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The fabrication of miniature objects by particle self-
assembly into colloidal crystals with various morphologies
has attracted widespread technological interest because of
the objects’ inherent nanoscale optical, electrical, magnetic,
and mechanical functionality.1 Similar structures also have
potential in biomedical and biotechnological applications and
are being synthesized as vehicles for encapsulation, biosens-
ing, and drug delivery.2 The controlled synthesis of these
materials with desired structural and functional properties
requires a comprehensive understanding of the underlying
physical phenomena that govern colloidal self-assembly in
small volumes.

We report here a process for efficient and reproducible
preparation of assemblies with a controlled hemispherical
shape 10-100 µm in diameter. These structures are of
technological interest because when mounted on atomic force
microscope (AFM) cantilevers, they can act as porous and
permeable microindenters with a flat punch end for biome-
chanical characterization and hydraulic permeability studies
on whole cells and biological surfaces at the microscale. Such
indenters should have a relatively smooth contact surface in
order to reliably define the compression process and suf-
ficient porosity to allow fluid passage through the pores
during a test. The curvature of the assemblies would allow
attaching the probe at a desired angle to the cantilever such
that the indenting surface of the probe is parallel to the
sample surface and normal loading is attained.3

Colloidal microspheres can, in principle, be assembled in
small volumes by the controlled drying of small suspension
droplets on a surface. This process, however, usually does
not yield hemispheres and typically results in “coffee rings”,
as the particles are concentrated at the droplet periphery,

hindering the formation of well-shaped patches (Figure 1a).
The formation of uniform and well-structured particle
assemblies from sessile droplets thus requires intricate control
over the drying dynamics of the droplet and the resulting
process of particle assembly. The shape of the templating
meniscus in a drying liquid droplet is determined by the
dynamics of the receding contact line. The droplets could
dry at constant contact angle with decreasing contact area,
or constant contact area with decreasing contact angle.4 For
real liquids, the mode of evaporation, and hence the profile
change, also depends on droplet volume,5 evaporation rate,6

substrate roughness, and substrate chemical heterogeneity.7

Drying of droplets from particle suspensions introduces an
additional set of complexities. Particle-surface interactions,
particle-particle interactions, and convective particle motion
within the drying drop can influence meniscus shape and
kinetics of sessile droplet evaporation.8

In preliminary experiments, we found that during drying
of microliter droplets of suspension on moderately hydro-
phobic surfaces with a contact angle between 80 and 100°,
the dynamic shape of the meniscus can be controlled
exclusively by the contact angle and particle concentration.
This allows for tuning the microparticle assembly architecture
and dimensions by judicious choice of solid substrate and
droplet volume. In a typical experiment, droplets of latex
suspension were deposited onto standard glass microscope
slides treated with silane to yield an advancing contact angle
of 100( 2°.9 The drying process of droplets containing latex
particles with diameters in the range of 300-1100 nm were
studied.10 The evaporation dynamics of the drying colloidal
suspension drops were monitored using a CCD camera
affixed to a microscope, and the resulting crystalline structure
was observed with scanning electron microscopy (SEM).11
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These experiments allowed us to outline the conditions
conducive to depositing hemispherical assemblies. The
“coffee ring” structure dominated for droplets deposited onto
a glass surface with vanishing contact angle (Figure 1a). The
contact line pinned within just a few seconds after deposition.
The particles were concentrated and confined in the thin film
that formed and were transported to the periphery by the
flux of liquid, compensating for evaporation near the three-
phase contact line.12 The drying dynamics turned out to be
markedly different when droplets were deposited onto
moderately hydrophobic surfaces. Initially, the contact line
was pinned. During this first stage of drying, the contact
angle switched from the advancing angle of 100° to the
receding value of 90° for silane-treated glass. The initial stage
was followed by release of the contact line and a prolonged
period of drying with little change in contact angle (Figure
2b). The shape of the templating meniscus can be estimated
by comparing the relative magnitude of gravitational forces
and surface tension forces on the drying drop. The ratio of
these forces is expressed by the dimensionless Bond number,
Bo ) FgD2/σ, where F is the density of water,g is the
acceleration due to gravity,D is the droplet diameter, andσ
is the surface tension of water. In our experiments, the
volumes studied were<2 µL, and hence Bo< 0.1.
Therefore, the drying droplet is a hemispherical cap with
shape dictated solely by the intrinsic receding contact angle.

This finding provided a useful means to tune the geometry
of the drying drop by choice of contact angle alone.

The use of hydrophobic substrates was a necessary, but
not sufficient condition for maintaining the desired hemi-
spherical geometry throughout drying. We found that the
final form also depends on the initial latex particle concen-
tration. For a particle concentration<1 wt %, the contact
line eventually re-pinned. The re-pinning resulted in a droplet
that deformed as particles were concentrated near the
periphery. Ultimately, this drying regime resulted in the
dimpled structure shown in Figure 1b. On the other hand,
for particle concentrations initially>1 wt %, the contact line
never re-pinned, and the spherical cap geometry was retained
(images c and d of Figure 1) throughout drying. These results
proved that to form hemispherical patches, we have to use
suspensions of high particle concentrations. This result is
somewhat counterintuitive, as it could be expected that drop-
let templating would work easier with diluted suspensions.
A number of studies have described the effect of the spatially
varying evaporation rate on internal flow patterns within the
drying drop.8c,8d This effect is particularly important when
the contact line is pinned as shown by the coffee ring
formation in Figure 1a, but likely minimal for the receding
contact line of the templating meniscus. Although it is
expected that some internal circulation will be driven by
Marangoni convection, Hu et al. and Deegan et al. observed
that the circulation is quite weak for water suspensions.8c,8d

The correlation of contact angle, particle volume fraction,
and shape and structure of the assemblies obtained is of
significant fundamental interest and will be investigated and
interpreted theoretically in a future publication.

To make hemispherical micropatches<100 µm in diam-
eter, we devised a technique for delivering small volumes
of concentrated particle suspension to the surface. The
apparatus works by spraying a fine mist of the latex
suspension13 onto a substrate (Figure 2). The suspension was
aerosolized by rapidly expelling it though a 5µL syringe.
The high spraying rate prevented all but the smallest drops
from drying before impacting with the solid support. In a
typical experiment, the dried patches had a size distribution
of diameters ranging from ca. 10-100 µm.

(10) Sulfate-stabilized, polystyrene latex microspheres (IDC, Portland, OR)
were obtained at 3 wt %. According to the product specifications
provided by Interfacial Dynamics Corporation, the surface charge
density of sulfate groups was between 8.6 and 9.6µC/m2. The
coefficient of variation in particle diameter is between 2 and 3%,
depending on the batch and mean particle diameter. Residual
contamination and preservatives were removed by gentle centrifugation
followed by replacment of the supernatant with ultrapure deionized
water obtained from a Millipore RiOs 16 system. The washing process
was repeated four times.

(11) Optical micrographs were acquired with a BX61 optical microscope
(Olympus, Melville, NY) equipped with a PDR-M81 digital camera
(Toshiba, New York, NY). Field-emission SEM was performed with
a Hitachi 4700 FESEM at 10-15 kV accelerating voltage.

(12) Denkov, N. D.; Velev, O. D.; Kralchevsky, P. A.; Ivanov, I. B.;
Yoshimura, H.; Nagayama, K.Langmuir1992, 8, 3183-3190.

(13) Besides the gentle washing step, no other solution modifications such
as adding surfactant or adjusting pH were made to the suspension
before spraying.

Figure 1. Micrographs of micropatches deposited from sessile droplets of
600 nm latex particle suspension on (a) hydrophilic glass, (b) hydrophobic
silane-treated glass with latex particle concentration<1 wt %, and (c) same
substrate at a particle concentration>1 wt %. (d) SEM image of a
hemispherical assembly similar to that shown in (c), imaged at a tilt angle
of 30°.

Figure 2. Schematics of the setup and the principle of assembly. (a)
Photograph of the spray particle assembly apparatus, and (b) mechanism
of particle templating in a drying sessile droplet.
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The dried particle aggregates were stable and could be
submerged in deionized water without disrupting their
structure. The assemblies were also found to be stable under
loads in the range of 10-100 nN from AFM-based indenta-
tion tests. The high structural stability probably is a result
of the maximized number of contacts between the micro-
spheres in the 3D crystal array. To further increase the
mechanical strength by enhanced particle-particle bonding,
we lightly sintered the assemblies at 110°C (Tg ≈ 100 °C)
for 2-5 min (Figure 3). In aggregates sintered for>5 min
(Figure 3b), the particles were found to coalesce, thereby
substantially reducing the porosity. Hence, a short sintering
time of 2 min was found to be optimal for maintaining
porosity while enhancing mechanical strength. The sintered
assemblies were then carefully attached to cantilevers using
a tiny amount (∼1 × 10-15 L) of epoxy resin (Figure 4).14

The technique for attaching particles to cantilevers is similar
to the one previously developed by Ducker et al. for colloid
force microscopy.15 The hemispherical shape ensures that
the correct angle (10-12°) for attachment was attained
(Figure 4a). The mounted particles (Figure 4) were com-
pressed in water on a Veeco Bioscope AFM by bringing
them in contact with glass slides at applied forces between
10 and 100 nN. The probes were found to be stable in water
and readily withstood the applied forces without any apparent

disruption of the assemblies. Future work will have to be
undertaken to address the effect of crystal defects and crystal
domain orientations on fluid flow through the porous
assembly, including cross-sectional analysis of the hemi-
spheres to gauge the internal uniformity in structure.
However, this is beyond the scope of the current paper, which
proves the ability to fabricate permeable hemispherical
particle assemblies.

In summary, we have developed an efficient technique to
assemble stable, microsized colloidal crystal hemispheres
from latex spheres of various diameters, which in turn creates
pores of relatively uniform geometry in the resulting
structures. The use of hydrophobized substrates and higher
volume fractions allowed for overriding of the “coffee ring”
effect that commonly distorts the spherical surface of droplets
drying on surfaces. This technique might open a route to
making miniaturized porous structures for a wide range of
applications. Novel liquid-permeable compression probes for
AFM were designed by attaching the porous hemispheres
to AFM cantilevers. The structures are stable in water and
can readily withstand the level of mechanical loading they
would endure as probes in AFM nanomechanical tests.
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(14) Silicon nitride AFM cantilevers (Veeco Metrology, Santa Barbara,
CA) were used. The hemispheres were mounted on probes with spring
constants ranging between 0.1-0.5 N/m. The example shown in Figure
4 is a V-shaped cantilever, but hemispherical assemblies have been
mounted on both rectangular and V-shaped cantilevers.

(15) Ducker, W. A.; Senden, T. J.; Pashley, R. M.Nature1991, 353, 239-
241.

Figure 3. SEM micrographs showing the microstructure of hemispherical
assemblies comprised of 910 nm microspheres (a) as-deposited, and (b)
sintered for 5 min at 110°C. Note the slight deformation of the partially
fused particles in (b).

Figure 4. (a) Side and (b) bottom SEM images of a hemispherical assembly
attached to a 0.1 N/m AFM cantilever, mounted at the desired 10° angle.
The sample was sintered for 2 min at 110°C.

Communications Chem. Mater., Vol. 19, No. 2, 2007143


