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ABSTRACT: Quantitative interpretation of the dynamic forces between micrometer-sized

AFM cantilever

deformable droplets and bubbles has previously been limited by the lack of an independent . i

measurement of their absolute separation. Here, we use in situ confocal fluorescence
microscopy to directly image the position and separation of oil droplets in an atomic force
microscopy experiment. Comparison with predicted force vs. separation behavior to describe
the interplay of force and deformation showed excellent agreement with continuum
hydrodynamic lubrication theory in aqueous films less than 30 nm thick. The combination
of force measurement and 3D visualization of geometric separation and surface deformation is

applicable to interactions between other deformable bodies.

SECTION: Macromolecules, Soft Matter

(o]]] drops-.\_*

nderstanding the interactions between drops and bubbles
Urequires a detailed knowledge of the nanoscale spatial
variations of the liquid films between these types of deformable
objects. This is important in established processing areas such as
personal care products, food technology, and pharmaceutical
purification and also in more recent innovations such as micro-
and nanofluidic devices where drops and bubbles are vectors for
transport, mixing, and synthesis of materials."” It is therefore vital
to develop a quantitative understanding of how such micro-
meter-scale deformable bodies such as drops and bubbles inter-
act with one another, and with solid surfaces, at nanometer
separations.” As a droplet approaches a surface, it deforms in
response to the hydrodynamic* and colloidal® or surface forces®
acting in the film of intervening liquid. Such complex coupling
between forces and geometry dictate stability and coalescence in
emulsions and foams and is critical in microfluidic devices as well,
where this interplay between deformation and force controls
droplet motion and friction/lubrication in channels and deter-
mines whether coalescence will occur during interaction
events.”®
To quantify these processes, accurate knowledge of three
elements is required: the position of the drops or bubbles, the
forces acting between them, and the profile of the intervening
nanoscale liquid films.” The atomic force microscope (AEM)
represents the ideal tool for measuring forces between droplets,
to sub-nano-Newton resolution.* The relative position of the
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drops or bubbles can be controlled through surface immobiliza-
tion in aqueous solution by carefully manipulating the contact
angles of the cantilever and substrate.'” Additionally, custom-
designed AFM cantilevers allow for subnanometer positioning of
the dro?s or bubbles and provide well-defined contact geo-
metries. ' What is lacking in conventional AFM experiments is
a quantitative measure of the separation between the surfaces,
which ranges from a few micrometers down to a few nanometers.
For interactions between solid objects such as particles and hard
surfaces, the absolute separation between the interacting surfaces
at all times can be known by calibrating against the point of hard
contact'” and has been measured independently with evanescent
wave scattering.'> However, for objects such as droplets that can
deform, determining the absolute separation is more complex as
contact may never occur, and both the droplet and cantilever
can deform in response to separation- and velocity-dependent
surface and hydrodynamic forces.'"* Hence, an independent
measure of absolute separation is vital in order to analyze these
systems.

Previous approaches to measuring the separation between larger
deformable surfaces have relied on optical interferometry.'>'®
However, when moving to emulsion droplets, this technique is
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Figure 1. (A) Schematic of the experimental setup, showing an oil drop
captured on the AFM cantilever, positioned over a surface-immobilized
drop in an aqueous dye solution. (B) 3D confocal image of two drops
before an interaction event. (C) 3D confocal image of the same two
drops during an interaction at a high force loading, where the drops
deform to give a region of flat film. (D) Vertical (YZ) slice of the two
deformed drops shown in (C). (E) Vertical (YZ) slice of the same two
drops at a separation of 8 ym. The white rectangle in each image is a scale
bar representing S0 xm.

quite limited because of the small lateral dimensions available.
Additionally, a large difference in the refractive index of the drop
phase and continuous phase is needed to ensure high optical
precision. This may not be possible for common water/oil
systems.

In this study, we use laser scanning confocal fluorescence
microscopy to measure the absolute separation between
droplets in situ in an AFM experiment and also to quantify
deformations in the nanofilm region during interactions. An
advantage of confocal fluorescence microscopy is that, unlike
interferometry, it does not require curved interfaces, and
hence, the flat films generated between interacting objects
that are “invisible” to interferometry can be seen. To demon-
strate the effectiveness of the technique and the accuracy of
the comparison between AFM force data and confocal images,
measurements of absolute separations for rigid systems were
first made by both methods and compared (see Supporting
Information).

Confocal microscopy has grown to prominence as a tool for
analyzing biological systems'” as internal components of cells can
be readily visualized in three spatial dimensions and noninva-
sively by staining with fluorescent dyes or labels. More recently, it
has started to become an important tool for understanding
colloidal systems such as vesicles.'® Previous combined AFM/
confocal studies have focused on observing the effects of an
applied force during biological processes," such as cell death®
and fiber growth.”"

Full details of materials and experimental methods are con-
tained in Supporting Information. Briefly, droplets of perfluor-
ooctane (PFO) were generated using a syringe to disperse the oil
under water in a specially made fluid cell. This fluorinated oil was
selected as the droglet phase in these experiments because of its
density (1.77 g/cm”), refractive index (1.30, slightly below that of
water, 1.33), and desirable chemical characteristics,* including

vanishing water solubility, ensuring stable drops with a well-
defined oil/water interface. A PFO droplet was then captured on
the cantilever of the AFM, which was mounted on an inverted
confocal microscope, to provide the necessary bottom-up geo-
metry. An Acid Red 88 solution was added to act as the
fluorescent dye; this molecule adsorbed to both the solid—water
and oil—water interfaces in the system. The cantilever and drop
were then positioned above another surface-immobilized drop to
measure drop—drop interactions (Figure 1A) or over an area of
surface where no drops were immobilized to measure drop—sur-
face interactions. A confocal image was obtained, and an inter-
action event was measured with the AFM immediately afterward.
Confocal images were used to find the precise location of the
droplet interfaces (Figure 1D,E) and hence determine their
separation to within 50 nm.

In order to validate the effectiveness of confocal imaging for
measuring absolute separations in the AFM experiment, an
image of the cantilever a few micrometers from the surface was
taken. The AFM was then used to bring the cantilever down until
it contacted the solid substrate. The distance traveled by the
AFM cantiever, as measured by the sensor of the AFM, was
then compared to the initial separation determined from the
confocal image. The two independent measurements agreed to
within 50 nm.

When dealing with droplets in confocal microscopy, it is clear
from Figure 1 that there is a “lensing” effect due to refraction of
light as it passes through the droplet interfaces in the confocal
image. However, this is minimal because of the similar refractive
indices of PFO and water, although it does mean that only certain
parts of the drop profile could be used for accurate fitting of the
drop shape. Due to the inverted geometry of the confocal
microscope, any part of the drop that is directly “seen” in a
vertical path from the bottom surface without having passed
through a liquid—liquid interface is undistorted,'” and spherical
fitting confirms this. Furthermore, transmission optical micro-
scopy measurements were also used to confirm droplet dia-
meters. It is envisaged that the lensing problem could be entirely
avoided by using a mixture of perfluorobenzene (refractive index
1.38) and PFO as the droplet phase in order to match the
refractive index of the oil to that of water. This would be more
useful in obtaining full film profiles of distorted drops, particu-
larly in circumstances where the film may be inhomogeneous due
to, for example, particle adsorption.

Drop interface profiles were extracted by measuring the pixel
intensity profiles of XY slices parallel to the surface at regular
height steps through the two drops (Figure 2A,B). The position
of the interface was taken as the maximum intensity point in the
perimeter of the 2D circle (Figure 2C). Data were fitted for
regions of the drops not affected by lensing of the interfaces. By
fitting the profiles of the drops to circles, the relative position or
separation of the two drops can be determined to a much higher
accuracy than the spatial resolution that corresponds to a single
pixel (see Supporting Information).

In order to analyze the deformational behavior of the droplets
and hence that of the nanoconfined water film between them, a
model based on hydrodynamic lubrication theory for flow in the
thin film and the Young—Laplace equation to describe drop
deformations was used to generate predicted force curves for
comparison.”® This model has been described previously in
considerable detail”* and applied in order to analyze systems
comprised of two deformable drops,* a deformable bubble
against a solid surface,!"***° and two bubbles.>?® Time and
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Figure 2. (A) 3D confocal image of two drops at a separation of 8 um.
(B) XY, XZ, and YZ slices from the 3D confocal image in (A), taken at
the points shown by gray dashed lines. (C) Intensity profiles of the slices
measured along lines 0 and /3, where one pixel corresponds to 630 nm.
The white rectangle in each image is a scale bar representing 50 #m.

spatial variations of deformations of the drops and the thickness
of the nanofilm between the drops due to the hydrodynamic
pressure and surface forces were calculated explicitly to deter-
mine variations of the cantilever deflection and hence the force of
interaction as the drops were driven together or separated.
Significantly, the model has no “free” parameters when the initial
separation determined from confocal microscopy is available
here as an input parameter. In previous studies, the absolute
initial separation between the central point of the interfaces,
h(0)initiay Was unknown and hence was unconstrained during
fitting. By measuring this initial separation directly with confocal
imaging, not only does this give direct information on the
interfaces of the interacting bodies, but it also confirms the
robustness of the theoretical framework.

Hence, confocal imaging was used to provide an independent
measurement of the droplet separation before interaction (inset
to Figure 3). The close agreement between the initial separation
derived from theoretical modeling, h(0)heoy and the confocal
image, h(0)confacal suggests that the deformation of the interfaces
when the drops interact is predicted accurately by the theoretical
framework. We can therefore be confident that continuum
hydrodynamics is obeyed for the films observed in this experiment.

Figure 3 shows the interaction between two oil droplets as
they are brought together and then moved apart at a nominal
speed of 45 um/s. As the AFM’s piezo drive is used to actuate the
approach of the droplets (moving from right to left on the
graph), there is a region where no interaction is experienced
when the droplets are far apart and the film between them is
several micrometers thick (a), and then, the force begins to
increase (b). This is because the liquid between the drops as they
approach offers some hydrodynamic resistance as the droplets
are squeezed together. Once the film has thinned substantially
(to <~100 nm), the force then increases rapidly, and the
variation is not sensitive to the drive velocity (c), where the
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Figure 3. (A) Variation of the interaction force with relative displace-
ment between two oil droplets at a nominal approach/retract speed of
45 um/s measured with AFM. Colored markers are approach (red) and
retract (blue) data, and solid lines are predictions from theoretical
modeling. (B) Fitted profile from the confocal image used to obtain
h(0)sonfesal Note that for clarity, every the fifth data point is plotted. (C)
Confocal image taken directly before the AFM measurement.

increasing Laplace pressure from deformation of the droplets
contributes. The piezo drive is then used to retract the droplets
when a fixed force of 16 nN has been reached (d). Upon
retraction, a region of negative force is seen (e), corresponding
to the hydrodynamic “suction” between the two droplets.
Because of their highly charged surfaces (zeta potentials for the
droplets were measured to be —80 £ S mV), the repulsive
pressure in the water film between drops from electrical double-
layer interactions was sufficient to maintain a continuous film at
all points and inhibit coalescence between the drops (or between
the drop and surface).

A similar interaction to the two-drop case is seen when a
droplet interacts with a flat surface (Figure 4). However, due to
the different geometry, the magnitude of the negative suction
force experienced during retraction is greater. By visualizing the
force in terms of film thickness (Figure 4A), it is clear that beyond
a certain point, increasing the force acting on the droplet does not
significantly thin the film. This is because the pressure from
surface forces (in this case, a strong repulsion from overlap of
electrical double layers) is greater than the Laplace pressure
required to deform the droplet. The minimal film thickness
(28 nm) is actually experienced upon retraction, where the
dynamic suction effect of trying to separate the interfaces causes
a negative hydrodynamic pressure, thinning the film by around
2 nm more than is achieved by the applied force. This is clearly
velocity-dependent, with greater retract velocities expected to
cause greater suction. This scenario is particularly relevant to
microfluidics, where the interaction of droplets with channel
walls is crucial. In this case, a continuous water film is preserved,
suggesting that stable lubrication would be obtained at this
interaction speed. These results aid in quantifying the role of
dynamic forces and film drainage with relation to the surface forces
acting between the solid—liquid and liquid—liquid interfaces.

An important strength of confocal microscopy is that because
it relies on a fluorescence signal rather than reflection at inter-
faces, planar (flat) films can be observed. Figure 1C and D shows
an interaction between two droplets at an applied force of 70 nN.
From modeling, the film here is predicted to be only 30 nm thick
and ~10 um in diameter. It is clear that direct visualization of this
film would prove vital in circumstances where, for example,
nanoparticles were adsorbed at the interfaces of the droplets.
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Figure 4. (A) Variation of the interaction force with relative displace-
ment between an oil droplet and solid surface at a nominal approach/
retract speed of 25 tm/s measured with AFM, shown as a function of the
modeled central film thickness, 1(0). (B) Confocal image taken directly
before the AFM measurement. (C) Fitted profile from the confocal
image used to obtain h(0)sonfecal Note that for clarity, every 10th data
point is plotted. (D) Force interaction data as displayed in (A) but
plotted as a function of the (measured) change in the cantilever—surface
separation, AX. Colored markers are approach (red) and retract (blue)
data, and solid lines are predictions from theoretical modeling.

In summary, a combined atomic force and laser scanning
confocal microscope was used to analyze the interactions be-
tween, and spatial positioning of, oil droplets. It is seen that a
continuum hydrodynamic model accurately describes the beha-
vior of water films down to separations of tens of nanometers.
Significantly, confocal imaging will prove to be a vital tool in the
next generation of force experiments with more complex systems
as it can be used where both continuum hydrodynamic theories
and interferometric techniques for measuring separations break
down. Examples may include particle-decorated interfaces, non-
Newtonian fluids, index-matched systems, and nonhomoge-
neous adsorption at interfaces.
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