shown on the right. (b, c)
Images taken during real-time in situ observation of ⟨111⟩-oriented nanowire growth on the Ge(100) substrate at 400 °C. The droplet mostly resides
on the top facet, T, but, alternatively, the triple phase line (TPL) slides down and wets the top facet as well as (111)-oriented sidewalls S1, S2, or S3
simultaneously. The scale bars are 100 nm.
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Chapter�8.�Capillary�Rise�

We�want�to�predict�the�dependence�of�rise�height�H�on�both�tube�radius�a�and�wetting�properties.�We�
do�so�by�minimizing�the�total�system�energy,�specifically�the�surface�and�gravitational�potential�energies.�
The�energy�of�the�water�column:�
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ρga2πH2 =�−2πaHI�+

1�
ρga2πH2 

! "# $ 2 2
surface�energy�

! "# $

grav.P.E.�

will�be�a�minimum�with�respect�to�H�when�dE�= 0
dH�

2γSV −γSL 2�I⇒ H�= =� ,�from�which�we�deduce�ρga� ρga

γLV�cos θ�
Jurin’s Law H�= 2� (8.1)�

ρgr�

Note:�
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2.�H�increases�as�θ�decreases.�Hmax�for�θ�= 0�

3.�we’ve�implicitly�assumed�R�≪ H�&�R�≪ lC .�
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which�Jurin’s�Law�again�follows.�

Figure�8.2:� Deriving�the�height�of�capillary�rise�in�
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legulae consist of a series of partially overlapping plates
with intervening spaces, whereas the ventral legulae are
represented by tightly spaced, interlocking hooks [1,7].
The dorsal legulae of the apical 5–20% of the proboscis
are more widely spaced than elsewhere (figure 1c,e),
allowing liquid to enter what otherwise is putatively a
fluid-tight tube sealed with glandular secretions [1,4,7].
The validity of a sealed tube, permeable only at the
seam of the distal one-fifth or less of the dorsal legulae,
however, has not been tested until now.

3. RELATION OF PROBOSCIS
MORPHOLOGY TO FEEDING
MECHANISM

3.1. Feeding from porous materials: critical
pore size

Although butterflies and moths can acquire fluids from a
range of porous substrates, we hypothesized that they
withdraw liquid from only a specific size range of pores
because of fluid dynamics in relation to structure. We
tested this hypothesis by placing monarch butterflies,
Danaus plexippus, on a porous material (paper towels)
saturated in 25 per cent sucrose solution (figure 2a).
The saturated towels were suspended at different heights,
with their ends submersed in the sucrose solution, until a
hydrostatic equilibrium was reached. This equilibrium
implied that the liquid was not uniformly distributed,
and that the height and the size of the pores retaining
the liquid were inversely correlated. Monarch butterflies
then were placed on the towels to determine the heights
at which they would feed (figure 2a), as determined

by the extension and movements of the proboscis [8]
(see §5). Butterflies generally would not drink from
filled pores with a radius, rm, less than rm , 35+5 mm
(figure 2b, rlc)—about the average radius, R, of the
food canal in the distal region of the proboscis.

The approximate equality between rm and R suggests
that the food canal would initiate fluid uptake by func-
tioning like a capillary tube, relying on capillary rise.
However, our scanning electron microscopy and X-ray
tomography (figure 1a,b) demonstrate that the food
canal tapers distally and lacks a distinct terminal open-
ing. Other lepidopteran species are claimed to have no
terminal opening [1,9]. The lack of a terminal opening
would prevent capillary rise, drawing into question the
similarity of the proboscis to a drinking straw. The test
butterflies also did not probe the porous substrates with
the end of their proboscises, but instead pressed the
dorsal surface of the distal region to the substrate, leaving
the extreme apex unengaged; similar behaviour is charac-
teristic of butterflies and moths feeding from rotting
fruits and other wet substrates [2,10–12].

This feeding behaviour is explained by the specific
structure of the proboscis. The dorsal legulae, comprising
the roof of the food canal, have spaces between them.
In the distal, so-called drinking region, the spaces aver-
aged 2.6+0.12 mm (n ¼ 3 females) (figure 1c), which
are smaller than the radius of the substrate pores (figure
2b), suggesting that menisci form between the legulae as
a means of initial fluid intake from the substrate pores.
This method of fluid intake, however, does not explain
the approximate equality between rm and R; the spaces
between the dorsal legulae are at least 15 times smaller
than the average radius of the food canal, raising the
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Figure 1. Photomicrographs of the proboscises of Danaus plexippus (monarch butterfly, Nymphalidae) and Dyseriocrania griseo-
capitella (Eriocraniidae), showing that physical features of the proboscis promoting capillarity were present in early (eriocraniid)
and derived (monarch) lineages. (a) Coiled proboscis of monarch. (b) Series of X-ray tomography cross sections of monarch pro-
boscis at distances (left to right) of 261.75, 139.50, 43.50 and 6.75 mm from the extreme apex, showing dorsal legulae (dl), ventral
legulae (vl), food canal (fc) and absence of an apical straw-like opening. (c) Apex of single galea of monarch proboscis with
enlarged dorsal legulae and inter-legular spaces. (d) Food canal of monarch proboscis showing annulations that probably aid
capillarity. (e) Apex of single galea of the proboscis of D. griseocapitella, with enlarged dorsal legulae and inter-legular
spaces. ( f ) Food canal of D. griseocapitella with plate-like grooves that might aid capillarity. (g) Close-up image of food
canal of D. griseocapitella showing smaller striations, in addition to deeper annulations, that might facilitate capillarity.
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question of why rm is comparable withR but not with the
inter-legular spaces.

3.2. X-ray phase-contrast imaging of feeding
from pores and small droplets

To further explore the mechanism of liquid uptake and
the relationship between rm and R, we employed X-ray
phase-contrast imaging [13] in a series of experiments
with monarch butterflies offered water only or a 15 per
cent aqueous sucrose solution with 40 per cent iodine
(Isovue 370, Bracco Diagnostics, USA). X-ray phase-
contrast imaging could distinguish fluids (saliva, water
and sucrose solutions) and air in the food canal from
the surrounding cuticle (figure 3b–d,f,g). When butter-
flies fed from a pool of the sucrose and iodine solution,
a continuous liquid column formed in the food canal.
However, when butterflies fed from a porous material

(Kimwipes) saturated with sucrose and iodine solution,
they withdrew the fluid from the substrate pores as a
series of liquid bridges in the food canal separated by
air bubbles (figure 3d,f,g). Although adult Lepidoptera
can produce saliva to dilute viscous fluids and solubilize
dried substances such as sugars [14], the butterflies in
this experiment did not introduce saliva into their food
canal before feeding. In other words, before contact
with a saturated substrate or drop, no menisci were in
the food canal and no visible liquid film was on the
wall. If any liquid (e.g. glandular secretion) was in the
proboscis before feeding, the amount was not detectable
as a liquid bridge.

Our observations demonstrate that liquid-bridge
formation is facilitated by the sponge-like capillary
activity of the spaces between the dorsal legulae. When
the dorsal part of the proboscis is brought in contact
with a liquid, the liquid is pulled from the source to the

t (s)
0 20 40 60 80 100

2.5

2.0

1.5

1.0

0.5

0

V
 (m

m
3 )

(a)

r m
 (µ

m
)

0.7

rl
c

0.6

0.5

0.4

0.3

0.2

0.1

0

350

300

250

200

150

100

50

0
5 10 15 20 25

H (cm)
30 35 38.5

(b)

(c)

(d ) (e)

(g ) (i)(h )

( f )

c2

c1

dl

dl

R

L

280 µm

Hd

Figure 2. Determination of limiting pore size used by monarch butterflies. (a) Monarch butterflies were fed 25% aqueous sucrose
solution from paper towels suspended at different heights to determine the limiting pore radius from which they could feed.
(b) Minimum radius rm of open pores in the paper towel (filled circle solid curve) and towel-saturation level (grey bars)
versus height H of the stage from which butterflies were fed. Pie charts represent the proportion of butterflies that drank
(grey) or did not drink (dark grey) at each height. At heights of 5–25 cm, all butterflies fed. At 30 and 35 cm, five of 14 butterflies
did not drink. At 38.5 cm, only two of 14 butterflies fed. The pore size at 38.5 cm is considered the critical minimum pore radius.
The bar graph (with standard deviations) shows the liquid content at each height relative to the liquid content in the completely
saturated towel (rlc) (see §5 for details). (c) Change of drop volume (V ) as a function of time (t), demonstrating that the spaces
between the overlapping dorsal legulae (dl) are permeable to water (with standard deviation bars). A drop was deposited 5 mm
(dark grey) and 10 mm (grey) from the head. c1, cross-section of monarch proboscis at 261.75 mm from the apex, with radius of
food canal (R) and effective porous surface boxed in grey. c2, dorsal view of effective porous surface of the proboscis showing slits
between dorsal legulae. (d) Geometrical parameters used for calculation of absorption rate of the drop (Hd, height of drop; L,
length of drop base; see §5). The liquid bridge belongs to a series of bridges moving towards the head (to the left). (e–i) Schematic
of drop penetration through the slits between the dorsal legulae of the proboscs. Arrows indicate the direction of liquid flow.
(Online version in colour.)

722 Butterfly proboscis: dual functionality D. Monaenkova et al.

J. R. Soc. Interface (2012)

 on July 11, 2016http://rsif.royalsocietypublishing.org/Downloaded from 

Microscopia eletrônica de varredura e Imagem RX por contraste de fase

question of why rm is comparable withR but not with the
inter-legular spaces.

3.2. X-ray phase-contrast imaging of feeding
from pores and small droplets

To further explore the mechanism of liquid uptake and
the relationship between rm and R, we employed X-ray
phase-contrast imaging [13] in a series of experiments
with monarch butterflies offered water only or a 15 per
cent aqueous sucrose solution with 40 per cent iodine
(Isovue 370, Bracco Diagnostics, USA). X-ray phase-
contrast imaging could distinguish fluids (saliva, water
and sucrose solutions) and air in the food canal from
the surrounding cuticle (figure 3b–d,f,g). When butter-
flies fed from a pool of the sucrose and iodine solution,
a continuous liquid column formed in the food canal.
However, when butterflies fed from a porous material

(Kimwipes) saturated with sucrose and iodine solution,
they withdrew the fluid from the substrate pores as a
series of liquid bridges in the food canal separated by
air bubbles (figure 3d,f,g). Although adult Lepidoptera
can produce saliva to dilute viscous fluids and solubilize
dried substances such as sugars [14], the butterflies in
this experiment did not introduce saliva into their food
canal before feeding. In other words, before contact
with a saturated substrate or drop, no menisci were in
the food canal and no visible liquid film was on the
wall. If any liquid (e.g. glandular secretion) was in the
proboscis before feeding, the amount was not detectable
as a liquid bridge.

Our observations demonstrate that liquid-bridge
formation is facilitated by the sponge-like capillary
activity of the spaces between the dorsal legulae. When
the dorsal part of the proboscis is brought in contact
with a liquid, the liquid is pulled from the source to the

t (s)
0 20 40 60 80 100

2.5

2.0

1.5

1.0

0.5

0

V
 (m

m
3 )

(a)

r m
 (µ

m
)

0.7

rl
c

0.6

0.5

0.4

0.3

0.2

0.1

0

350

300

250

200

150

100

50

0
5 10 15 20 25

H (cm)
30 35 38.5

(b)

(c)

(d ) (e)

(g ) (i)(h )

( f )

c2

c1

dl

dl

R

L

280 µm

Hd

Figure 2. Determination of limiting pore size used by monarch butterflies. (a) Monarch butterflies were fed 25% aqueous sucrose
solution from paper towels suspended at different heights to determine the limiting pore radius from which they could feed.
(b) Minimum radius rm of open pores in the paper towel (filled circle solid curve) and towel-saturation level (grey bars)
versus height H of the stage from which butterflies were fed. Pie charts represent the proportion of butterflies that drank
(grey) or did not drink (dark grey) at each height. At heights of 5–25 cm, all butterflies fed. At 30 and 35 cm, five of 14 butterflies
did not drink. At 38.5 cm, only two of 14 butterflies fed. The pore size at 38.5 cm is considered the critical minimum pore radius.
The bar graph (with standard deviations) shows the liquid content at each height relative to the liquid content in the completely
saturated towel (rlc) (see §5 for details). (c) Change of drop volume (V ) as a function of time (t), demonstrating that the spaces
between the overlapping dorsal legulae (dl) are permeable to water (with standard deviation bars). A drop was deposited 5 mm
(dark grey) and 10 mm (grey) from the head. c1, cross-section of monarch proboscis at 261.75 mm from the apex, with radius of
food canal (R) and effective porous surface boxed in grey. c2, dorsal view of effective porous surface of the proboscis showing slits
between dorsal legulae. (d) Geometrical parameters used for calculation of absorption rate of the drop (Hd, height of drop; L,
length of drop base; see §5). The liquid bridge belongs to a series of bridges moving towards the head (to the left). (e–i) Schematic
of drop penetration through the slits between the dorsal legulae of the proboscs. Arrows indicate the direction of liquid flow.
(Online version in colour.)
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spaces between the legulae owing to capillary action. The
dorsal linkage structure can be considered an effective
porous medium with multiple spaces; that is, it acts like
a sponge. When the proboscis, as a sponge, is completely
filled with the liquid, the capillary forces do not counter-
act release of the liquid into the food canal. When the
meniscus invades a curved slit-like space of the dorsal
linkage and then approaches its inner edge, it wets the
slit edges. Even if the final liquid surface is parallel to
the walls of the food canal, the negative curvature of
the food canal reduces the pressure in the invading
liquid, pushing the liquid to overflow the space (see elec-
tronic supplementary material, movie S1). Supported by
the wetting forces acting over the contact line, the liquid
continues to overflow the linkage, forming a wetting film
inside the food canal (figure 2e–i). This process should
apply to all Lepidoptera with a functional proboscis.

X-ray phase-contrast imaging revealed that liquid
uptake occurs not only between the distal dorsal legulae
of the proboscis, typically referred to as ‘drinking slits’
[1] (figure 1c,e), but also between the dorsal legulae
proximal to this region (figures 1d and 2c). Drops of
water applied to the dorsal linkage of the straightened
proboscis at 5 and 10 mm from the head (n ¼ 3 butter-
flies per region; mean proboscis length ¼ 17+ 2 mm,

n ¼ 8) produced a series of liquid bridges in the food
canal that were transported to the head, demonstrating
that the proximal region of the proboscis is not sealed to
all liquids. The drop disappears faster at 10 mm,
suggesting that the slit-like spaces increase in size dis-
tally. The structure of the dorsal linkage thus consists
of multiple capillary channels forming a porous struc-
ture with a pore-size gradient. From the rate of drop
absorption, with experimental controls accounting for
evaporation, we estimated the size of these slit-like
spaces between the dorsal legulae to be 96+ 27 nm,
and 162+ 18 nm at 5 and 10 mm, respectively, from
the head (see §5). These differences suggest that the
dorsal legulae in the distal region transport the liquid
more easily. The larger slits in this region should
decrease viscous resistance to flow.

When a thin cylindrical film forms in the food canal,
it becomes subject to Plateau instability [15–18]; the
liquid body seeks a new configuration to decrease its sur-
face energy. Plateau instability [15–18] is manifested as
liquid bulges on the walls of the food canal (figure 3d,e).
Plateau instability assumes that any thermal or mechan-
ical perturbation of thefilm surfacewill amplifyonly if the
perturbation spans a length greater than the circumfer-
ence of the food canal, or more correctly, greater than
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Figure 3. X-ray phase-contrast imaging of the monarch butterfly proboscis and formation of liquid bridges. (a) Schematic display-
ing the split-beam (arrows) X-ray phase-contrast imaging used to simultaneously view liquid-bridge formation in the proboscis
and action of the sucking pump, using cameras c1 and c2. (b,c) Raw split-screen images acquired from c1 and c2, respectively.
(b) Camera 1 displays an empty food canal in the proboscis (pr) that leads to the sucking pump (pm; empty here). Fluid travels
through the pump into the gut (gt); inset indicates the path that fluid travels (white) and musculature of the sucking pump
(grey). (c) Camera 2 shows a liquid drop (dr) on the dorsal legulae of the proboscis, with a liquid bridge (lb) in the food
canal (fc). (d) Series of two X-ray phase-contrast images showing a liquid drop on the proboscis and the formation of two
bulges (bl) that have collapsed into liquid bridges. (e) Schematic of meniscus formation. Fluid moves into the food canal, forming
a film that enlarges into a bulge. The liquid bulge enlarges until it collapses into a liquid bridge due to Plateau instability. Arrows
show fluid motion. ( f,g) Series of liquid bridges separated by air pockets in the proboscis, ( f ) pump and (g) gut of the butterfly
that travel through the uptake system. (b,c) Acquired using a split-beam set-up; remaining X-ray phase-contrast images were
acquired with a single beam. Brightness of the food canal in (c,d,f,g) were digitally enhanced. (Online version in colour.)
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legulae consist of a series of partially overlapping plates
with intervening spaces, whereas the ventral legulae are
represented by tightly spaced, interlocking hooks [1,7].
The dorsal legulae of the apical 5–20% of the proboscis
are more widely spaced than elsewhere (figure 1c,e),
allowing liquid to enter what otherwise is putatively a
fluid-tight tube sealed with glandular secretions [1,4,7].
The validity of a sealed tube, permeable only at the
seam of the distal one-fifth or less of the dorsal legulae,
however, has not been tested until now.

3. RELATION OF PROBOSCIS
MORPHOLOGY TO FEEDING
MECHANISM

3.1. Feeding from porous materials: critical
pore size

Although butterflies and moths can acquire fluids from a
range of porous substrates, we hypothesized that they
withdraw liquid from only a specific size range of pores
because of fluid dynamics in relation to structure. We
tested this hypothesis by placing monarch butterflies,
Danaus plexippus, on a porous material (paper towels)
saturated in 25 per cent sucrose solution (figure 2a).
The saturated towels were suspended at different heights,
with their ends submersed in the sucrose solution, until a
hydrostatic equilibrium was reached. This equilibrium
implied that the liquid was not uniformly distributed,
and that the height and the size of the pores retaining
the liquid were inversely correlated. Monarch butterflies
then were placed on the towels to determine the heights
at which they would feed (figure 2a), as determined

by the extension and movements of the proboscis [8]
(see §5). Butterflies generally would not drink from
filled pores with a radius, rm, less than rm , 35+5 mm
(figure 2b, rlc)—about the average radius, R, of the
food canal in the distal region of the proboscis.

The approximate equality between rm and R suggests
that the food canal would initiate fluid uptake by func-
tioning like a capillary tube, relying on capillary rise.
However, our scanning electron microscopy and X-ray
tomography (figure 1a,b) demonstrate that the food
canal tapers distally and lacks a distinct terminal open-
ing. Other lepidopteran species are claimed to have no
terminal opening [1,9]. The lack of a terminal opening
would prevent capillary rise, drawing into question the
similarity of the proboscis to a drinking straw. The test
butterflies also did not probe the porous substrates with
the end of their proboscises, but instead pressed the
dorsal surface of the distal region to the substrate, leaving
the extreme apex unengaged; similar behaviour is charac-
teristic of butterflies and moths feeding from rotting
fruits and other wet substrates [2,10–12].

This feeding behaviour is explained by the specific
structure of the proboscis. The dorsal legulae, comprising
the roof of the food canal, have spaces between them.
In the distal, so-called drinking region, the spaces aver-
aged 2.6+0.12 mm (n ¼ 3 females) (figure 1c), which
are smaller than the radius of the substrate pores (figure
2b), suggesting that menisci form between the legulae as
a means of initial fluid intake from the substrate pores.
This method of fluid intake, however, does not explain
the approximate equality between rm and R; the spaces
between the dorsal legulae are at least 15 times smaller
than the average radius of the food canal, raising the
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Figure 1. Photomicrographs of the proboscises of Danaus plexippus (monarch butterfly, Nymphalidae) and Dyseriocrania griseo-
capitella (Eriocraniidae), showing that physical features of the proboscis promoting capillarity were present in early (eriocraniid)
and derived (monarch) lineages. (a) Coiled proboscis of monarch. (b) Series of X-ray tomography cross sections of monarch pro-
boscis at distances (left to right) of 261.75, 139.50, 43.50 and 6.75 mm from the extreme apex, showing dorsal legulae (dl), ventral
legulae (vl), food canal (fc) and absence of an apical straw-like opening. (c) Apex of single galea of monarch proboscis with
enlarged dorsal legulae and inter-legular spaces. (d) Food canal of monarch proboscis showing annulations that probably aid
capillarity. (e) Apex of single galea of the proboscis of D. griseocapitella, with enlarged dorsal legulae and inter-legular
spaces. ( f ) Food canal of D. griseocapitella with plate-like grooves that might aid capillarity. (g) Close-up image of food
canal of D. griseocapitella showing smaller striations, in addition to deeper annulations, that might facilitate capillarity.
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legulae consist of a series of partially overlapping plates
with intervening spaces, whereas the ventral legulae are
represented by tightly spaced, interlocking hooks [1,7].
The dorsal legulae of the apical 5–20% of the proboscis
are more widely spaced than elsewhere (figure 1c,e),
allowing liquid to enter what otherwise is putatively a
fluid-tight tube sealed with glandular secretions [1,4,7].
The validity of a sealed tube, permeable only at the
seam of the distal one-fifth or less of the dorsal legulae,
however, has not been tested until now.

3. RELATION OF PROBOSCIS
MORPHOLOGY TO FEEDING
MECHANISM

3.1. Feeding from porous materials: critical
pore size

Although butterflies and moths can acquire fluids from a
range of porous substrates, we hypothesized that they
withdraw liquid from only a specific size range of pores
because of fluid dynamics in relation to structure. We
tested this hypothesis by placing monarch butterflies,
Danaus plexippus, on a porous material (paper towels)
saturated in 25 per cent sucrose solution (figure 2a).
The saturated towels were suspended at different heights,
with their ends submersed in the sucrose solution, until a
hydrostatic equilibrium was reached. This equilibrium
implied that the liquid was not uniformly distributed,
and that the height and the size of the pores retaining
the liquid were inversely correlated. Monarch butterflies
then were placed on the towels to determine the heights
at which they would feed (figure 2a), as determined

by the extension and movements of the proboscis [8]
(see §5). Butterflies generally would not drink from
filled pores with a radius, rm, less than rm , 35+5 mm
(figure 2b, rlc)—about the average radius, R, of the
food canal in the distal region of the proboscis.

The approximate equality between rm and R suggests
that the food canal would initiate fluid uptake by func-
tioning like a capillary tube, relying on capillary rise.
However, our scanning electron microscopy and X-ray
tomography (figure 1a,b) demonstrate that the food
canal tapers distally and lacks a distinct terminal open-
ing. Other lepidopteran species are claimed to have no
terminal opening [1,9]. The lack of a terminal opening
would prevent capillary rise, drawing into question the
similarity of the proboscis to a drinking straw. The test
butterflies also did not probe the porous substrates with
the end of their proboscises, but instead pressed the
dorsal surface of the distal region to the substrate, leaving
the extreme apex unengaged; similar behaviour is charac-
teristic of butterflies and moths feeding from rotting
fruits and other wet substrates [2,10–12].

This feeding behaviour is explained by the specific
structure of the proboscis. The dorsal legulae, comprising
the roof of the food canal, have spaces between them.
In the distal, so-called drinking region, the spaces aver-
aged 2.6+0.12 mm (n ¼ 3 females) (figure 1c), which
are smaller than the radius of the substrate pores (figure
2b), suggesting that menisci form between the legulae as
a means of initial fluid intake from the substrate pores.
This method of fluid intake, however, does not explain
the approximate equality between rm and R; the spaces
between the dorsal legulae are at least 15 times smaller
than the average radius of the food canal, raising the
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Figure 1. Photomicrographs of the proboscises of Danaus plexippus (monarch butterfly, Nymphalidae) and Dyseriocrania griseo-
capitella (Eriocraniidae), showing that physical features of the proboscis promoting capillarity were present in early (eriocraniid)
and derived (monarch) lineages. (a) Coiled proboscis of monarch. (b) Series of X-ray tomography cross sections of monarch pro-
boscis at distances (left to right) of 261.75, 139.50, 43.50 and 6.75 mm from the extreme apex, showing dorsal legulae (dl), ventral
legulae (vl), food canal (fc) and absence of an apical straw-like opening. (c) Apex of single galea of monarch proboscis with
enlarged dorsal legulae and inter-legular spaces. (d) Food canal of monarch proboscis showing annulations that probably aid
capillarity. (e) Apex of single galea of the proboscis of D. griseocapitella, with enlarged dorsal legulae and inter-legular
spaces. ( f ) Food canal of D. griseocapitella with plate-like grooves that might aid capillarity. (g) Close-up image of food
canal of D. griseocapitella showing smaller striations, in addition to deeper annulations, that might facilitate capillarity.
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spaces between the legulae owing to capillary action. The
dorsal linkage structure can be considered an effective
porous medium with multiple spaces; that is, it acts like
a sponge. When the proboscis, as a sponge, is completely
filled with the liquid, the capillary forces do not counter-
act release of the liquid into the food canal. When the
meniscus invades a curved slit-like space of the dorsal
linkage and then approaches its inner edge, it wets the
slit edges. Even if the final liquid surface is parallel to
the walls of the food canal, the negative curvature of
the food canal reduces the pressure in the invading
liquid, pushing the liquid to overflow the space (see elec-
tronic supplementary material, movie S1). Supported by
the wetting forces acting over the contact line, the liquid
continues to overflow the linkage, forming a wetting film
inside the food canal (figure 2e–i). This process should
apply to all Lepidoptera with a functional proboscis.

X-ray phase-contrast imaging revealed that liquid
uptake occurs not only between the distal dorsal legulae
of the proboscis, typically referred to as ‘drinking slits’
[1] (figure 1c,e), but also between the dorsal legulae
proximal to this region (figures 1d and 2c). Drops of
water applied to the dorsal linkage of the straightened
proboscis at 5 and 10 mm from the head (n ¼ 3 butter-
flies per region; mean proboscis length ¼ 17+ 2 mm,

n ¼ 8) produced a series of liquid bridges in the food
canal that were transported to the head, demonstrating
that the proximal region of the proboscis is not sealed to
all liquids. The drop disappears faster at 10 mm,
suggesting that the slit-like spaces increase in size dis-
tally. The structure of the dorsal linkage thus consists
of multiple capillary channels forming a porous struc-
ture with a pore-size gradient. From the rate of drop
absorption, with experimental controls accounting for
evaporation, we estimated the size of these slit-like
spaces between the dorsal legulae to be 96+ 27 nm,
and 162+ 18 nm at 5 and 10 mm, respectively, from
the head (see §5). These differences suggest that the
dorsal legulae in the distal region transport the liquid
more easily. The larger slits in this region should
decrease viscous resistance to flow.

When a thin cylindrical film forms in the food canal,
it becomes subject to Plateau instability [15–18]; the
liquid body seeks a new configuration to decrease its sur-
face energy. Plateau instability [15–18] is manifested as
liquid bulges on the walls of the food canal (figure 3d,e).
Plateau instability assumes that any thermal or mechan-
ical perturbation of thefilm surfacewill amplifyonly if the
perturbation spans a length greater than the circumfer-
ence of the food canal, or more correctly, greater than
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Figure 3. X-ray phase-contrast imaging of the monarch butterfly proboscis and formation of liquid bridges. (a) Schematic display-
ing the split-beam (arrows) X-ray phase-contrast imaging used to simultaneously view liquid-bridge formation in the proboscis
and action of the sucking pump, using cameras c1 and c2. (b,c) Raw split-screen images acquired from c1 and c2, respectively.
(b) Camera 1 displays an empty food canal in the proboscis (pr) that leads to the sucking pump (pm; empty here). Fluid travels
through the pump into the gut (gt); inset indicates the path that fluid travels (white) and musculature of the sucking pump
(grey). (c) Camera 2 shows a liquid drop (dr) on the dorsal legulae of the proboscis, with a liquid bridge (lb) in the food
canal (fc). (d) Series of two X-ray phase-contrast images showing a liquid drop on the proboscis and the formation of two
bulges (bl) that have collapsed into liquid bridges. (e) Schematic of meniscus formation. Fluid moves into the food canal, forming
a film that enlarges into a bulge. The liquid bulge enlarges until it collapses into a liquid bridge due to Plateau instability. Arrows
show fluid motion. ( f,g) Series of liquid bridges separated by air pockets in the proboscis, ( f ) pump and (g) gut of the butterfly
that travel through the uptake system. (b,c) Acquired using a split-beam set-up; remaining X-ray phase-contrast images were
acquired with a single beam. Brightness of the food canal in (c,d,f,g) were digitally enhanced. (Online version in colour.)
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spaces between the legulae owing to capillary action. The
dorsal linkage structure can be considered an effective
porous medium with multiple spaces; that is, it acts like
a sponge. When the proboscis, as a sponge, is completely
filled with the liquid, the capillary forces do not counter-
act release of the liquid into the food canal. When the
meniscus invades a curved slit-like space of the dorsal
linkage and then approaches its inner edge, it wets the
slit edges. Even if the final liquid surface is parallel to
the walls of the food canal, the negative curvature of
the food canal reduces the pressure in the invading
liquid, pushing the liquid to overflow the space (see elec-
tronic supplementary material, movie S1). Supported by
the wetting forces acting over the contact line, the liquid
continues to overflow the linkage, forming a wetting film
inside the food canal (figure 2e–i). This process should
apply to all Lepidoptera with a functional proboscis.

X-ray phase-contrast imaging revealed that liquid
uptake occurs not only between the distal dorsal legulae
of the proboscis, typically referred to as ‘drinking slits’
[1] (figure 1c,e), but also between the dorsal legulae
proximal to this region (figures 1d and 2c). Drops of
water applied to the dorsal linkage of the straightened
proboscis at 5 and 10 mm from the head (n ¼ 3 butter-
flies per region; mean proboscis length ¼ 17+ 2 mm,

n ¼ 8) produced a series of liquid bridges in the food
canal that were transported to the head, demonstrating
that the proximal region of the proboscis is not sealed to
all liquids. The drop disappears faster at 10 mm,
suggesting that the slit-like spaces increase in size dis-
tally. The structure of the dorsal linkage thus consists
of multiple capillary channels forming a porous struc-
ture with a pore-size gradient. From the rate of drop
absorption, with experimental controls accounting for
evaporation, we estimated the size of these slit-like
spaces between the dorsal legulae to be 96+ 27 nm,
and 162+ 18 nm at 5 and 10 mm, respectively, from
the head (see §5). These differences suggest that the
dorsal legulae in the distal region transport the liquid
more easily. The larger slits in this region should
decrease viscous resistance to flow.

When a thin cylindrical film forms in the food canal,
it becomes subject to Plateau instability [15–18]; the
liquid body seeks a new configuration to decrease its sur-
face energy. Plateau instability [15–18] is manifested as
liquid bulges on the walls of the food canal (figure 3d,e).
Plateau instability assumes that any thermal or mechan-
ical perturbation of thefilm surfacewill amplifyonly if the
perturbation spans a length greater than the circumfer-
ence of the food canal, or more correctly, greater than
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Figure 3. X-ray phase-contrast imaging of the monarch butterfly proboscis and formation of liquid bridges. (a) Schematic display-
ing the split-beam (arrows) X-ray phase-contrast imaging used to simultaneously view liquid-bridge formation in the proboscis
and action of the sucking pump, using cameras c1 and c2. (b,c) Raw split-screen images acquired from c1 and c2, respectively.
(b) Camera 1 displays an empty food canal in the proboscis (pr) that leads to the sucking pump (pm; empty here). Fluid travels
through the pump into the gut (gt); inset indicates the path that fluid travels (white) and musculature of the sucking pump
(grey). (c) Camera 2 shows a liquid drop (dr) on the dorsal legulae of the proboscis, with a liquid bridge (lb) in the food
canal (fc). (d) Series of two X-ray phase-contrast images showing a liquid drop on the proboscis and the formation of two
bulges (bl) that have collapsed into liquid bridges. (e) Schematic of meniscus formation. Fluid moves into the food canal, forming
a film that enlarges into a bulge. The liquid bulge enlarges until it collapses into a liquid bridge due to Plateau instability. Arrows
show fluid motion. ( f,g) Series of liquid bridges separated by air pockets in the proboscis, ( f ) pump and (g) gut of the butterfly
that travel through the uptake system. (b,c) Acquired using a split-beam set-up; remaining X-ray phase-contrast images were
acquired with a single beam. Brightness of the food canal in (c,d,f,g) were digitally enhanced. (Online version in colour.)
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Figure 3: A cylindrical column of initial radius R0 is comprised of fluid of inviscid fluid of density

⇢ and bound by surface tension �.

We anticipate that the disturbances in velocity and pressure will have the same form as the surface

disturbance (10), and so write the perturbation velocities and pressure as:

eur = R(r)e
!t+ikz

, fuz = Z(r)e
!t+ikz

and ep = P (r)e
!t+ikz

. (14)

Substituting (14) into equations (11) through (13) yields the linearized equations governing the

perturbation fields:

Momentum equations:

!R = �1

⇢

dP

dr
(15)

!Z = � ik

⇢
P (16)

Continuity:
dR

dr
+

R

r
+ ikZ = 0 . (17)

Eliminating Z(r) and P (r) yields a di↵erential equation for R(r):

r
2 d

2
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dr2
+ r
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1 + (kr)

2
�
R = 0 . (18)

This corresponds to modified Bessel Equation of order 1, whose solutions may be written in terms

of the modified Bessel functions of the first and second kind, respectively, I1(kr) and K1(kr). We

note that K1(kr) ! 1 as r ! 0; therefore, the well-behavedness of our solution requires that R(r)

take the form

R(r) = CI1 (kr) , (19)
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Figure 4: The dependence of the growth rate ! on the wavenumber k for the Rayleigh-Plateau

instability.

where C is an as yet unspecified constant to be determined later by application of appropriate

boundary conditions.

The pressure may be obtained from (19) and (15), and by using the Bessel function identity

I
0
0(⇠) = I1(⇠):

P (r) = �!⇢C

k
I0(kr) . (20)

We proceed by applying appropriate boundary conditions. The first is the kinematic condition

on the free surface:

@ eR
@t

= eu · n ' eur . (21)

Substitution of (19) into this condition yields

C =
✏!

I1 (kR0)
. (22)

Second, we require a normal stress balance on the free surface:

p0 + ep = �r · n . (23)

We write the curvature as �r·n =

⇣
1

R1
+

1
R2

⌘
, where R1 and R2 are the principal radii of curvature

of the jet surface:
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Substitution of (24) and (25) into equation (23) yields:
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Instabilidade de Plateau-Rayleigh (1873)

Flutuações – distorções da superfície

Figure 2: The capillary-driven instability of a water thread falling under the influence of gravity.

The initial jet diameter is approximately 3 mm.

The equilibrium base state consists of an infinitely long quiescent cylindrical inviscid fluid column

of radius R0, density ⇢ and surface tension � (Figure 3). The influence of gravity is neglected. The

pressure p0 is constant inside the column and may be calculated by balancing the normal stresses

with surface tension at the boundary. Assuming zero external pressure yields

p0 = �r · n ) p0 =
�

R0
. (9)

We consider the evolution of infinitesimal varicose perturbations on the interface, which enables

us to linearize the governing equations. The perturbed columnar surface takes the form:

eR = R0 + ✏e
!t+ikz

, (10)

where the perturbation amplitude ✏ ⌧ R0, ! is the growth rate of the instability and k is the

wave number of the disturbance in the z-direction. The corresponding wavelength of the varicose

perturbations is necessarily 2⇡/k. We denote by eur the radial component of the perturbation

velocity, euz the axial component, and ep the perturbation pressure. Substituting these perturbation

fields into the Navier-Stokes equations and retaining terms only to order ✏ yields:

@eur

@t
= �1

⇢

@ep
@r

(11)

@euz

@t
= �1

⇢

@ep
@z

. (12)

The linearized continuity equation becomes:

@eur

@r
+

eur

r
+ euz = 0 . (13)

3

J. R. Soc. Interface 9, 720–726 (2012) 

Canudo + nanoesponja = novas ideias para microbombeamento



Efeito Lotus 

Customizando propriedades de superfície– SuperhidrofobicidadeSupporting Information
Wang et al. 10.1073/pnas.1506874112

Fig. S1. Microstructure of water strider leg. (A and B) Micro-XCT images indicate that the surface of water strider leg is composed of setae array, which is
oriented toward the tip of the leg with ∼27° tilt angle. (Cand D) SEM images of water strider leg reveal that the setae are all conical with an apex angle of ∼5°, in a
periodicity of 5–10 μm between the neighboring setae. (E and F) Magnified SEM images show that the setae are composite of nanogrooves in longitudinal or
quasi-helix orientation.
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imaging (films shot at 1,000 frames per second) mounted on a
microscope. Small water droplets (below 3 fL) from the mist
randomly condense on the setae and start moving along them,
from tip to base (step 1, Fig. 2A). The velocity in this phase can
reach about 1 mm/s before decreasing: The drop stopped after it
traveled by typically 10 μm, a distance comparable yet smaller
than the setae length (Fig. 2B). We statistically analyzed the size
distribution of 200 such mobile droplets (Fig. 2C), and found
diameters ranging from 2 to 9 μm, with an average size of 5.7 ±
0.9 μm at the beginning of motion, and 6.2 ± 0.9 μm at the end
(blue and red distributions in Fig. 2C, respectively). These drops
generally do not coalesce with each other, but just move in-
dividually along the seta, which explains why both distributions
nearly overlap. Fig. 2C also shows that droplets need to be large
enough (around 3–4 μm) to move––at smaller scales, pinning forces
can overcome the force driving the motion; hence continuous
condensation triggers movement. Another way of capturing these
different facts consists of comparing the position X and diameter D
of 10 droplets between beginning and end of motion (Fig. 2C, Inset,

where each symbol corresponds to a drop). This plot confirms that
the volume does not change significantly during motion and that
droplets stop at a well-defined position, typically 10–15 μm away
from the seta tip. This first dynamical step seems to contradict dew
expulsion, and it may be exploited by creatures to sweep tiny drops or
contaminants along the setae.
Self-propulsion is remarkable at this scale, where surface effects

and specifically contact angle hysteresis could impede motion.
Three facts facilitate mobility. (i) Setae are hydrophobic, so that
drops are naturally ejected on one side of the cone (as seen in Fig.
2A), instead of being axisymmetric (11), which minimizes the
solid–liquid contact and the associated pinning. (ii) Substructures
(nanogrooves; Fig. 1C, Inset) should amplify the hydrophobicity of
setae, and contribute to drop mobility. (iii) The cone geometry
provides curvature gradients (Fig. 2D and Fig. S2), and thus an
asymmetric surface energy landscape, which permits a motion
(12–15). A simple argument allows us to understand the origin of
the driving force. Let us consider a conical substrate with a Young
contact angle close to 90° (a typical hydrophobicity). In such a case,

A B C

D G E F 

Fig. 1. Cascade of self-motions for water droplets condensing on a leg of water strider. (A) G. remigis, an insect commonly called water strider, lives at the surface of
water in a highly humid environment. (B) Micro-XCT and (C) SEM images of a strider’s leg. It is composed of tilted conical setae, and nanogrooves decorate each seta
(Inset). (D–G) Water condensation in a leg placed in a fog: as we follow the drop pointed out by a yellow arrow, three successive dynamical steps are observed,
eventually leading to the expulsion of water. Magnification is kept constant (scale bar, 15 μm), and time is indicated in each picture. Corresponding movie is Movie S1.
(D and E, step 1) Tiny droplets self-propel on single setae, before stopping when contacting another seta. Then, droplets grow bymerging with neighbors (red arrows)
(F, step 2) As condensation proceeds, a growing drop deforms the surrounding setae enough to generate an elastic force able to expel it at t = 3.6 s out of the
structures (red arrow). Image persistence is used to give the feeling of this quick motion. (G, step 3) At the leg surface, coalescence between neighboring drops
produces directional motion at t = 6.48 s (red arrow). Again, image persistence is used to suggest fast motion. Hence droplets at a micrometric scale can be self-
removed, a key fact for keeping legs dry in a humid atmosphere.
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Pelo da perna da barata d’água(Gerris remigis)

dissolving lead shavings in vinegar8. Stannic
oxide would have been an acceptable substi-
tute,with supplies being available through the
Cornish tin industry. The Romano–British
chemists probably believed that they were
using a new source of cerussa, so confused
were their encyclopaedias in distinguishing
lead from tin.

None of the surviving Greco–Roman med-
ical corpora suggest that tin had pharmaceu-
tical value9.Although organic tin compounds
are now well known for their toxicological
properties,inorganic forms seem to be largely
inert10. Hence, unless SnO2 was added owing
to some hitherto unrecognized medicinal
attribute, we must conclude that its function
was solely as a pigment. The non-toxic prop-
erties of SnO2 would also have been desir-
able, because by the second century AD the
dangers of lead were becoming recognized9.
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water surface (for methods, see supplemen-
tary information). Surprisingly, the leg does
not pierce the water surface until a dimple of
4.38!0.02 mm depth is formed (Fig. 1a).
The maximal supporting force of a single leg
is 152 dynes (see supplementary informa-
tion),or about 15 times the total body weight
of the insect. The corresponding volume of
water ejected is roughly 300 times that of
the leg itself, indicating that its surface is
strikingly water repellent.

For comparison, we made a hydrophobic
‘leg’ from a smooth quartz fibre that was 
similar in shape and size to a strider’s leg. Its
surface was modified by a self-assembling
monolayer of low-surface-energy hepta-
decafluorodecyltrimethoxysilane (FAS-17),
which makes a contact angle of 109° with a
water droplet on a flat surface4. Water sup-
ports the artificial leg with a maximal force of
only 19.05 dynes (see supplementary infor-
mation), which is enough to support the
strider at rest but not to enable it to glide or
dart around rapidly on the surface.

This finding suggests that the force exerted
by the strider’s legs could be due to a ‘super-
hydrophobic’ effect (that is, the contact angle
with water would be greater than 150°). We
verified that this was indeed the case by sessile
water-drop measurements, which showed
that that the contact angle of the insect’s legs
with water was 167.6!4.4° (Fig.1a,inset).

The contact angle of water made with the
cuticle wax secreted on a strider’s leg is about
105° (ref. 5), which is not enough to account
for its marked water repellence.Knowing that
microstructures on an object with low surface
energy can enhance its hydrophobicity6, we
investigated the physical features of the legs.

Scanning electronic micrographs revealed
numerous oriented setae on the legs.These are
needle-shaped, with diameters ranging from
3 micrometres down to several hundred
nanometres (Fig. 1b). Most setae are roughly
50 "m in length and arranged at an inclined
angle of about 20° from the surface of leg.
Many elaborate, nanoscale grooves are evi-
dent on each microseta, and these form a
unique hierarchical structure (Fig.1c).

According to Cassie’s law for surface wet-
tability, such microstructures can be regard-
ed as heterogeneous surfaces composed of
solid and air7. The apparent contact angle #l

of the legs is described by cos#l$ f1cos#w% f2,
where f1 is the area fraction of microsetae
with nanogrooves, f2 is the area fraction of air
on the leg surface and #w is the contact angle
of the secreted wax. Using measured values
of #l and #w, we deduce from the equation
that the air fraction between the leg and the
water surface corresponds to f2$ 96.86%.
Available air is trapped in spaces in the
microsetae and nanogrooves to form a cush-
ion at the leg–water interface that prevents
the legs from being wetted.

This unique hierarchical micro- and
nanostructuring on the leg’s surface there-
fore seems to be responsible for its water
resistance and the strong supporting force.
This clever arrangement allows water strid-
ers to survive on water even if they are being
bombarded by raindrops, when they bounce
to avoid being drowned. Our discovery may
be helpful in the design of miniature aquatic
devices and non-wetting materials.
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Figure 1 The non-wetting leg of a water strider. a, Typical side

view of a maximal-depth dimple (4.38!0.02 mm) just before the

leg pierces the water surface. Inset, water droplet on a leg; this

makes a contact angle of 167.6!4.4°. b, c, Scanning electron

microscope images of a leg showing numerous oriented spindly

microsetae (b) and the fine nanoscale grooved structures on a

seta (c). Scale bars: b, 20 "m; c, 200 nm.

Biophysics

Water-repellent legs 
of water striders 

Water striders (Gerris remigis) have
remarkable non-wetting legs that
enable them to stand effortlessly and

move quickly on water, a feature believed to
be due to a surface-tension effect caused by
secreted wax1–3. We show here, however, that
it is the special hierarchical structure of the
legs, which are covered by large numbers of
oriented tiny hairs (microsetae) with fine
nanogrooves, that is more important in
inducing this water resistance.

We used a high-sensitivity balance system
to construct force–displacement curves for 
a water strider’s legs when pressing on the
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Fig. 3A the sudden dynamical event following this stage, corre-
sponding to step 2 in Fig. 1F. Water moves (or jumps) in the di-
rection opposite to the one in step 1, until its complete expulsion
from the array of setae. Big droplets (about 1 pL) eventually sit at
the tips of setae, from which they can be easily removed. Drop
anisotropy in step 2 first increases, as guessed in Fig. 3A and ob-
served in Fig. 3B, where we plot transverse and longitudinal di-
ameters D1 and D2 as a function of time (blue and red data). The
anisotropy factor D2/D1 increases from 1 to about 1.3, while drop
position X remains fixed, until the anisotropy factor relaxes to 1,
which corresponds to the jump (fast increase of X). The isotropic
drop observed after expulsion always has a diameter larger than its
transverse diameter before expulsion, because averaging on 200
drops shows an increase from ∼6.5 μm to ∼12.5 μm, as reported in
Fig. 3C with blue and red distributions, respectively. This can also
be seen in Fig. 3C, Inset, where 10 individual drop sizes are followed
as they are expelled out of the array of setae. All these features can

be understood by the ability of hairs to deform as a trapped drop
grows. Drop elongation is a signature of this process, and we indeed
observe that the typical diameter of expelled drops compares with
the average distance between setae: Elastic deformation provides
the energy necessary to expel the liquid out of the texture (Fig. 3D).
As a condensing drop gets larger than the distance between setae

(Fig. 3D), setae get distorted. The bending energy Eof a single seta
scales as KC2, denoting K and C as the bending constant and the
seta curvature, respectively (19). For a hair of Young’s modulus Y
and typical radius r, K scales as Yr4L. Because of the high stiffness of
setae, we expect the deformation to be small (« << L) and the
curvature to vary as «/X2, where X is now the distance between the
bottom of the cone and the drop. Hence we get E ∼ Yr4L«2/X4.
Simply assuming that drops are larger than the space between setae,
we can write « ∼ D and deduce that the force F expelling the drop
out of the grass scales as Yr4LD2/X 5. The main force opposing drop
ejection is the sticking force due to contact angle hysteresis Δθ,

D

C B

A

Fig. 3. Expulsion of water out of the setae (step 2). (A) As condensation proceeds, drops inside the texture grow and deform the array of setae, so that the
arising elastic force can expel them out of the hairs. Here, we follow the drop pointed out by a yellow arrow, and note that it is deformed when it jumps.
Corresponding movie is Movie S3. (B) Position X (empty symbols) and principal diameters D1 (in blue) and D2 (in red, D1 < D2) of the drop, as a function of time t.
Just before its expulsion, the drop becomes strongly anisotropic. Origin of time is defined at the onset of anisotropy. (C) Diameter distribution of 200 drops: The
drop after expulsion (in red) is always larger than before expulsion (in blue). Diameter and position changes of 10 droplets (each one designated by a symbol)
confirm the drop deformation and its expulsion in step 2 (C, Inset). (D) As a growing drop gets larger than the distance between hairs, elastic energy arising
from the setae deformation can generate a force F able to expel the drop out of the texture.
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ameters D1 and D2 as a function of time (blue and red data). The
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which corresponds to the jump (fast increase of X). The isotropic
drop observed after expulsion always has a diameter larger than its
transverse diameter before expulsion, because averaging on 200
drops shows an increase from ∼6.5 μm to ∼12.5 μm, as reported in
Fig. 3C with blue and red distributions, respectively. This can also
be seen in Fig. 3C, Inset, where 10 individual drop sizes are followed
as they are expelled out of the array of setae. All these features can

be understood by the ability of hairs to deform as a trapped drop
grows. Drop elongation is a signature of this process, and we indeed
observe that the typical diameter of expelled drops compares with
the average distance between setae: Elastic deformation provides
the energy necessary to expel the liquid out of the texture (Fig. 3D).
As a condensing drop gets larger than the distance between setae

(Fig. 3D), setae get distorted. The bending energy Eof a single seta
scales as KC2, denoting K and C as the bending constant and the
seta curvature, respectively (19). For a hair of Young’s modulus Y
and typical radius r, K scales as Yr4L. Because of the high stiffness of
setae, we expect the deformation to be small (« << L) and the
curvature to vary as «/X2, where X is now the distance between the
bottom of the cone and the drop. Hence we get E ∼ Yr4L«2/X4.
Simply assuming that drops are larger than the space between setae,
we can write « ∼ D and deduce that the force F expelling the drop
out of the grass scales as Yr4LD2/X 5. The main force opposing drop
ejection is the sticking force due to contact angle hysteresis Δθ,
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Fig. 3. Expulsion of water out of the setae (step 2). (A) As condensation proceeds, drops inside the texture grow and deform the array of setae, so that the
arising elastic force can expel them out of the hairs. Here, we follow the drop pointed out by a yellow arrow, and note that it is deformed when it jumps.
Corresponding movie is Movie S3. (B) Position X (empty symbols) and principal diameters D1 (in blue) and D2 (in red, D1 < D2) of the drop, as a function of time t.
Just before its expulsion, the drop becomes strongly anisotropic. Origin of time is defined at the onset of anisotropy. (C) Diameter distribution of 200 drops: The
drop after expulsion (in red) is always larger than before expulsion (in blue). Diameter and position changes of 10 droplets (each one designated by a symbol)
confirm the drop deformation and its expulsion in step 2 (C, Inset). (D) As a growing drop gets larger than the distance between hairs, elastic energy arising
from the setae deformation can generate a force F able to expel the drop out of the texture.
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imaging (films shot at 1,000 frames per second) mounted on a
microscope. Small water droplets (below 3 fL) from the mist
randomly condense on the setae and start moving along them,
from tip to base (step 1, Fig. 2A). The velocity in this phase can
reach about 1 mm/s before decreasing: The drop stopped after it
traveled by typically 10 μm, a distance comparable yet smaller
than the setae length (Fig. 2B). We statistically analyzed the size
distribution of 200 such mobile droplets (Fig. 2C), and found
diameters ranging from 2 to 9 μm, with an average size of 5.7 ±
0.9 μm at the beginning of motion, and 6.2 ± 0.9 μm at the end
(blue and red distributions in Fig. 2C, respectively). These drops
generally do not coalesce with each other, but just move in-
dividually along the seta, which explains why both distributions
nearly overlap. Fig. 2C also shows that droplets need to be large
enough (around 3–4 μm) to move––at smaller scales, pinning forces
can overcome the force driving the motion; hence continuous
condensation triggers movement. Another way of capturing these
different facts consists of comparing the position X and diameter D
of 10 droplets between beginning and end of motion (Fig. 2C, Inset,

where each symbol corresponds to a drop). This plot confirms that
the volume does not change significantly during motion and that
droplets stop at a well-defined position, typically 10–15 μm away
from the seta tip. This first dynamical step seems to contradict dew
expulsion, and it may be exploited by creatures to sweep tiny drops or
contaminants along the setae.
Self-propulsion is remarkable at this scale, where surface effects

and specifically contact angle hysteresis could impede motion.
Three facts facilitate mobility. (i) Setae are hydrophobic, so that
drops are naturally ejected on one side of the cone (as seen in Fig.
2A), instead of being axisymmetric (11), which minimizes the
solid–liquid contact and the associated pinning. (ii) Substructures
(nanogrooves; Fig. 1C, Inset) should amplify the hydrophobicity of
setae, and contribute to drop mobility. (iii) The cone geometry
provides curvature gradients (Fig. 2D and Fig. S2), and thus an
asymmetric surface energy landscape, which permits a motion
(12–15). A simple argument allows us to understand the origin of
the driving force. Let us consider a conical substrate with a Young
contact angle close to 90° (a typical hydrophobicity). In such a case,

A B C

D G E F 

Fig. 1. Cascade of self-motions for water droplets condensing on a leg of water strider. (A) G. remigis, an insect commonly called water strider, lives at the surface of
water in a highly humid environment. (B) Micro-XCT and (C) SEM images of a strider’s leg. It is composed of tilted conical setae, and nanogrooves decorate each seta
(Inset). (D–G) Water condensation in a leg placed in a fog: as we follow the drop pointed out by a yellow arrow, three successive dynamical steps are observed,
eventually leading to the expulsion of water. Magnification is kept constant (scale bar, 15 μm), and time is indicated in each picture. Corresponding movie is Movie S1.
(D and E, step 1) Tiny droplets self-propel on single setae, before stopping when contacting another seta. Then, droplets grow bymerging with neighbors (red arrows)
(F, step 2) As condensation proceeds, a growing drop deforms the surrounding setae enough to generate an elastic force able to expel it at t = 3.6 s out of the
structures (red arrow). Image persistence is used to give the feeling of this quick motion. (G, step 3) At the leg surface, coalescence between neighboring drops
produces directional motion at t = 6.48 s (red arrow). Again, image persistence is used to suggest fast motion. Hence droplets at a micrometric scale can be self-
removed, a key fact for keeping legs dry in a humid atmosphere.
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because the weight is negligible at such scale. The corresponding
resisting force is Fr ∼ γD(cosθr – cosθa), where advancing and re-
ceding angles are written θa = θ + Δθ/2 and θr = θ − Δθ/2, re-
spectively (20). For Δθ << θ, we get Fr ∼ γDsinθΔθ. Water can be
expelled from the setae provided that F(X = L) is larger than Fr,
which yields an ejection criterion based on drop diameter:

D>Dc =
γL4

Yr4
sinθ Δθ: [2]

This criterion is highly sensitive to the geometry of setae: it varies
as the fourth power of their aspect ratio L/r, which shows that
flexible hairs can accurately “select” drops of a given size. This is
especially true in more general cases where L and r are tuned
independently, allowing in principle the selection of droplet size
in a wide range. Here (with γ ∼ 72 mN/m, L ∼ 40 μm, r ∼ 1 μm,
and Y ∼ 108 J/m3), we expect from Eq. 2 a critical diameter Dc on
the order of 10 μm, comparable to our observations.
Once expelled, drops can be evacuated by leg vibrations, or by

directly contacting the water surface. However, note that a third
regime of propulsion along the texture is observed during con-
densation, which also participates in the evacuation of dew (step
3 in Fig. 1). When droplets (at a picoliter or nanoliter scale)
merge at the leg surface, the center of gravity of the resulting
drop is found in Fig. 4A to be shifted, in the direction of “easy”
motion––that is, in the direction favored by the anisotropic
contact angle hysteresis at the setae surface. Tilted setae form a
kind of ratchet that promotes directional movement in the di-
rection of smaller adhesion (21–24) (Fig. S6), when activated by
vibrations or coalescence. The amplitude of the jump is one drop
size, as expected for an anisotropic coalescence. Drops some-
times can even take off and jump out of the leg (Fig. 4B), a direct
expulsion event such as encountered on cicada wings or lotus
leaves (8, 25). Contrasting with the latter examples, water here
takes off with an oblique angle, a consequence of anisotropic
adhesion: One droplet remains pinned while the other one
moves to it, which yields horizontal momentum as drops merge
and thus explains the oblique trajectory at takeoff.

The sophisticated textures of the legs of G. remigis provide a
unique ensemble of functions. Robust superhydrophobicity is first
necessary to deform the water surface in such a way that creatures’
weight can be opposed by Laplace pressure. The anisotropy of tex-
tures is also exploited to have gliding and resisting directions, allowing
the strider to control its movements (23, 26). Here we showed that
the texture also provides expulsion of condensed droplets, which
prevents a major source of risk for the creature, whose hydropho-
bicity would reverse (in a fatal way) if setae were impregnated by
water as humid air condenses. Compared with the few cases of
natural antifogging materials reported in the literature, the observed
behavior is original: Paradoxically, the droplets first migrate inside the
texture, which might help to capture microdroplets condensed there,
and possibly contaminants; this sweeping step is followed by a sudden
expulsion of the liquid out of the hairs, found to be caused by elastic
deformations in the network of setae around the growing water drop.
Adding textures to a solid surface can provide multifunctions, such as
for cicada wings, where both antireflective and water-repellent prop-
erties are generated at once (8). We have here a remarkable ex-
ample where the conjunction of hydrophobicity, geometry, and
flexibility provides both water repellency at a large scale (the pond)
and at a very small scale (the dew). We anticipate that the self-
removal behavior of droplets on Gerris legs will inspire the design
of novel robust superhydrophobic materials for many practical
applications, such as self-cleaning surfaces, antidew materials,
dropwise condensers, and microfluidic devices.

Methods
Water striders (G. remigis) were captured in Beijing, China. The optical images of
a water strider leg were recorded by a digital video camera (WV-CP280/CH,
Panasonic). Microstructures were observed by a field-emission scanning electron
microscope (JEOL, JSM-6700F) at an accelerating voltage of 3.0 KV. Micro-XCT
measurements were conducted in air, using a 3DMicroXCT-200 (Xradia Inc.). The
source setting of the voltage and current was 90 kV and 88 μA, respectively.

In the observation of self-removal of condensed water, one leg of water strider
was fixed in a chamber with a humidity ranging between 90% and 99%, as
provided by an ultrasonic humidifier usingMilli-Q water at room temperature. The
behavior of condensed water drops was recorded by high-speed imaging (video
camera Phantom V9.1, films shot at 1,000 frames per second) mounted on a mi-
croscope (BX51, Olympus Co., Ltd.).

0 ms
1 ms

1 ms 2 ms 3 ms

A
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B

Fig. 4. Directional removal of drop on the anistropic setae array (step 3). (A and B) Coalescence at the leg surface results in a rapid directional motion of
merged drops along the surface (A) or away from it (B). On the ratchet made by tilted setae, liquid–solid adhesion is anisotropic, which drives the liquid along
the inclined cones. Droplets involved in coalescence are pointed out by yellow arrows. Corresponding movies are Movies S4 and S5.
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Supplementary Discussion 

 

Derivation of the working conditions for maintaining a stable lubricating film.  An essential 

criterion for a functional SLIPS is that the solid must be preferentially wetted by the lubricating fluid 

(Liquid B) rather than by the immiscible liquid one wants to repel (Liquid A).  This ensures that Liquid 

A floats on top of a lubricating film of Liquid B.  To determine whether a solid will be wetted 

preferentially by a Liquid A or Liquid B, we compare the total interfacial energy of the individual 

wetting configurations (see above figure).  Specifically, Configuration A refers to the state where the 

textured solid is completely wetted by Liquid A.  Configurations 1 and 2 refer to the states where 

textured solids are completely wetted by Liquid B with and without a fully wetted Liquid A floating on 

top of it, respectively.  The idea here is to find conditions such that Configuration A is always at a 

higher energy state than the other two configurations.  By comparing the energy states of 

Configurations 1 and 2 with that of the Configuration A, one can determine the required solid/liquid 

combinations to form a stable film of Liquid B (i.e., the configuration with a lower total energy is the 

preferred wetting state). 

 In the above figure, E1, E2, and EA represent the total interfacial energies per unit area of the 

wetting configurations 1, 2, and A, respectively.  In addition, γAB, γSA, γSB, γA, and γB represent the 

surface energies of the Liquid A-Liquid B interface, solid-Liquid A interface, solid-Liquid B interface, 

Liquid A-vapor interface, and Liquid B-vapor interface, respectively.  H and h represent the thickness 

of the fluid layer and the height of the surface textures, respectively.  Also, R represents the roughness 
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factor of the textured solid, which is defined as the ratio between the actual and projected areas of the 

surface.     

To derive a working condition, the following assumptions are made: 1) the fluid layer covers the 

surface features (i.e., H > h); 2) the thickness of the fluid layer is much less than the capillary length of 

the fluid; 3) surface roughness is uniformly distributed for each configuration; 4) Liquid A and Liquid 

B are chemically non-reactive with the solid.      

To find the conditions such that Configuration A is always at a higher energy state than 

Configuration 1, we have EA – E1 > 0, which can be further expressed as, 

       R(γSA – γSB) – γAB > 0      (S-e1) 

In particular, (S-e1) is reduced to measurable quantities with the use of the Young equation (see, 

for example, de Gennes, P.-G., Brochard-Wyart, F. & Quéré, D. Capillarity and Wetting Phenomena: 

Drops, Bubbles, Pearls, Waves, Springer, 2003.), where we have,  

R[(γSV  –  γAcosθA) – (γSV  –  γBcosθB)] – γAB > 0   (S-e2) 

where γSV, θA, and θB are the surface energy of the solid-vapor interface and the equilibrium contact 

angles of Liquid A and Liquid B on a flat solid surface, respectively. 

By further reducing (S-e2) into a more compact form, we have, 

R(γBcosθB –  γAcosθA) – γAB > 0    (S-e3) 

where we define ΔE1 = R(γBcosθB –  γAcosθA) – γAB. 

Similarly, to find the conditions such that Configuration A is always at a higher energy state than 

the Configuration 2, we have EA – E2 > 0, which can be further expressed as,  

R(γBcosθB –  γAcosθA) + γA – γB > 0    (S-e4) 

where we define ΔE2 = R(γBcosθB –  γAcosθA) + γA – γB.   

Satisfying both (S-e3) and (S-e4) will ensure a stable lubricating film formation.  In contrast, when 

neither (S-e3) nor (S-e4) are satisfied, Liquid B will be displaced by Liquid A.  In the case where only 

one of the conditions is satisfied, Liquid B may or may not be displaced by Liquid A.  To verify these 
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Bioinspired self-repairing slippery surfaces with
pressure-stable omniphobicity
Tak-Sing Wong1, Sung Hoon Kang1, Sindy K. Y. Tang1, Elizabeth J. Smythe2, Benjamin D. Hatton1, Alison Grinthal1

& Joanna Aizenberg1

Creating a robust synthetic surface that repels various liquids
would have broad technological implications for areas ranging
from biomedical devices and fuel transport to architecture but
has proved extremely challenging1. Inspirations from natural non-
wetting structures2–6, particularly the leaves of the lotus, have led to
the development of liquid-repellent microtextured surfaces that
rely on the formation of a stable air–liquid interface7–9. Despite
over a decade of intense research, these surfaces are, however, still
plagued with problems that restrict their practical applications:
limited oleophobicity with high contact angle hysteresis9, failure
under pressure10–12 and upon physical damage1,7,11, inability to
self-heal and high production cost1,11. To address these challenges,
here we report a strategy to create self-healing, slippery liquid-
infused porous surface(s) (SLIPS) with exceptional liquid- and
ice-repellency, pressure stability and enhanced optical trans-
parency. Our approach—inspired by Nepenthes pitcher plants13—
is conceptually different from the lotus effect, because we use nano/
microstructured substrates to lock in place the infused lubricating
fluid. We define the requirements for which the lubricant forms a
stable, defect-free and inert ‘slippery’ interface. This surface out-
performs its natural counterparts2–6 and state-of-the-art synthetic
liquid-repellent surfaces8,9,14–16 in its capability to repel various
simple and complex liquids (water, hydrocarbons, crude oil and
blood), maintain low contact angle hysteresis (,2.5 6), quickly
restore liquid-repellency after physical damage (within 0.1–1 s),
resist ice adhesion, and function at high pressures (up to about
680 atm). We show that these properties are insensitive to the pre-
cise geometry of the underlying substrate, making our approach
applicable to various inexpensive, low-surface-energy structured
materials (such as porous Teflon membrane). We envision that
these slippery surfaces will be useful in fluid handling and trans-
portation, optical sensing, medicine, and as self-cleaning and anti-
fouling materials operating in extreme environments.
The cutting edge in development of synthetic liquid-repellent sur-

faces is currently inspired by the lotus effect2: water droplets are sup-
ported by surface textures on a composite solid–air interface that enables
them to roll off easily17,18. However, this approach, while promising,
suffers from inherent limitations that severely restrict its applicability.
First, trapped air is a largely ineffective cushion against organic liquids or
complex mixtures that, unlike water, have low surface tension, which
strongly destabilizes suspended droplets19. Moreover, the air trapped
within the texture cannot stand up to pressure, so that liquids, particu-
larly those with low surface tension, can easily penetrate the texture
under even slightly increased pressures or upon impact10, conditions
commonly encountered with driving rain or in underground transport
pipes. Furthermore, synthetic textured solids are prone to irreversible
defects arising from mechanical damage and fabrication imperfec-
tions1,11: because each defect enhances the likelihood of the droplet
pinning and sticking in place, textured surfaces are not only difficult
to optimize for liquid mobility but inevitably stop working over time as

irreparable damage accumulates. Recent progress in pushing these limits
with increasingly complex structures and chemistries remains out-
weighed by substantial trade-offs in physical stability, optical properties,
large-scale feasibility, and/or difficulty and expense of fabrication8,9,14,15.
Nature, however, offers a remarkably simple alternative idea that

has nothing to do with the lotus effect yet again capitalizes on micro-
textures: instead of using the structures to repel impinging liquids
directly, systems such as the Nepenthes pitcher plant use them to
lock-in an intermediary liquid that then acts by itself as the repellent
surface13. Well-matched solid and liquid surface energies, combined
with the microtextural roughness, create a highly stable state in which
the liquid fills the spaces within the texture and forms a continuous
overlying film20. In pitcher plants, this film is aqueous and effective
enough to cause insects that step on it to slide from the rim into the
digestive juices at the bottom by repelling the oils on their feet21.
Inspired by this idea, we report synthetic liquid-repellent surfaces—

which we name ‘slippery liquid-infused porous surface(s)’ (SLIPS)—
that each consist of a film of lubricating liquid locked in place by a
micro/nanoporous substrate (Fig. 1a). The premise for our design is
that a liquid surface is intrinsically smooth and defect-free down to the
molecular scale; provides immediate self-repair by wicking into
damaged sites in the underlying substrate; is largely incompressible;
and can be chosen to repel immiscible liquids of virtually any surface
tension.We show that our SLIPS creates a smooth, stable interface that
nearly eliminates pinning of the liquid contact line for both high- and
low-surface-tension liquids, minimizes pressure-induced impalement
into the porous structures, self-heals and retains its function following
mechanical damage, and can be made optically transparent.
We designed the SLIPS based on three criteria: (1) the lubricating

liquid must wick into, wet and stably adhere within the substrate, (2)
the solid must be preferentially wetted by the lubricating liquid rather
than by the liquid one wants to repel, and (3) the lubricating and
impinging test liquids must be immiscible. The first requirement is
satisfied by using micro/nanotextured, rough substrates whose large
surface area, combined with chemical affinity for the liquid, facilitates
complete wetting by, and adhesion of, the lubricating fluid (Sup-
plementary Fig. 1)22,23. To satisfy the second criterion—the formation
of a stable lubricating film that is not displaced by the test liquid
(Fig. 1b)—wedetermine the chemical and physical properties required
for working combinations of substrates and lubricants. We compare
the total interfacial energies of textured solids that are completely
wetted by either an arbitrary immiscible liquid (EA), or a lubricating
fluid with (E1) or without (E2) a fully wetted immiscible test liquid
floating on top of it. To ensure the solid is wetted preferentially by
the lubricating fluid one should have DE15EA2E1. 0 and
DE25EA2E2. 0. The equations can be expressed as (see
Supplementary Discussion)24:

DE15R(cBcoshB – cAcoshA) – cAB. 0 (1)
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DE25R(cBcoshB – cAcoshA)1 cA – cB. 0 (2)

where cA and cB are the surface tensions for the test liquid to be
repelled and the lubricating fluid, cAB is the interfacial tension at the
liquid–liquid interface, hA and hB are the equilibrium contact angles of
the immiscible test liquid and the lubricating fluid on a flat solid
surface, and R is the roughness factor (the ratio between the actual
and projected surface areas of the textured solids22).
From these principles, we fabricated a set of SLIPS designed to

repel liquids spanning a broad range of surface tensions. To generate
roughness, we tested two types of porous solids, periodically ordered
and random: arrays of nanoposts functionalized with a low-surface-
energy polyfluoroalkyl silane25, and a random network of Teflon nano-
fibres distributed throughout the bulk substrate, respectively (Fig. 1c).
For the lubricating film, we chose low-surface-tension perfluorinated
liquids (for example, 3M Fluorinert FC-70, cB5 17.1mNm21; or
DuPont Krytox oils) that are non-volatile and are immiscible with both
aqueous and hydrocarbon phases and therefore able to form a stable,
slippery interfacewithour solid substrates (that is,DE1. 0andDE2. 0)
for a variety of polar and non-polar liquids including water, acids and
bases, alkanes, alcohols and ketones (Figs 1d and 2a, b). The SLIPS were
generated through liquid imbibition into the porous materials23, result-
ing in a homogeneous and nearly molecularly smooth surface with a
roughness of about 1 nm (Supplementary Fig. 2).
Eachof these SLIPS exhibits extreme liquid repellency as signified by

very low contact angle hysteresis (Dh, 2.5u, Fig. 2b) and by very low
sliding angles (a# 5u for droplet volume$ 2ml; Supplementary Fig. 3)
against liquids of surface tension ranging from ,17.26 0.5mNm21

(n-pentane) to 72.46 0.1mNm21 (water). Contact angle hysteresis
(that is, the difference between the advancing and receding contact
angles of a moving droplet), and sliding angle (that is, the surface
tilt required for droplet motion) directly characterize resistance to
mobility26; the low values therefore confirm a lack of pinning, consist-
ent with a nearly defect-free surface27. Based on the measured contact
angle hysteresis and droplet volume (,4.5ml), the estimated liquid
retention force28 on each of the SLIPS is 0.836 0.22mN for n5 6.
This performance is nearly an order of magnitude better than the
state-of-the-art lotus-leaf-inspired omniphobic surfaces, whose liquid
retention forces are of the order of 5mN for low-surface-tension liquids
(that is, cA, 25mNm21) at similar liquid volumes9. Moreover, the
liquid-repellency of SLIPS is insensitive to texture geometry (Fig. 2b),
provided that the lubricating layer covers the textures (Supplementary
Fig. 4). This further confirms that liquid repellency is primarily
conferred by the lubricating film, with the porous solid having the

secondary, but critically important, role of immobilizing the film.
Additionally, unlike lotus-leaf-inspired omniphobic surfaces where
contact angle hysteresis depends on liquid surface tension and
increases dramatically upon decrease of surface tension (Fig. 2b), such
a dependence is absent for SLIPS owing to the chemical homogeneity
and physical smoothness of the liquid–liquid interface.
Experiments performed in a pressurized nitrogen environment

show that SLIPS are capable of repellingwater and liquidhydrocarbons
both at and while transitioning to a pressure of,676 atm (the highest
available pressure in our setup). This is equivalent to the hydrostatic
pressure at a depth of ,7 km (Fig. 2c, Supplementary Movie 1). To
our knowledge, the highest recorded pressure stability of a super-
hydrophobic surface for water is ,7 atm (ref. 16). However, it is
important to note that pressure stability for structured surfaces
decreases drastically for liquids with low surface tension. For example,
recent pressure stability studies of omniphobic surfaces based on
impacting hexadecane droplets and evaporating octane droplets
demonstrated stability up to only 400 to 1,400 Pa (43 1023 to
1.43 1022 atm)9,10. Whereas the reported omniphobic surfaces fail
upon dynamic impact of low-surface-tension liquids10, SLIPS repel
impacting droplets for a wide assortment of liquid hydrocarbons
(Supplementary Fig. 5).
The lubricating film also serves as a self-healing coating to rapidly

restore the liquid-repellent function following damage of the porous
material by abrasion or impact. The fluidic nature of the lubricating
layer means that the liquid simply flows towards the damaged area by
surface-energy-driven capillary action29, and spontaneously refills the
physical voids. As observed by high-speed camera imaging, the mea-
sured self-recovery time for a,50-mm fluid displacement of the FC-70
lubricating layer on an epoxy-resin-based SLIPS is,150ms (Fig. 3a)15.
Even more impressively, SLIPS can repeatedly restore their liquid-
repellent function upon recurring, large-area physical damage
(Fig. 3b, Supplementary Fig. 6 and Supplementary Movie 2).
We further demonstrate that, by choosing substrate and lubricant

materials with matching refractive indices, SLIPS can be engineered
for enhanced optical transparency in visible and/or near-infrared
wavelengths (Fig. 3c–e). Optical transparency is challenging to achieve
through superhydrophobic surfaces, because they requirenanostructures
with dimensions under the sub-diffraction limit (,,100nm)30; the
large difference in refractive index at the solid–air interface of these
structured surfaces results in significant light scattering that reduces
light transmission (Fig. 3c–e).
In addition to repelling liquids in their pure forms, SLIPS effec-

tively repel complex fluids, such as crude oil (Fig. 4a, Supplementary
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Figure 1 | Design of SLIPS. a, Schematics showing the fabrication of a SLIPS
by infiltrating a functionalized porous/textured solid with a low-surface-
energy, chemically inert liquid to form a physically smooth and chemically
homogeneous lubricating film on the surface of the substrate (see Methods
Summary). b, Comparison of the stability and displacement of lubricating
films on silanized and non-silanized textured epoxy substrates. Top panels
show schematic side views; bottom panels show time-lapse optical images of

top views. Dyed pentane was used to enhance visibility. c, Scanning electron
micrographs showing themorphologies of porous/textured substratematerials:
an epoxy-resin-based nanofabricated post array (left) and a Teflon-based
porous nanofibre network (right). d, Optical micrographs demonstrating the
mobility of a low-surface-tension liquid hydrocarbon—hexane
(cA5 18.66 0.5mNm21, volume,3.6ml)—sliding on a SLIPS at a low angle
(a5 3.0u).
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contact angle hysteresis depends on liquid surface tension and
increases dramatically upon decrease of surface tension (Fig. 2b), such
a dependence is absent for SLIPS owing to the chemical homogeneity
and physical smoothness of the liquid–liquid interface.
Experiments performed in a pressurized nitrogen environment

show that SLIPS are capable of repellingwater and liquidhydrocarbons
both at and while transitioning to a pressure of,676 atm (the highest
available pressure in our setup). This is equivalent to the hydrostatic
pressure at a depth of ,7 km (Fig. 2c, Supplementary Movie 1). To
our knowledge, the highest recorded pressure stability of a super-
hydrophobic surface for water is ,7 atm (ref. 16). However, it is
important to note that pressure stability for structured surfaces
decreases drastically for liquids with low surface tension. For example,
recent pressure stability studies of omniphobic surfaces based on
impacting hexadecane droplets and evaporating octane droplets
demonstrated stability up to only 400 to 1,400 Pa (43 1023 to
1.43 1022 atm)9,10. Whereas the reported omniphobic surfaces fail
upon dynamic impact of low-surface-tension liquids10, SLIPS repel
impacting droplets for a wide assortment of liquid hydrocarbons
(Supplementary Fig. 5).
The lubricating film also serves as a self-healing coating to rapidly

restore the liquid-repellent function following damage of the porous
material by abrasion or impact. The fluidic nature of the lubricating
layer means that the liquid simply flows towards the damaged area by
surface-energy-driven capillary action29, and spontaneously refills the
physical voids. As observed by high-speed camera imaging, the mea-
sured self-recovery time for a,50-mm fluid displacement of the FC-70
lubricating layer on an epoxy-resin-based SLIPS is,150ms (Fig. 3a)15.
Even more impressively, SLIPS can repeatedly restore their liquid-
repellent function upon recurring, large-area physical damage
(Fig. 3b, Supplementary Fig. 6 and Supplementary Movie 2).
We further demonstrate that, by choosing substrate and lubricant

materials with matching refractive indices, SLIPS can be engineered
for enhanced optical transparency in visible and/or near-infrared
wavelengths (Fig. 3c–e). Optical transparency is challenging to achieve
through superhydrophobic surfaces, because they requirenanostructures
with dimensions under the sub-diffraction limit (,,100nm)30; the
large difference in refractive index at the solid–air interface of these
structured surfaces results in significant light scattering that reduces
light transmission (Fig. 3c–e).
In addition to repelling liquids in their pure forms, SLIPS effec-

tively repel complex fluids, such as crude oil (Fig. 4a, Supplementary
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Figure 1 | Design of SLIPS. a, Schematics showing the fabrication of a SLIPS
by infiltrating a functionalized porous/textured solid with a low-surface-
energy, chemically inert liquid to form a physically smooth and chemically
homogeneous lubricating film on the surface of the substrate (see Methods
Summary). b, Comparison of the stability and displacement of lubricating
films on silanized and non-silanized textured epoxy substrates. Top panels
show schematic side views; bottom panels show time-lapse optical images of

top views. Dyed pentane was used to enhance visibility. c, Scanning electron
micrographs showing themorphologies of porous/textured substratematerials:
an epoxy-resin-based nanofabricated post array (left) and a Teflon-based
porous nanofibre network (right). d, Optical micrographs demonstrating the
mobility of a low-surface-tension liquid hydrocarbon—hexane
(cA5 18.66 0.5mNm21, volume,3.6ml)—sliding on a SLIPS at a low angle
(a5 3.0u).
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Figure 3 | Self-healing and optical transparency of SLIPS. a, Time-lapse
images showing the capability of a SLIPS to self-heal from physical damage
,50mmwide on a timescale of the order of 100ms. b, Time-lapse images
showing the restoration of liquid repellency of a SLIPS after physical damage, as
compared to a typical hydrophobic flat surface (coated with DuPont Teflon AF
amorphous fluoropolymers) on which oil remains pinned at the damage site
(Supplementary Movie 2). c, Optical images showing enhanced optical

transparency of an epoxy-resin-based SLIPS (left) as compared to significant
scattering in the non-infused superhydrophobic nanostructured surface (right)
in the visible light range. Top panels show top views; bottom panels show
schematic side views. d, Optical transmission measurements for an epoxy-
resin-based SLIPS in the visible light range (400–750nm). e, Optical
transmission measurements for a Teflon-based SLIPS in the near-infrared
range (800–2,300 nm).
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Figure 2 | Omniphobicity and high-pressure stability of SLIPS. a,
Time-sequence images comparing mobility of pentane droplets
(cA5 17.26 0.5mNm21, volume,30ml) on a SLIPS and a
superhydrophobic, air-containing Teflon porous surface. Pentane is repelled
on the SLIPS, but it wets and stains the traditional superhydrophobic surface.
b, Comparison of contact angle hysteresis as a function of surface tension of test
liquids (indicated) on SLIPS and on an omniphobic surface reported in ref. 9. In
the inset, the advancing and receding contact angles of a liquid droplet are
denoted as hadv, and hrec, respectively. SLIPS 1, 2 and 3 refer to the surfaces
made of Teflon porous membrane (SLIPS 1), an array of epoxy posts of

geometry 1 (pitch ,2mm, height ,5mm, post diameter,300nm) (SLIPS 2)
and an array of epoxy posts of geometry 2 (pitch,900nm, height,500nm–
2mm, post diameter,300 nm) (SLIPS 3). Error bars indicate standard
deviations from three independent measurements. c, A plot showing the high
pressure stability of SLIPS, as evident from the low sliding angle of a decane
droplet (cA5 23.66 0.1mNm21, volume,3ml) subjected to pressurized
nitrogen gas in a pressure chamber (Supplementary Methods, Supplementary
Movie 1). Error bars indicate standard deviations from at least seven
independent measurements.
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Figure 3 | Self-healing and optical transparency of SLIPS. a, Time-lapse
images showing the capability of a SLIPS to self-heal from physical damage
,50mmwide on a timescale of the order of 100ms. b, Time-lapse images
showing the restoration of liquid repellency of a SLIPS after physical damage, as
compared to a typical hydrophobic flat surface (coated with DuPont Teflon AF
amorphous fluoropolymers) on which oil remains pinned at the damage site
(Supplementary Movie 2). c, Optical images showing enhanced optical

transparency of an epoxy-resin-based SLIPS (left) as compared to significant
scattering in the non-infused superhydrophobic nanostructured surface (right)
in the visible light range. Top panels show top views; bottom panels show
schematic side views. d, Optical transmission measurements for an epoxy-
resin-based SLIPS in the visible light range (400–750nm). e, Optical
transmission measurements for a Teflon-based SLIPS in the near-infrared
range (800–2,300 nm).
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Figure 2 | Omniphobicity and high-pressure stability of SLIPS. a,
Time-sequence images comparing mobility of pentane droplets
(cA5 17.26 0.5mNm21, volume,30ml) on a SLIPS and a
superhydrophobic, air-containing Teflon porous surface. Pentane is repelled
on the SLIPS, but it wets and stains the traditional superhydrophobic surface.
b, Comparison of contact angle hysteresis as a function of surface tension of test
liquids (indicated) on SLIPS and on an omniphobic surface reported in ref. 9. In
the inset, the advancing and receding contact angles of a liquid droplet are
denoted as hadv, and hrec, respectively. SLIPS 1, 2 and 3 refer to the surfaces
made of Teflon porous membrane (SLIPS 1), an array of epoxy posts of

geometry 1 (pitch ,2mm, height ,5mm, post diameter,300nm) (SLIPS 2)
and an array of epoxy posts of geometry 2 (pitch,900nm, height,500nm–
2mm, post diameter,300 nm) (SLIPS 3). Error bars indicate standard
deviations from three independent measurements. c, A plot showing the high
pressure stability of SLIPS, as evident from the low sliding angle of a decane
droplet (cA5 23.66 0.1mNm21, volume,3ml) subjected to pressurized
nitrogen gas in a pressure chamber (Supplementary Methods, Supplementary
Movie 1). Error bars indicate standard deviations from at least seven
independent measurements.
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Figure 3 | Self-healing and optical transparency of SLIPS. a, Time-lapse
images showing the capability of a SLIPS to self-heal from physical damage
,50mmwide on a timescale of the order of 100ms. b, Time-lapse images
showing the restoration of liquid repellency of a SLIPS after physical damage, as
compared to a typical hydrophobic flat surface (coated with DuPont Teflon AF
amorphous fluoropolymers) on which oil remains pinned at the damage site
(Supplementary Movie 2). c, Optical images showing enhanced optical

transparency of an epoxy-resin-based SLIPS (left) as compared to significant
scattering in the non-infused superhydrophobic nanostructured surface (right)
in the visible light range. Top panels show top views; bottom panels show
schematic side views. d, Optical transmission measurements for an epoxy-
resin-based SLIPS in the visible light range (400–750nm). e, Optical
transmission measurements for a Teflon-based SLIPS in the near-infrared
range (800–2,300 nm).
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Figure 2 | Omniphobicity and high-pressure stability of SLIPS. a,
Time-sequence images comparing mobility of pentane droplets
(cA5 17.26 0.5mNm21, volume,30ml) on a SLIPS and a
superhydrophobic, air-containing Teflon porous surface. Pentane is repelled
on the SLIPS, but it wets and stains the traditional superhydrophobic surface.
b, Comparison of contact angle hysteresis as a function of surface tension of test
liquids (indicated) on SLIPS and on an omniphobic surface reported in ref. 9. In
the inset, the advancing and receding contact angles of a liquid droplet are
denoted as hadv, and hrec, respectively. SLIPS 1, 2 and 3 refer to the surfaces
made of Teflon porous membrane (SLIPS 1), an array of epoxy posts of

geometry 1 (pitch ,2mm, height ,5mm, post diameter,300nm) (SLIPS 2)
and an array of epoxy posts of geometry 2 (pitch,900nm, height,500nm–
2mm, post diameter,300 nm) (SLIPS 3). Error bars indicate standard
deviations from three independent measurements. c, A plot showing the high
pressure stability of SLIPS, as evident from the low sliding angle of a decane
droplet (cA5 23.66 0.1mNm21, volume,3ml) subjected to pressurized
nitrogen gas in a pressure chamber (Supplementary Methods, Supplementary
Movie 1). Error bars indicate standard deviations from at least seven
independent measurements.
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Movie 3) and blood (Fig. 4b, SupplementaryMovie 4), that rapidly wet
and stain most existing surfaces. SLIPS also repel ice (Fig. 4c,
Supplementary Movie 5) and can serve as anti-sticking, slippery sur-
faces for insects (Fig. 4d, Supplementary Movie 6)—a direct mimicry
of pitcher plants. The omniphobic nature of our SLIPS also helps to
protect the surface from a wide range of particulate contaminants by
allowing self-cleaning by a broad assortment of fluids that collect and
remove the particles from the surface (Supplementary Fig. 7 and
Supplementary Movie 7). Any of these capabilities could be com-
promised over time if the lubricant evaporates or is lost owing to
shearing under high flow conditions, so choosing a lubricant with a
minimal evaporation rate or an enhanced viscosity, or integrating the
SLIPS with a fluid reservoir that enables continual self-replenishing
(Supplementary Fig. 8), enables prolonged operation.
No synthetic surface reported until now possesses all the unique

characteristics of SLIPS: negligible contact angle hysteresis for low-
surface-tension liquids and their complex mixtures, low sliding angles,
instantaneous and repeatable self-healing, extreme pressure stability
and optical transparency. Our bioinspired SLIPS, which are prepared
simply by infiltrating low-surface-energy porous solidswith lubricating
liquids, provide a straightforward and versatile solution for liquid repel-
lency and resistance to fouling. Because low-surface-energy porous
solids are abundant and commercially available, and the structural
details are irrelevant to the resulting performance, one can turn any

of these solids into highly omniphobic surfaces without the need to
access expensive fabrication facilities. Any liquid film is inherently
smooth, self-healing and pressure resistant, so the lubricant can be
chosen to be either biocompatible, index-matched with the substrate,
optimized for extreme temperatures, or otherwise suitable for specific
applications.With a broad variety of commercially available lubricants
that possess a range of physical and chemical properties, we are cur-
rently exploring the limits of the performance of SLIPS for long-term
operation and under extreme conditions, such as high flow, turbulence,
and high- or low-temperature environments. It is anticipated that
SLIPS can be developed to serve as omniphobic materials capable of
meeting emerging needs in biomedical fluid handling, fuel transport,
anti-fouling, anti-icing, self-cleaning windows and optical devices, and
many more areas that are beyond the reach of current technologies.

METHODS SUMMARY
The lubricating fluids used for the experiments were perfluorinated fluids (such as
3M Fluorinert FC-70, DuPont Krytox 100 and 103). Two types of porous solids
were used in the experiments, periodically ordered epoxy-resin-based nanostruc-
tured surfaces and a random network of Teflon nanofibrous membranes.
Specifically, Teflon membranes with average pore size of$200 nm and thickness
of,60–80mmwere purchased from the SterlitechCorporation. Thesemembranes
were used as received without further modification (SLIPS 1 sample). The epoxy-
resin-based nanostructured surfaces were made from silicon masters through the
replica moulding method25. The resulting dimensions of the nanostructures in the
epoxy replicawere: diameter,300 nm,height,5mm,pitch,2mmfor the SLIPS 2
sample, and diameter ,300 nm, height ,500 nm–2mm, pitch ,900 nm for the
SLIPS 3 sample. The epoxy replicas were further rendered hydrophobic by putting
the samples in a vacuum desiccator overnight with a glass vial containing 0.2ml
heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane (available from Gelest
Inc.). To prepare the SLIPS, lubricating fluid was added onto the porous solids
to form an over-coated layer.Withmatching surface chemistry and roughness, the
fluidwill spread spontaneously onto thewhole substrate through capillarywicking.
The thickness of the over-coated layer can be controlled by the fluid volume given a
known surface area of the sample. Further details of themethods are available in the
Supplementary Information.
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Figure 4 | Repellency of complex fluids, ice and insects by SLIPS.
a, Movement of light crude oil on a substrate composed of a SLIPS, a
superhydrophobic Teflon porous membrane, and a flat hydrophobic surface.
Note the slow movement on and staining of the latter two regions
(SupplementaryMovie 3).b, Comparisonof the ability to repel bloodby a SLIPS,
a superhydrophobic Teflon porous membrane, and a flat hydrophilic glass
surface. Note the slow movement on and staining of the latter two regions
(Supplementary Movie 4). c, Ice mobility on a SLIPS (highlighted in green)
compared to strong adhesion to an epoxy-resin-based nanostructured
superhydrophobic surface (highlighted in yellow, see also SupplementaryMovie
5). The experiments were performed outdoors (note the snow in the
background) when temperature and relative humidity were –4 uC and,45%,
respectively. Note also the reduced frosting and the resulting transparency of the
SLIPS. d, Demonstration of the inability of a carpenter ant to hold on to SLIPS.
The ant (and a drop of fruit jam it is attracted to) slide along the SLIPS when the
surface is tilted (Supplementary Movie 6). Note that the ant can stably attach to
normal flat hydrophobic surfaces, suchasTeflon.All scale bars represent 10mm.
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Bioinspired self-repairing slippery surfaces with
pressure-stable omniphobicity
Tak-Sing Wong1, Sung Hoon Kang1, Sindy K. Y. Tang1, Elizabeth J. Smythe2, Benjamin D. Hatton1, Alison Grinthal1
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Creating a robust synthetic surface that repels various liquids
would have broad technological implications for areas ranging
from biomedical devices and fuel transport to architecture but
has proved extremely challenging1. Inspirations from natural non-
wetting structures2–6, particularly the leaves of the lotus, have led to
the development of liquid-repellent microtextured surfaces that
rely on the formation of a stable air–liquid interface7–9. Despite
over a decade of intense research, these surfaces are, however, still
plagued with problems that restrict their practical applications:
limited oleophobicity with high contact angle hysteresis9, failure
under pressure10–12 and upon physical damage1,7,11, inability to
self-heal and high production cost1,11. To address these challenges,
here we report a strategy to create self-healing, slippery liquid-
infused porous surface(s) (SLIPS) with exceptional liquid- and
ice-repellency, pressure stability and enhanced optical trans-
parency. Our approach—inspired by Nepenthes pitcher plants13—
is conceptually different from the lotus effect, because we use nano/
microstructured substrates to lock in place the infused lubricating
fluid. We define the requirements for which the lubricant forms a
stable, defect-free and inert ‘slippery’ interface. This surface out-
performs its natural counterparts2–6 and state-of-the-art synthetic
liquid-repellent surfaces8,9,14–16 in its capability to repel various
simple and complex liquids (water, hydrocarbons, crude oil and
blood), maintain low contact angle hysteresis (,2.5 6), quickly
restore liquid-repellency after physical damage (within 0.1–1 s),
resist ice adhesion, and function at high pressures (up to about
680 atm). We show that these properties are insensitive to the pre-
cise geometry of the underlying substrate, making our approach
applicable to various inexpensive, low-surface-energy structured
materials (such as porous Teflon membrane). We envision that
these slippery surfaces will be useful in fluid handling and trans-
portation, optical sensing, medicine, and as self-cleaning and anti-
fouling materials operating in extreme environments.
The cutting edge in development of synthetic liquid-repellent sur-

faces is currently inspired by the lotus effect2: water droplets are sup-
ported by surface textures on a composite solid–air interface that enables
them to roll off easily17,18. However, this approach, while promising,
suffers from inherent limitations that severely restrict its applicability.
First, trapped air is a largely ineffective cushion against organic liquids or
complex mixtures that, unlike water, have low surface tension, which
strongly destabilizes suspended droplets19. Moreover, the air trapped
within the texture cannot stand up to pressure, so that liquids, particu-
larly those with low surface tension, can easily penetrate the texture
under even slightly increased pressures or upon impact10, conditions
commonly encountered with driving rain or in underground transport
pipes. Furthermore, synthetic textured solids are prone to irreversible
defects arising from mechanical damage and fabrication imperfec-
tions1,11: because each defect enhances the likelihood of the droplet
pinning and sticking in place, textured surfaces are not only difficult
to optimize for liquid mobility but inevitably stop working over time as

irreparable damage accumulates. Recent progress in pushing these limits
with increasingly complex structures and chemistries remains out-
weighed by substantial trade-offs in physical stability, optical properties,
large-scale feasibility, and/or difficulty and expense of fabrication8,9,14,15.
Nature, however, offers a remarkably simple alternative idea that

has nothing to do with the lotus effect yet again capitalizes on micro-
textures: instead of using the structures to repel impinging liquids
directly, systems such as the Nepenthes pitcher plant use them to
lock-in an intermediary liquid that then acts by itself as the repellent
surface13. Well-matched solid and liquid surface energies, combined
with the microtextural roughness, create a highly stable state in which
the liquid fills the spaces within the texture and forms a continuous
overlying film20. In pitcher plants, this film is aqueous and effective
enough to cause insects that step on it to slide from the rim into the
digestive juices at the bottom by repelling the oils on their feet21.
Inspired by this idea, we report synthetic liquid-repellent surfaces—

which we name ‘slippery liquid-infused porous surface(s)’ (SLIPS)—
that each consist of a film of lubricating liquid locked in place by a
micro/nanoporous substrate (Fig. 1a). The premise for our design is
that a liquid surface is intrinsically smooth and defect-free down to the
molecular scale; provides immediate self-repair by wicking into
damaged sites in the underlying substrate; is largely incompressible;
and can be chosen to repel immiscible liquids of virtually any surface
tension.We show that our SLIPS creates a smooth, stable interface that
nearly eliminates pinning of the liquid contact line for both high- and
low-surface-tension liquids, minimizes pressure-induced impalement
into the porous structures, self-heals and retains its function following
mechanical damage, and can be made optically transparent.
We designed the SLIPS based on three criteria: (1) the lubricating

liquid must wick into, wet and stably adhere within the substrate, (2)
the solid must be preferentially wetted by the lubricating liquid rather
than by the liquid one wants to repel, and (3) the lubricating and
impinging test liquids must be immiscible. The first requirement is
satisfied by using micro/nanotextured, rough substrates whose large
surface area, combined with chemical affinity for the liquid, facilitates
complete wetting by, and adhesion of, the lubricating fluid (Sup-
plementary Fig. 1)22,23. To satisfy the second criterion—the formation
of a stable lubricating film that is not displaced by the test liquid
(Fig. 1b)—wedetermine the chemical and physical properties required
for working combinations of substrates and lubricants. We compare
the total interfacial energies of textured solids that are completely
wetted by either an arbitrary immiscible liquid (EA), or a lubricating
fluid with (E1) or without (E2) a fully wetted immiscible test liquid
floating on top of it. To ensure the solid is wetted preferentially by
the lubricating fluid one should have DE15EA2E1. 0 and
DE25EA2E2. 0. The equations can be expressed as (see
Supplementary Discussion)24:

DE15R(cBcoshB – cAcoshA) – cAB. 0 (1)
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Conceitos ”microscópicos": interação atrativa de Van der Waals (1873)

Molecules on surfaces or inmonolayers at an interface often havemore complex phase
diagrams because, in spite of the reduced dimensionality, there is an increase in the
number of different molecular species and interactions involving molecules at the surface
or interface with those in the vapor, liquid, or solid phases on both sides of the interface.

6.5 Van der Waals Forces between Polar Molecules
Three distinct types of forces contribute to the total long-range interaction between polar
molecules, collectively known as the van der Waals force: the induction force, the orien-
tation force, and the dispersion force. Each has an interaction free energy that varies with
the inverse sixth power of the distance. Thus, for two dissimilar polar molecules, we have
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Table 6.3 shows how these three forces contribute to the net van der Waals energies of
some molecules. The table reveals some interesting and important properties of van der
Waals interactions:

• Dominance of dispersion forces. Dispersion forces generally exceed the dipole-
dependent induction and orientation forces except for small highly polar molecules,
such as water. The relative unimportance of dipolar forces is clearly seen in the
hydrogen halides: as we go from HCl to HI, the strength of the total van der Waals
interaction increases while the dipole moments diminish. Note, too, that in the
interaction between two dissimilar molecules of which one is nonpolar, the van der
Waals energy is almost completely dominated by the dispersion contribution.

• Comparisons with experimental data. The agreements between the computed
(theoretical) values for CVDW and those obtained from the gas law coefficients a and
b are surprisingly good, even for NH3 and H2O. It is also possible to estimate the
molar cohesive energies of polar molecules (London, 1937), though the agreement is
not as good as for the nonpolar spherical molecules listed in Table 6.1, partly because
the effective diameters s of polar (and therefore asymmetrical) molecules are not
well defined. For example, for CH3Cl ofmolecular diameter sz 0.43 nm, using Eq. (6.5)
we obtain U z 29 kJ mol$1 compared to the experimental value for Lm þ Lv of ~26 kJ
mol$1, while for water (s¼ 0.28 nm) with only four nearest neighbors permolecule (see
Chapter 8), we find Uz 70 kJ mol$1 compared to the measured value of ~50 kJ mol$1.

• Interactions of dissimilar molecules. The van der Waals interaction energy between two
dissimilar molecules A and B is usually intermediate between the values for AeA and
BeB. In fact, the coefficient CVDW for A-B is often close to the geometric mean of AeA
and BeB. Thus, for NeeCH4, the geometric mean (see Table 6.3) is
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which may be compared with the computed value of 19, while for HCl-HI we obtainffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
123 ( 372
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¼ 214 compared to the computed value of 205. This procedure affords
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Hellman-Feynman theorem: 
“Uma vez que a distribuição espacial
das nuvens eletrônicas tenha sido
determinada resolvendo a equação
de Schrödinger, as forças
intermoleculares podem ser 
calculadas diretamente com base na
eletrostática clássica."
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Adhesive force of a single gecko foot-hair
K. Autumn et al., Nature 405, 681-685 (2000).
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material (23). This theoretical dependence on size and not
surface type encouraged our nanofabrication of synthetic spatu-
lae. If van der Waals forces are responsible for gecko adhesion,
then we should be able to fabricate physical models of spatulae
whose surfaces differ in material, but are equally effective in
adhesion.

Materials and Methods
Foot Adhesion. Hydrophobic and hydrophilic semiconductor wafers.
We placed a single toe of nine live Tokay geckos (Gekko gecko)
against the surface of a vertically oriented 50-mm diameter
semiconductor wafer (Wafer World, West Palm Beach, FL),
which was embedded in a Plexiglas plate fixed with a rigid rod
to a dual-range force sensor (Vernier, Beaverton, OR). The
gecko was pulled down an oxidized silicon (SiO2, 100 orienta-
tion) or GaAs (type N-Si, 100 orientation) wafer until the toe
slipped off. We measured shear force on the toes of the front and
hind limbs. To measure only a single toe, we restrained the
geckos by hand, and held the other toes in a flexed position. We
excluded any trial in which the gecko struggled or moved its toe.
However, the geckos proved incapable of releasing their toes
while under high shear loads during a trial (approximately
greater than 1 N). Thus, behavior of the live animal was unlikely
to have affected values of maximal shear force of single toes.
Real-time force data were collected on a computer (Power
Macintosh, Apple with MACLAB CHART V3.6.5, ADInstruments,
Sydney) at a rate of 40 Hz. Because force of adhesion is strongly
correlated with pad area (27), we standardized the data by
dividing the maximum force generated at each toe by the pad
area of that toe to determine shear stress. We measured pad area
for each gecko by scanning the animals on a flatbed scanner
(Agfa) and analyzing the images with a commercial program
(CANVAS 7.0.2, Deneba, Miami). We analyzed all data with a
statistics program (STATVIEW 5.0.1; SAS Institute, Cary, NC).

Water droplet contact angle measurements. Water droplet
contact angles were measured on isolated seta-bearing toe pads
(scansors). We carefully peeled outer epidermal layer of single
scansors from five restrained, nonmolting geckos. The scansors
were affixed to glass slides, setal side up, using cyanoacrylate gel
glue. The fixed scansors were oriented such that the setae formed
a flat surface on which water contact angles could be measured
under a microscope (Nikon SMZ-1500). Images (2,048 ! 1,536
pixels) of "500-!m deionized droplets were captured on a
digital camera (Nikon Coolpix 990). Water contact angles on the

setal surface were measured in CANVAS 8 (Deneba) on a Macin-
tosh computer.

Setal Adhesion. Fabrication of MEMS cantilevers. We used a (111)
SIMOX SOI (silicon-on-insulator) wafer as the starting material,
and defined cantilever patterns by contact lithography followed
by plasma etching (28). The backside of the cantilevers were then
patterned, again using contact lithography, and released using a
DRIE (deep reactive ion etching) process. The buried oxide
layer was removed in hydrofluoric acid, leaving a released
cantilever. Silicon forms a thin native oxide layer on its surface
when exposed to humid air. This silicon dioxide layer is hydro-
philic. The ‘‘hydrophilic’’ data were taken while the cantilevers
were covered in this thin layer of native oxide (" # 0.0°). To
produce a hydrophobic surface on the MEMS sensor, we used a
vapor-phase hydrofluoric (HF) acid etch. HF removes the native
oxide layer and produces a hydrogen-terminated silicon surface.
The (111) surface of silicon can be passivated this way to prevent
further oxidation for days. In the absence of a native oxide layer,
the silicon surface is hydrophobic (" # 81.9°). The ‘‘hydropho-
bic’’ data were taken within minutes of this chemical passivation.
Because length, width, and thickness of the cantilever can be
defined!measured precisely, and because the cantilever is made
entirely of single crystal silicon, published mechanical properties
of silicon (29) were used for force calibration.

Adhesion measurements on hydrophobic and hydrophilic MEMS
sensors. We carefully peeled the outer epidermal layer of a single
seta-bearing toe pad (scansor) off the toe of a restrained, live,
nonmolting gecko. With the tip of a finely etched tungsten pin,
we scraped the epidermal surface to break off individual setae
at the base of the stalk. The isolated seta was then glued to the
end of a no. 2 insect pin with 5-Minute epoxy (TTWDevcon,
Danvars, MA). The pin had a tip diameter of approximately 15
!m. To prevent the epoxy from creeping up the stalk of the seta,
which might change the mechanical property of the specimen, we
precured the epoxy for "1 min before applying it to the
specimen. The seta was oriented such that the spatular surface
was approximately perpendicular to the axis of the pin. All
preparations were completed under a compound microscope.
The pin was then mounted on a computer-controlled piezoelec-
tric actuator with closed-loop feedback using capacitive position
sensors (Physik Instrument E-500.00, Karlsruhe, Germany). The
actuator moved the spatular surface of the seta into contact with
the cantilever and then pulled away at 10 !m/s. The experiments

Fig. 1. Force of gecko setae on highly polarizable surfaces versus for surface hydrophobicity. (A) Wet adhesion prediction. (B ) van der Waals prediction.
(C ) Results from toe on highly polarizable semiconductor wafer surfaces differing in hydrophobicity. (D) Results from single seta attaching to highly polarizable
MEMS cantilevers differing in hydrophobicity. Note that geckos fail to adhere to hydrophobic, weakly polarizable surfaces [polytetrafluoroethylene where " #
105° (25) and the dielectric constant, # # 2.0 (23)]. Adhesion to hydrophilic and hydrophobic polarizable surfaces was similar. Therefore, we reject the hypothesis
that wet, capillary interactions are necessary for gecko adhesion in favor of the van der Waals hypothesis.
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Um exemplo bem conhecido, mas com experimentos quantitativos e controlados
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Stickybot

yet these systems cannot support as large a load as predicted by
their total area of adhesive. For instance, Stickybot had an area
of adhesive that should have supported 5 kg based on small-
scale tests, but could only support 500 g owing to inefficient
scaling [11]. In otherwork, adhesive anchors capable of holding
impressive loads have been created [12,13], but the scaling
efficiency of these adhesion systems has not been reported.
Additionally, a demonstration of human climbing with gecko-
inspired adhesives has been recently revealed by the Defense
Advanced Research Projects Agency (DARPA) Z-Man pro-
gramme [14], but details of the adhesive material, climbing
device and total area of adhesive remain undisclosed.

Without scaling efficiency numbers in the literature, it is
useful to set a scaling efficiency benchmark by turning towards
the adhesion systems of geckos, as designers of dry adhesives
have done previously to judge the relative merits of their syn-
thetic materials. In the tokay gecko (Gekko gecko), the adhesion
decreases as the length scale increases from the seta-scale to
the toe- and foot-scale [6]. This adhesion system has been
found to approximately follow a scaling power law, smax /
A21/4, where smax is the maximum shear stress supported by
the adhesive and A is the adhesive area (figure 1, red squares).

If the benchmark power law of the tokay gecko were
applied to the PDMS microwedge adhesive, an impractically
large area of more than 1200 cm2 of adhesive per hand would
be required to support a 70 kg human climber with no safety
factor (a modern tennis racket is approx. 675 cm2). This is
partly because the area of adhesive required for climbing
increases disproportionately as the scale increases (even
with perfectly efficient scaling) owing to the climber’s surface
area and mass following a square-cube law.

Therefore, to allow a human to climb with a practical area
of controllable dry adhesive, it is necessary to attain signifi-
cantly more efficient scaling than that of the gecko’s adhesion
system. To achieve this goal, we developed a synthetic
adhesion system which ensures that the load distribution

across a large adhesive area is nearly uniform, using a concept
referred to as degressive load-sharing. In degressive load-sharing,
elastic elements which have decreasing stiffness with increas-
ing displacement support independent patches of adhesive
and help equalize the load on all patches. The synthetic
adhesion system was found to sustain adhesive stress with
little decrease across four orders ofmagnitude of area, approxi-
mately following the power law smax / A21/50 (figure 1, blue
diamonds). Furthermore, the system was found to resist cata-
strophic failure by preventing stress concentrations when a
simulated failure was induced on a portion of the adhesive
(see §2.3), and the system also requires little effort to attach
or detach (see §2.5). Thus, with efficient scaling, robustness to
failure and controllable adhesion, the synthetic adhesion
system enables a human to ascend a vertical glass surface
with a hand-sized1 area of adhesive (figure 2).

2. Results
2.1. Gecko stress distribution data
To aid the comparison of the synthetic adhesion system and
the adhesion system of the tokay gecko, we developed a
sensor to take in vivomeasurements of the stress distributions
on gecko toes (see appendix A.1 and Eason et al. [16]). The
adhesion sensor data for a tokay gecko toe on a flat surface
(figure 3a) show that very little of the useful adhesive area
was working at maximum capacity. Only a fraction of the
adhesive area contacted the surface, and the load was not
evenly distributed even in the areas that did make contact.
Similar results were also observed for a different species
(crested gecko, Correlophus ciliatus), as shown in figure 3b.
These results suggest that load-sharing in gecko adhesion
systems may not be ideal, which motivates the development
of a synthetic system with improved load-sharing.
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Figure 1. The red squares (n ¼ 5) indicate the maximum adhesive shear stress smax that can be achieved on a flat, smooth surface by tokay gecko adhesion
systems as the adhesive area A increases [6]. From left, these data correspond to a single seta, a setal array, a toe and two feet. The red line shows the least-squares
power law fit to the data (log smax ¼ –0.24 log A þ 1.1). Similarly, for the PDMS microwedge synthetic adhesion system, the blue diamonds (n ¼ 6) represent
the maximum adhesive stress produced by a 1.5 mm2 patch, a 12 mm2 patch, a 6.5 cm2 tile and a 24-tile system. The least-squares power law is plotted as a blue
dashed line (log smax ¼ –0.02 log A þ 1.8).
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2.2. Degressive load-sharing concept
The human climbing synthetic adhesion system presented
here retains several gecko-inspired design features, such as
controllable adhesives [1], the separation of the adhesive
into discrete elements [17] (with the tiles in the synthetic
adhesion system corresponding to lamellae in geckos) and a
load-bearing structure that is compliant normal to the surface
yet comparatively stiff in the loading direction [18]. Each tile
of adhesive is loaded using a tendon-like string. In order to
ensure that the stress distribution is uniform over each tile,
the tendons are attached so that they do not apply moments
to the tiles, and the tiles are made rigid to prevent deflection
[9]. Because rigid tiles cannot conform to large curvature, an
array of smaller tiles performs significantly better than a
single large tile on surfaces that are insufficiently flat
(figure 9). Therefore, the adhesive is divided into 24 indepen-
dent tiles to make the synthetic adhesive system functional on

practical surfaces. This necessitates the use of a load-sharing
mechanism to distribute the total load among the tiles.

In general, load-sharing is accomplished by a suspension
that applies forces to patches of adhesive. In the tokay gecko,
this suspension is composed primarily of the stratum compac-
tum of the skin of each lamella, which comprises taut elastin
and coiled collagen fibres [17]. During extension, the stiffness
of the skin increases as the collagen uncoils and bears load.
This is equivalent to a progressive elastic element (i.e. an
element with tangent stiffness that increases with displace-
ment), as shown in figure 4a [19]. However, a progressive
element is not ideal for load-sharing. If some random variation
in displacement exists among the patches of adhesive, the pro-
gressive stiffness curve will cause the subsequent variation in
shear loads to becomemagnified as the displacements increase.
Using a simple model (see appendix A.2), we predict that a
synthetic adhesive system with suitable progressive elements

(a) (b) (c)

Figure 2. Three frames from a video (electronic supplementary material, movie S1) showing a 70 kg climber ascending a 3.7 m vertical glass surface using a
synthetic adhesion system with degressive load-sharing and gecko-inspired adhesives. The time between (a) and (c) is about 90 s and includes six steps.
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Figure 3. Measured load distributions of gecko toes in vivo. (a) Tactile sensor data of the third toe of the right hind foot of a tokay gecko on a flat surface, showing the
normal stress distribution just before the onset of slip (appendix A.1). Only a fraction of the adhesive area produced large adhesive stresses, indicating that load-sharing in
the gecko’s toe is not ideal. (b) Data for a crested gecko showing similar results. (Online version in colour.)
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Compreeensão da funcionalidade em sistemas biológicos com conceitos e ferramentas 
da física

Novas e melhores tecnologias e materiais: biomiméticos

Biologia Física (+ Química) Materiais

A biologia pode se tornar mais quantitativa??

Necessária descrição mais detalhada de forças intermoleculares e processos biológicos

Física (+ Química)         Biologia

Evolução dos conceitos físicos: além de van der Waals
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FIGURE 7.2 (a) Repulsive potentials. (b) Full pair potentials obtained by adding an attractive long-range potential to
the preceding repulsive potentials. The packing diameter of a molecule is given by the value of r at the potential
energy minimum. (c) Experimental Argon-Argon potential compared with the London dispersion energy. [(c) adapted
from Parsons et al., 1972.]

Chapter 7 • Repulsive Steric Forces, Total Intermolecular Pair Potentials 137Potential Intermolecular de Pares

Potencial de Lennard-Jones (1924)

Mie (1903): "potential de pares" para descrever
interações intermoleculares complexas

Pair Potentials
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Força atrativa de Van der Waals + termo repulsivo

Simples e funciona bem em simulações

At very small interatomic distances, the 
electron clouds of atoms overlap, and 
there arises a strong repulsive force 
that determines how close two atoms 
or molecules can ultimately approach 
each other. 

Superposição das nuvens eletrônicas



Forças Intermoleculares em solução:

Origem Eletrostática: dipolo-dipolo, íon-dipolo, dipolo-dipole induzido, dispersão,…

Outros átomos eletronegativos (O, N, F)  podem
chegar muito perto das ligações altamente polares

Pontes de Hidrogênio

Momentos de dipolo muito grandes para F- - H+, O- - H+, N- - H+ 

átomo de H (depletado de elétrons) muito pequeno



Íon-dipolo:
Efeitos de solvatação

Interações Hidrofóbicas

Biological Water or Rather Water in Biology?

There has been a lot of discussion about biological water
recently. Books1,2 and reviews3−5 were written in the past

years and a special issue of the Journal of Chemical Physics was
dedicated to the topic in 2014.6 Interestingly, papers on
biological water are mostly confined to chemistry and physics
journals, being remarkably rare in biological or biochemical
literature. So, what is actually the biological water that we
physical chemists are so concerned about? Definitions vary
from “soft” to “hard” ones. A soft definition describes biological
water as any water around a biomolecule (i.e., protein, DNA or
RNA, or a piece of a cellular membrane) that has properties
distinct from those of the aqueous bulk.7−10 More hard
definitions operate with mutual tailoring of thermodynamic and
dynamic properties of the biomolecule and surrounding
waters,11−15 and even with covering the protein by a shell of
functional water molecules, which can “slave” its motions5 and
propagate to considerable distance.16 Finally, the recent hardest
interpretations invoke in their extreme form, which can hardly
be considered as strictly scientific any more, the notion of
cellular water as a distinct species which itself is able to carry
the biological functionalities.17−20

There is little doubt that a layer of nonbulk water exists
around a biomolecule.7 The relevant question is how thick such
a layer is and to what extent its properties differ from those of
the aqueous bulk. Let us first get a semiquantitative estimate of
the thickness, focusing on electrostatic interactions that
dominate in water. The range of these interactions is governed
by the Debye screening length,21 which amounts to less than 1
nm for the physiological ionic strength of about 150 mM. The
physiological solution, thus, has a remarkable ability to screen
out electrostatic interactions, which could hardly propagate
beyond some 1−3 water molecules from the surface of the
biomolecule. Still, several solvent layers can represent a non-
negligible fraction of available water in the crowded cellular
environment.4 Moreover, individual biomolecular functional
groups can come close enough to each other such that
topological characteristics of the protein or DNA surface can in
principle combine with properties of interfacial water molecules
in-between these groups.22,23

For the above reasons, the relevant question is not only how
many water molecules are influenced by the biomolecule but
also how much. Leaving aside the small number of water
molecules trapped in protein concave pockets of varying
depth,24−26 the remaining ∼90% of interfacial water molecules
are only modestly slowed down by the presence of the
biomolecule.10,27 Indeed, previous reports of a more dramatic,
orders of magnitude slow-down5,28 can be attributed largely to
motions of the protein itself rather than to water.27 Thus, it is
safe to conclude that the protein surface influences rather
weakly the surrounding water molecules. Various spectroscopic
methods, as well as molecular dynamics simulations, report
detectable changes in the immediate water shell next to the
protein compared to bulk water behavior.5,7,10−13,15 Changes in
next solvent layers grow progressively weaker and eventually, at
around 1 nm from the protein surface and beyond, become

accessible largely to techniques with a sufficiently large
“yardstick”, such as the terahertz or dielectric spectros-
copies.13,16,29,30

Two messages follow from our analysis. The first one,
addressed to biologists and biochemists, who tend to focus
their attention primarily to the biomolecules, is that water does
matter. Moreover, because the interfacial water layer covering
the biomolecule has distinct properties from the aqueous bulk,
it is often not satisfactory to describe the aqueous solvent
merely as a structureless continuum with a dielectric constant
of bulk water. Such an approach can capture the longer-range
dielectric effects of the solvent on the biomolecule;31

nevertheless, in many cases, local interactions between
functional groups at the solute surface with adjacent water
molecules are important and require atomistic description.32

The good news is that in most cases, one or two layers of
explicit “granular” waters around the solute surrounded by a
dielectric continuum represent a satisfactory description of the
solvent effects.33,34

The second and arguably more important message is
addressed to our community of physical chemists. An attempt
to formulate it in a somewhat lighter tone is presented as an
unpolished drawing by the author in Figure 1. Although water,

including its interfacial layer15 as well as ions and osmolytes,35

plays a key role in establishing the homeostasis, it is primarily
the biomolecule itself which carries the biological function. It is
a fact that individual water molecules and ions in binding
pockets of enzymes can play an important role.36 However,
there is little direct evidence that collective motions of the
hydration layer are decisive for protein function, potentially
save for extreme conditions of strong dehydration or

Published: July 2, 2015

Figure 1. Cartoon representing the key message of this Viewpoint:
water (with salt ions and osmolytes) is essential for proper functioning
of biological molecules, but the functionality dominantly belongs to
the biomolecule itself (represented as a fish in the drawing).

Viewpoint
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cooling11,14,15,37,38 (although even there, the degree of water
involvement in biological functionality is a matter of
debate39,40). As physical chemists who naturally tend to
understand water better than biomolecules, we may sometimes
have a tendency to overemphasize the role of the former at the
expense of the latter. For this almost psychological reason and,
more importantly, due to the scientific reasoning outlined
above, I would argue that the term biological water should be
dropped. It is perfectly justifiable to talk about water in biology
and discuss the role of interfacial water around biomolecules
with its distinct properties. However, using the term biological
water with all its connotations toward a hypothetical state of
cellular “vicinal water” carrying biological function41,42 might be
bringing us dangerously close to the long overcome concept of
“vis vitalis”.43−45
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cooling11,14,15,37,38 (although even there, the degree of water
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expense of the latter. For this almost psychological reason and,
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above, I would argue that the term biological water should be
dropped. It is perfectly justifiable to talk about water in biology
and discuss the role of interfacial water around biomolecules
with its distinct properties. However, using the term biological
water with all its connotations toward a hypothetical state of
cellular “vicinal water” carrying biological function41,42 might be
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scheme is the lock-and-key paradigm46,47 (Figure 10) proposed
by Emil Fisher (1852−1919) in 1894 to explain the specificity
of enzyme action in yeast fermentation of sugars.

Fisher also noted that enzymes, which were yet to be
characterized, were likely to be asymmetric molecules. Unlike
traditional interactions, such van der Waals or electrostatic
(Coulomb), that can be written in terms of some force law or
interaction potential, such complementary interactions are
specific to each ligand−receptor pair and (at least so far) have
not been successfully described in terms of an analytical
equation or even a series of equations that can be easily solved,
offering a daunting challenge to those attempting to model such
systems or interactions quantitatively.

Importance of Rare Events. There has been a recent
appreciation of the importance of rare events, especially in
immunological recognition interactions in biology, but also
more generally. This phenomenon is illustrated in Figure 11 for
a binding and unbinding process, showing how two cell surfaces
may be made to bind by the initial linking of a single molecule
(ligand) to a receptor molecule on the opposite surface, which
then brings the rest of the two surfaces together. This is an
example of a rare event, where the probability of the ligand
extending out as far as it did is, according to mean-field
theories, very low but that when it does occur the resulting
ligand−receptor bond triggers a process that brings the two
cells together. One hears of single molecules pollinating a
flower, which is another example of a major event occurring
that is not determined by mean-field theories or averaged
quantities.

Figure 10. Lock-and-key concept first introduced into immunology by
Paul Ehrlich (1854−1915) who suggested that cell surfaces are
equipped with specific side chains to which stereocomplementary
toxins can bind.48 Neither the lock-and-key representation nor the
side-chain model is an exact description of molecular events, but they
were helpful in describing the level of complexity involved in specific
interactions, and cartoons such as the one shown here are still used
today to illustrate biospecific, ligand−receptor, antibody−antigen, and
other types of complementary noncovalent interactions.

Figure 11. Examples of the complexity of biological interactions involving the molecular binding and unbinding of a ligand and receptor on a
biological cell surface (such as the cell membrane). On fast approach (a → b), there is an additional kinetic force barrier because the ligand does not
have time to find the binding site until some finite time after the surfaces have been close together (b → c). On separation (c → d, e), depending on
the relative bond energies, bond lengths, and the rate of separation, the original ligand−receptor bonds may break (d), lipid molecules may be pulled
out of the membrane, the receptor molecules may be pulled out, or the protein may unfold (e). Other scenarios are also possible, including statistical
combinations of the above. Note how such systems involve many different bonds acting (binding and unbinding) in parallel and/or in series, both of
which are very difficult to model. Reprinted from ref 8, copyright 2011, with permission from Elsevier.
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"It is very easy to answer many fundamental biological questions; you just look at the 
thing!... Make the microscope one hundred times more powerful, and many problems in 
biology would be made very much easier."

Richard Feynman, in There is plenty of room at the bottom (1959)

Biologia mais quantitativa baseada em:

- Ferramentas experimentais sofisticadas

- Modelos sofisticados de sistemas biológicos

Física (+ Química) Biologia

Proposta de novos experimentos
desafiando paradigmas biológicos

Nanobiociência ou (bio)nanociência???



There are some simple criteria to be considered, when cantilevers are fabricated: 
• resonance frequency fR  > 100Hz (building vibrations), > 10kHz (sound waves)
• high force sensitivity requires low spring constants (MFM:, 0.1 N/m, mRFM: 0.001 N/m)
• atomic resolution requires spring constant to be in range of atomic spring constants > 10N/m
• thermal vibrations of the cantilever < 0.1nm, i.e. k>0.4N/m @ 300K
It can be shown that only cantilevers of dimensions in the micrometer range fulfil these design criteria. 
Generally, higher resonance frequencies require smaller cantilevers.

single cristalline silicon cantilevers

force constant: 0.01 – 100 N/m
resonance frequency: 5 – 500 kHz

ultrasharp tip

>10µm
radius
< 3nm

Team Nanotec GmbH, www.team-nanotec.de

high-aspect ratio tips

Force Sensors - Cantilevers
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Atomic Force Microscopy (AFM)
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FIG. 1. Description of the principle operation of an STM
as well as that of an AFM. The tip follows contour B, in one
case to keep the tunneling current constant (STM) and in
the other to maintain constant force between tip and sample
(AFM, sample, and tip either insulating or conducting).
The STM itself may probe forces when a periodic force on
the adatom 3 varies its position in the gap and modulates
the tunneling current in the STM. The force can come from
an ac voltage on the tip, or from an externally applied mag-
netic field for adatoms with a magnetic moment.

A: AFM SAMPLF
B: AFM DIAMOND TIP
C: STM TII (Au)
LI: CANTILEVER,

STM SAMPLE
E: MODULATING PIEZO
F: VITON

.25 mm

DIAMOND
TIP

.8 mm

LEVER
{Au- FOIL)~

FIG. 2. Experimental setup, The lever is not to scale in
(a). its dimensions are given in (h). The STM and AFM
piezoelectric drives are facing each other, sandwiching the
diamond tip that is glued to the lever.

required to produce these displacements is 2&& 10 ' N
and this is reduced by 2 orders of magnitude when a
cantilever with a 0 of 100 is driven at its resonant fre-
quency.

AFM images are obtained by measurement of the
force on a sharp tip (insulating or not) created by the
proximity to the surface of the sample. This force is
kept small and at a constant level with a feedback
mechanism. %hen the tip is moved sideways it will
follow the surface contours such as the trace 8 in Fig.
1.

The experimental setup is shown in Fig. 2. The can-
tilever with the attached stylus is sandwiched between
the AFM sample and the tunneling tip. It is fixed to a
small piezoelectric element called the modulating
piezo which is used to drive the cantilever beam at its
resonant frequency.

The STM tip is also mounted on a piezoelectric ele-
ment and this serves to maintain the tunneling current
at a constant level. The AFM sample is connected to a
three-dimensional piezoelectric drive, i.e., the x,y, z
scanner. A feedback loop is used to keep the force
acting on the stylus at a constant level. Viton spacers
are used to damp the mechanical vibrations at high fre-
quencies and to decouple the lever, the STM tip, and
the AFM sample. The tip is brought in close proximi-
ty to the sample by mechanical squeezing of the Viton
layers. High-frequency ( ) 100 Hz) filtering of build-
ing vibrations is done as in the pocket-size STM' with
a stack of metal plates separated by Viton.

We have operated the AFM in four different modes
which relate to the connections of the two feedback
circuits, one on the STM and the other on the tip. All
four of these modes worked in principle. They each
served to maintain a constant force, fo, between the
sample and the diamond stylus while the stylus fol-
lowed the contours of the surface.

In the first mode we modulated the sample in the z
direction at its resonant frequency (5.8 kHz). The
force between the sample and the diamond stylus —the
small force that we want to measure —deflects the lev-
er holding the stylus. In turn, this modulates the tun-
neling current which is used to control the AFM-
feedback circuit and maintain the force fo at a constant
level.

In the second and third modes, the lever carrying the
diamond stylus is driven at its resonant frequency in
the z direction with an amplitude of 0.1 to 10 A. The
force, fo, between sample and stylus changes the
resonant frequency of the lever. This changes both
the amplitude and phase of the ac modulation of the
tunneling current. Either of these can be used as a sig-
nal to drive the feedback circuits.

In the fourth mode we used one feedback circuit. It
was connected to the AFM and it was controlled by the
tunneling current in the STM. This system maintained
the tunneling gap at a constant level by changing the
force on the stylus.

The fourth mode was further improved by reconnec-
tion of both feedback circuits in such a way that the
AFM sample and the STM tip were driven in opposite
directions with a factor n less in amplitude for the
STM tip. The value of a ranged from 10 to 1000.

In contrast to previous methods, the absolute value
of fo, the force on the stylus, was not well defined ex-
cept at the beginning of the measurement. The defor-
mation of the spring, 4z, is we11 calibrated at the start-
ing point, but as the measurement proceeds each com-
ponent of the system moves in an unknown way be-
cause of thermal drifts. These change the initial cali-
bration. Additionally, we know that the three-
dimensional motion of the AFM sample must produce
modest amounts of change in Az so as to compensate
for the simultaneous motion of the stylus as it follows
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atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms andmole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (C22H14, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, EF, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near EF, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1Å, as
pointed out byGiessibl (13). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffness of the
tuning fork [spring constant k0 ≈ 1.8 × 103 N/m
(15), resonance frequency f0 = 23,165 Hz, and
quality factor Q ≈ 5 × 104] allows stable opera-
tion at oscillation amplitudes down to 0.2 Å. A
metal tip (16) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached tomeasure the tunneling current (17).
The bias voltage V was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (10, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
andAFM (Fig. 1, C andD)modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a COmolecule was deliberately picked up
with the tip (16), which led to an increased resolu-
tion in the AFMmode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (10). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Df was being recorded (16). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Df is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C andD), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

We observed local maxima of Df(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Df images with
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Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point I = 110 pA, V = 170 mV; (C) tip
height z = –0.1 Å [with respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 Å; and
(D) z = 0.0 Å, A = 0.8 Å. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at
the tip apex.
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Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (A) Ag tip, z= –0.7 Å, A= 0.6 Å; (B) CO tip, z=+1.3 Å, A= 0.7 Å; (C) Cl tip, z= –1.0 Å, A= 0.7 Å; and
(D) pentacene tip, z=+0.6 Å, A=0.5 Å. The z values are given with respect to a STM set point of I=2 pA, V=
200 mV above the NaCl(2 ML)/Cu(111) substrate.
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Ligações químicas

Microscopia de Força Atômica (AFM)

oriented immobilization of IgGs has been evaluated by the reactivity
to antigens30. These indirect methods are indeed suitable for the
optimization of biosensors, but it is equivocal to judge if sensing
molecules exert their ability as much as possible. In this study, we
could directly observe real-time movement of mouse IgG3s tethered
onto ZZ-BNCs in solution by HS-AFM. It was therefore confirmed
that ZZ-BNCs achieved oriented immobilization of IgGs, which has
been hypothesized by functional analyses9–11, by tethering Fc subu-
nits in nearly close-packed arrangement and minimizing the steric
hindrance of Fv regions for efficient antigen bindings. Since ZZ-
BNCs are stable to heat, chemical, and mechanical stresses9,
ZZ-BNCs would be an ideal and practical scaffold for oriented
immobilization of IgGs.
When observing the surface of biosensors by EM and AFM, it is

essentially difficult to identify what molecules are adsorbed onto
solid phase. For the molecular identification in EM, samples are
usually pre-treated with labelling reagents (e.g., gold particle-labelled
antibodies). Worse yet, since conventional AFM can detect the rug-
gedness of sample surface only, it is nearly impossible to identify the
molecules on the surface of mixed samples. On the contrary, HS-
AFM can identify themolecules on the surface of solid phase by their
movements without any modification. Taken together, HS-AFM
might be worthwhile for the refinement of other biosensing mole-
cules (e.g. ligands, receptors, aptamers, sugar chains, lectins) in vari-
ous biosensors at the single molecule level.

Methods
ZZ-BNCs. ZZ-BNCs were overexpressed in Saccharomyces cerevisiae AH22R2 cells
carrying the ZZ-BNC-expression plasmid pGLD-ZZ507,8. Following a previously
described purification protocol for BNC31, ZZ-BNCs were extracted from yeast cells

by disruption with glass beads and purified using anAKTATM liquid chromatography
system (GEHealthcare, Amersham, UK) by affinity chromatography on porcine IgG,
followed by gel filtration. The ZZ-BNCs were analyzed by 12.5% SDS-PAGE,
followed by silver staining (Wako Chemicals, Osaka, Japan).

High-speed AFM. Topology images of ZZ-BNCs and mouse IgG3s (Sigma-Aldrich,
St Louis, MO, USA) were obtained on a high-speed AFM system (Nano Live Vision,
RIBM, Tokyo, Japan) using a silicon nitride cantilever (BL-AC10EGS, Olympus,
Tokyo, Japan). To obtain static images, either ZZ-BNCs (50 mg ml21, 2 ml) or mouse
IgG3s (1 mg ml21, 2 ml) were adsorbed on amica surface (Ted Pella Inc., Redding, CA,
USA), incubated for 10 min, washed with phosphate-buffered saline (PBS) three
times, and then subjected to time-lapse imaging. To observe the real-time movement
of IgGs on ZZ-BNC in solution, ZZ-BNCs (50 mg ml21, 2 ml) were adsorbed onto an
atomically flat gold surface (Auro sheet (111) HS; Tanaka Kikinzoku Kogyo K.K.,
Tokyo, Japan), incubated for 10 min, washed with PBS three times, subjected to time-
lapse imaging (0 s), and thenmixedwithmouse IgG3 (50mgml21, 4ml) (55 s). Images
(192 3 144 pixels) were obtained at a scan rate of 0.2 frames per second (fps) for
1,300 s. Images were analyzed by ImageJ 1.44o software (http://rsbweb.nih.gov/ij/)
and PaintShop Pro software (COREL Corporation, Ontario, Canada). Semi-
automated, single-particle reconstructions were performed using the EMAN software
package, v1.916. Ten particles were selected from 48 frames of the HS-AFM movies
(total 761 frames) using the boxer program in the EMAN package.
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Figure 3 | Analyses of themovement ofmouse IgG3 onZZ-BNC. (a) Positions of the centre ofmass ofmouse IgG3 onZZ-BNC are shownwith blue dots
(n5 210). The 99% confidence level is indicated by the red circle. (b) Postulated structure of mouse IgG3 on ZZ-BNC. Mouse IgG3 was tightly bound
onto ZZ-BNC through the Fc subunit with Fab subunits swinging outwardly. Centres of mass of IgGs are indicated with black asterisks. (c) Relationship
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of the movement of mouse IgG3 (centre of mass). Cumulative relative occurrence (%) of each speed is indicated with a blue line.
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(red arrowheads in Fig. 2c) changed from 14.4, 19.6 and 12.6 nm (left
panel) to 24.7, 27.7 and 18.0 nm (right panel), respectively. Next, the
portion of attachments on ZZ-BNC was extracted with PaintShop
Pro software by setting the height of the ZZ-BNC surface (14.4 nm)
as a threshold (Fig. 2d and Supplementary Movie 2). The attachment
appeared on the surface of ZZ-BNC 55 s after the addition of IgG
(110 s from the start, red arrows in Figs. 2b and d), suggesting that
mouse IgG3s were captured by ZZ-BNCs and retained during the
observation.

Analyses of the movement of mouse IgG3 on ZZ-BNC. The posi-
tions of the centre of mass of attachments were calculated from their
projected areas using ImageJ software and were found to exhibit a
two-dimensional Gaussian distribution (major axis, 25.6 nm; minor
axis, 20.4 nm; Fig. 3a). Because the length between the centre of mass
of mouse IgG3 and the tip of the Fc subunit was estimated to be 19.1
6 4.0 nm (see above), the deflection angle of mouse IgG3 on ZZ-
BNC was estimated to be 88.1 6 20.5 degrees. These results
demonstrate that mouse IgG3s were tightly bound onto ZZ-BNC
through the Fc subunit with Fab subunits swinging outwardly
(Fig. 3b). The average speed of movement of mouse IgG3 was
estimated as 4.6 6 3.0 nm (13.8 6 9.0 degrees) per 5 s (Fig. 3c).
The speed fluctuated from 0.24 to 15.6 nm (0.74 6 0.14 to 49.7 6
10.1 degrees) per 5 s (Fig. 3d). It has been reported that the diffusion
coefficient of monomeric human IgG is ,4 3 1027 cm2 s21,
implying that one IgG molecule can move spontaneously at 20 nm
per 5 second24. These results indicate that IgGmolecules on ZZ-BNC
undergo rotational Brownian motion. ZZ-BNC acts as a scaffold for
oriented-immobilization of IgGs, being expected to enhance the
sensitivity and specificity of a wide range of immunosensors and
immunoassays.

Discussion
The surface structure of BNC (recombinant yeast-derived HBsAg L
protein particle) has been analyzed by conventional transmission
electron microscopy (TEM) and AFM in air8,9,25. While rugged sur-
face was suggested by TEM observation, no protrusion has so far
been identified. Recently, the surface structure of native HBV virion
has been analyzed by electron cryomicroscopy17. The envelope of
HBV virion was decorated with 160–200 surface protrusions that
are spaced ,6 nm apart. In this study, HS-AFM observation
revealed for the first time that ZZ-BNC (a derivative of BNC) in
solution displays 54 surface protrusions that are spaced 8.2 6
1.7 nm apart. The small differences in space may be attributed to
either the conditions for observation (air versus solution) or themass
of displayedmolecules (,14-kDa pre-S region for HBV virion versus
,20-kDa ZZ domains for ZZ-BNC). Furthermore, during the bio-
synthesis of HBsAg particle in recombinant mammalian cells,
nascent HBsAgs were shown to translocate across endoplasmic
reticulum (ER) membrane along with the formation of intramole-
cular disulfide bonds, dimerize by forming intermolecular disulfide
bonds, and then spontaneously assemble into particle structure with-
out forming multimers19. But, while recombinant yeast-derived
HBsAg L proteins (including HBsAg S and M proteins) form multi-
mers by intermolecular disulfide bonds8, it has not been determined
if they form dimers or not prior to the formation of BNC. In this
study, nascent ZZ-L proteins (a derivative of HBsAg L protein)
translocated across yeast ER membrane were strongly suggested to
dimerize firstly, assemble to particle structures, and then formmulti-
mers by intermolecular disulfide bonds. Therefore, it was considered
that more oxidative conditions of protein biosynthesis in yeast cells26

rather than mammalian cells27 might contribute to the formation of
multimeric HBsAg proteins in yeast cells8.
In the development of biosensors, it is indispensable to decipher

the direction, shape, and movement of sensing molecules on solid
phase for improving sensitivity, specificity, and analyte-binding
capacity. Conventionally, these molecules have been analyzed by
electron microscopy (EM) and AFM12–14. While both methods
allowed us to observe IgGs at single molecule level, the former could
be operable only in air. However, they could neither achieve real-time
observation of IgGs in solution nor distinguish Fc from Fab clearly.
Exceptionally, Garcia et al. have succeeded in identifying the position
of the Fc and Fab fragments in air by tapping-mode AFM28,29. The
technical defects of these methods have forced us to evaluate the
sensingmolecules on solid phase by indirect methods (i.e., functional
analyses). For example, in case of immunosensors, the degree of

Figure 2 | HS-AFM analyses of mouse IgG3 and ZZ-BNC in solution.
(a) HS-AFM images of mouse IgG3 molecules. Bar, 20 nm. (b) Video
image of the movement of mouse IgG3 on ZZ-BNC (0.2 fps). Yellow
arrow, the addition of mouse IgG3. Red arrow, first appearance of
attachment. Times (s) after the start of observation are indicated in the left
margin. Bar, 20 nm. (c) HS-AFM images of ZZ-BNCs on a gold surface
without (10 s, left panel)/with (150 s, right panel) mouse IgG3. ZZ-BNC
used for (b) is indicated by a white box. The locations where mouse IgG3
appeared are indicated by red arrowheads. Bars, 20 nm. (d) Binarized
video image of themovement ofmouse IgG3 on ZZ-BNC (0.2 fps). Yellow
arrow, the addition of mouse IgG3. Red arrow, first appearance of mouse
IgG3. Times (s) after the start of observation are indicated in the left
margin. Bar, 20 nm.
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oriented immobilization of IgGs has been evaluated by the reactivity
to antigens30. These indirect methods are indeed suitable for the
optimization of biosensors, but it is equivocal to judge if sensing
molecules exert their ability as much as possible. In this study, we
could directly observe real-time movement of mouse IgG3s tethered
onto ZZ-BNCs in solution by HS-AFM. It was therefore confirmed
that ZZ-BNCs achieved oriented immobilization of IgGs, which has
been hypothesized by functional analyses9–11, by tethering Fc subu-
nits in nearly close-packed arrangement and minimizing the steric
hindrance of Fv regions for efficient antigen bindings. Since ZZ-
BNCs are stable to heat, chemical, and mechanical stresses9,
ZZ-BNCs would be an ideal and practical scaffold for oriented
immobilization of IgGs.
When observing the surface of biosensors by EM and AFM, it is

essentially difficult to identify what molecules are adsorbed onto
solid phase. For the molecular identification in EM, samples are
usually pre-treated with labelling reagents (e.g., gold particle-labelled
antibodies). Worse yet, since conventional AFM can detect the rug-
gedness of sample surface only, it is nearly impossible to identify the
molecules on the surface of mixed samples. On the contrary, HS-
AFM can identify themolecules on the surface of solid phase by their
movements without any modification. Taken together, HS-AFM
might be worthwhile for the refinement of other biosensing mole-
cules (e.g. ligands, receptors, aptamers, sugar chains, lectins) in vari-
ous biosensors at the single molecule level.

Methods
ZZ-BNCs. ZZ-BNCs were overexpressed in Saccharomyces cerevisiae AH22R2 cells
carrying the ZZ-BNC-expression plasmid pGLD-ZZ507,8. Following a previously
described purification protocol for BNC31, ZZ-BNCs were extracted from yeast cells

by disruption with glass beads and purified using anAKTATM liquid chromatography
system (GEHealthcare, Amersham, UK) by affinity chromatography on porcine IgG,
followed by gel filtration. The ZZ-BNCs were analyzed by 12.5% SDS-PAGE,
followed by silver staining (Wako Chemicals, Osaka, Japan).

High-speed AFM. Topology images of ZZ-BNCs and mouse IgG3s (Sigma-Aldrich,
St Louis, MO, USA) were obtained on a high-speed AFM system (Nano Live Vision,
RIBM, Tokyo, Japan) using a silicon nitride cantilever (BL-AC10EGS, Olympus,
Tokyo, Japan). To obtain static images, either ZZ-BNCs (50 mg ml21, 2 ml) or mouse
IgG3s (1 mg ml21, 2 ml) were adsorbed on amica surface (Ted Pella Inc., Redding, CA,
USA), incubated for 10 min, washed with phosphate-buffered saline (PBS) three
times, and then subjected to time-lapse imaging. To observe the real-time movement
of IgGs on ZZ-BNC in solution, ZZ-BNCs (50 mg ml21, 2 ml) were adsorbed onto an
atomically flat gold surface (Auro sheet (111) HS; Tanaka Kikinzoku Kogyo K.K.,
Tokyo, Japan), incubated for 10 min, washed with PBS three times, subjected to time-
lapse imaging (0 s), and thenmixedwithmouse IgG3 (50mgml21, 4ml) (55 s). Images
(192 3 144 pixels) were obtained at a scan rate of 0.2 frames per second (fps) for
1,300 s. Images were analyzed by ImageJ 1.44o software (http://rsbweb.nih.gov/ij/)
and PaintShop Pro software (COREL Corporation, Ontario, Canada). Semi-
automated, single-particle reconstructions were performed using the EMAN software
package, v1.916. Ten particles were selected from 48 frames of the HS-AFM movies
(total 761 frames) using the boxer program in the EMAN package.
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Figure 3 | Analyses of themovement ofmouse IgG3 onZZ-BNC. (a) Positions of the centre ofmass ofmouse IgG3 onZZ-BNC are shownwith blue dots
(n5 210). The 99% confidence level is indicated by the red circle. (b) Postulated structure of mouse IgG3 on ZZ-BNC. Mouse IgG3 was tightly bound
onto ZZ-BNC through the Fc subunit with Fab subunits swinging outwardly. Centres of mass of IgGs are indicated with black asterisks. (c) Relationship
between speed (nm per 5 s) and time (s) for the movement of mouse IgG3 (centre of mass). (d) Relationship between occurrence and speed (nm per 5 s)
of the movement of mouse IgG3 (centre of mass). Cumulative relative occurrence (%) of each speed is indicated with a blue line.
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1,300 s. Images were analyzed by ImageJ 1.44o software (http://rsbweb.nih.gov/ij/)
and PaintShop Pro software (COREL Corporation, Ontario, Canada). Semi-
automated, single-particle reconstructions were performed using the EMAN software
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Single-molecule force 
spectroscopy experiments
The immobilization of the ligand and receptor 
molecules on the AFM tip and sample surface, 
respectively, are crucial for the success of the 
experiments. Among the research groups per-
forming these experiments, it is standard to use 
covalent chemistry to attach the molecules [28]. 
This ensures that the only rupture events mea-
sured are those between the receptor and the 
ligand, by allowing events only within the length 
range of the used linkers for the statistical ana-
lysis. Another important general rule is to attach 
the molecules to the tip and surface, respec-
tively, using linker molecules, such as hetero-
bifunctional poly(ethylene) glycols (PEG) with 
lengths between 10 and 40 nm. A typical immo-
bilization set-up can be seen in FIGURE 2. Attaching 
each binding partner to the tip or surface with 
flexible linkers is crucial for three reasons: it 
enables the molecules to rotate freely and, thus, 
makes the binding site accessible; it increases the 
distance between the tip and surface and, thus, 
mitigates direct tip–surface interactions such as 

electrostatics, which would otherwise influence 
the ligand–receptor rupture force; and it enables 
the discrimination of s ingle-molecule events. 

In force spectroscopy experiments, the can-
tilever is cycled down to the surface and then 
retracted. If the binding partners build a complex 
when the cantilever is cycled down, the cantile-
ver bends towards the surface during retraction 
after the tip leaves the surface. The molecules are 
stretched, and the force acting on the complex 
increases until the bond between the ligand and 
receptor breaks and the cantilever jumps back 
to normal position. FIGURE 1B shows three typical 
force–distance curves (only the retracting part is 
shown) using different linker lengths observed 
in SMFS experiments. Curve 1 is acquired in an 
experiment using approximately 30-nm linkers 
on both ligand and receptor. This is an exam-
ple of a curve that can be assumed to show the 
unbinding of a single ligand–receptor pair: there 
is only one rupture at a distance corresponding 
to the length of the two linkers. However, many 
curves observed in SMFS are difficult to analyze, 
such as 2 and 3. Curve 2 shows a double rupture 
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Figure 1. Typical single-molecule force spectroscopy set-up and typical force–distance 
curves. (A) Typical single-molecule force spectroscopy set-up. The atomic force microscopy tip can 
be moved relative to the surface with sub-nanometer precision, while forces in the pico–micro 
Newton range can be determined by the deflection of the cantilever. The molecules are immobilized 
via a linker on the tip and surface, respectively. (B) Typical force distance curves (only the retracting 
part) showing rupture and adhesion events. (1) A typical specific rupture force event of molecules 
connected via two 30-nm poly(ethylene) glycol linkers. After accounting for the movement of the 
cantilever due to the bending, the rupture length is 58 nm. (2) A double rupture event. Although this 
last event might be a single-molecule event, it should not be counted for single-molecule ana lysis, 
since the distance-dependent force is not known and cannot be reconstructed. (3) A system with a 
30-nm linker on the cantilever and a 2-nm linker on the surface.
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receptor-ligante individuais
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Arrays de nanofios como sensores de força de adesão de bacterias e biofilmes bacterianos
P. Sahoo et al., Nano Letters (2016)
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⊥Oswaldo Cruz Foundation, Carlos Chagas Institute, Curitiba, Parana ́ 81310-020 Brazil
#Molecular Biology Institute of Parana,́ Curitiba, Parana ́ 81310-020 Brazil

*S Supporting Information

ABSTRACT: Electrically active field-effect transistors (FET)
based biosensors are of paramount importance in life science
applications, as they offer direct, fast, and highly sensitive label-
free detection capabilities of several biomolecules of specific
interest. In this work, we report a detailed investigation on
surface functionalization and covalent immobilization of
biomarkers using biocompatible ethanolamine and poly-
(ethylene glycol) derivate coatings, as compared to the
conventional approaches using silica monoliths, in order to
substantially increase both the sensitivity and molecular
selectivity of nanowire-based FET biosensor platforms.
Quantitative fluorescence, atomic and Kelvin probe force
microscopy allowed detailed investigation of the homogeneity
and density of immobilized biomarkers on different biofunctionalized surfaces. Significantly enhanced binding specificity,
biomarker density, and target biomolecule capture efficiency were thus achieved for DNA as well as for proteins from pathogens.
This optimized functionalization methodology was applied to InP nanowires that due to their low surface recombination rates
were used as new active transducers for biosensors. The developed devices provide ultrahigh label-free detection sensitivities ∼ 1
fM for specific DNA sequences, measured via the net change in device electrical resistance. Similar levels of ultrasensitive
detection of ∼ 6 fM were achieved for a Chagas Disease protein marker (IBMP8-1). The developed InP nanowire biosensor
provides thus a qualified tool for detection of the chronic infection stage of this disease, leading to improved diagnosis and
control of spread. These methodological developments are expected to substantially enhance the chemical robustness, diagnostic
reliability, detection sensitivity, and biomarker selectivity for current and future biosensing devices.
KEYWORDS: Biosensor, nanowire, indium phosphide, Chagas Disease, field effect transistor, surface chemistry

The efficient detection of exiguous fractions of specific
biomolecules is a challenge in medical diagnostics and life

science due to important applications in disease diagnosis,
environmental monitoring, and drug discovery, among
others.1,2 The majority of the current detection methods rely
on specific labeling techniques or on the binding of enzymatic
ligands to a specific target molecule.3− 5 Both processes,
however, require a large amount of target biomolecules for
reliable detection, increasing diagnosis time and screening test
expenses. These shortcomings have drawn the attention of the
community to label-free, real-time monitoring electronic

biochemical sensors during the past decade, based on one-
and two-dimensional nanostructures. In particular, nanoscale
biosensors based on field effect transistors (nano-FET)
garnered substantial research effort owing to the capability of
detecting extremely small amounts of biomolecules in
physiological solution, thus providing an important tool for
early disease detection and improved treatment. The majority
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Doença de Chagas:

Rotas de migração a partir da America Latina e 
estimativa do número total de indivíduos
infectados em países não-endêmicos

”Chagas Disease: a new worldwide challenge”
Coura and Viñas, Nature (2010)
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Fig. 1. The cryo-EM structure of Zika virus at 3.8Å. (A) A representative cryo-EM image of frozen, 
hydrated ZIKV showing the distribution of virion phenotypes. Smooth, mature virus particles are 
identified by a surrounding black box. A partially mature virus particle is identified by the yellow arrow. (B) 
A surface-shaded depth cued representation of ZIKV viewed down the icosahedral two-fold axis. The 
asymmetric unit is identified by the black triangle. (C) A cross-section of ZIKV showing the radial density 
distribution. Panels B and C are color-coded based on the following radii: up to 130Å, blue; 131Å to 150Å, 
cyan; 151Å to 190Å, green; 191Å to 230Å, yellow, from 231Å, red. The region shown in blue fails to follow 
icosahedral symmetry and therefore its density is uninterruptable as is the case with other flaviviruses. 
(D) A plot of the Fourier shell coefficient (FSC). Based on the 0.143 criterion for the gold standard 
comparison of two independent data sets, the resolution of the reconstruction is 3.8Å. The x axis shows 
1/resolution in Å−1; the y axis shows the FSC value. (E) The Cα backbone of the E and M proteins in the 
icosahedral ZIKV particle (same orientation as in Panel B above) showing the herringbone organization. 
The color code fits the standard designation of E protein domains I (red), domain II (yellow) and domain III 
(blue). (F) Representative cryo-EM electron densities of several amino acids of the E protein. 
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Nano – biotecnologia para saúde



Esfera tumoral composta por células-tronco de cancer 
cerebral (azul) infectadas pelo virus da zika (vermelho)

Célula tumoral agoniza diante de infecção fulminante causada pelo
Zika vírus. O núcleo está em azul, o citoplasma em verde e o vírus em
laranja. Os "pontinhos" verdes de citoplasma ao redor da célula
indicam a morte celular devido à infecção viral.https://www.facebook.com/genomaUSP/

https://www.facebook.com/genomaUSP/


https://www.cdc.gov/coronavirus/2019-ncov/index.html

Pandemias, novos desafios

Novos “recordes”:
- conhecimento sobre o vírus
- acompanhamento
epidemiológico
- desenvolvimento de vacinas
durante a primeira onda da 
pandemia

https://www.cdc.gov/coronavirus/2019-ncov/index.html


Ciência e Tecnologia – qual o caminho??

Escala Temporal da Ideia à Inovação:

Prova de conceito

Escalabilidade e custos de produção

Papel do mercado

https://www.cloudwatchhub.eu/exploitation/brief-refresher-technology-readiness-levels-trl

(*) TRL desenvolvido pela NASA e 
usado por várias agências e indústrias

https://www.cloudwatchhub.eu/exploitation/brief-refresher-technology-readiness-levels-trl


                                                               

 

 

 

 

Obrigada pela atenção!!

Good communication, whether it is between
quorum-sensing bacteria or the different
scientists studying those critters, is the key to a
successful interdisciplinary collaboration.

Bonnie Bassler and Ned Wingreen, 
Princeton University


