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ABSTRACT: The patterned template-assisted assembly of
the cubic microparticles driven by the competing capillary,
Columbic, and van der Waals forces had been studied in
comparison with the traditional spherical colloidal micro-
particles. We observed that the spherical and cubic micro-
particles assembled with different probability in the channels of
the hydrophobic−hydrophilic patterned substrates due to
differences in a balance of adhesive and capillary forces. In
contrast to highly selective assembly of spherical micro-
particles, selective deposition of cubic microcrystals with
channels is impeded by strong adhesive forces facilitated by
large specific interfacial areas between cube facets and
substrate. The modification of the patterned substrate by
functionalized coatings with oppositely charged topmost layers significantly increases the probability (to 86%) of the cubic
microparticles to assemble into chemically modified channels. The introduction of ultrathin LbL shells on cubic microparticles
and functionalization of patterned substrates are critical for the directed colloidal assembly of anisotropic microparticles into
ordered aggregates.

■ INTRODUCTION

Spontaneous assembly of micro- and nano-sized colloidal
particles is a critically important process that plays a central role
in the construction of biological structures and synthetic
materials such as cells, viruses, bones, and nanocomposites.1−5

The control of the particle assembly by the application of
internal forces such as magnetic,6 electrostatic,7 and shear
flow8,9 could bring an additional means for the construction of
the highly ordered colloidal arrays on a hierarchical
mesoscale.10 Understanding the principles of assembly of
complex colloidal particles will point toward a novel advanced
materials at which binding of the constructed blocks are
governed mainly by shape geometry and anisotropic
interactions which can be useful for further application in
biomedical diagnostic technologies, adaptive materials, and
energy conversion and conservation.11−15

The guiding assembly of colloidal microparticles on
patterned substrates found to be useful approach for under-
standing guiding assembling principles due to its advantages in
controlled deposition of the particles and for creating long-
range order lattices with fewer defects (perfect colloidal
crystals).16,17 Such template-based assembling approaches can
be used in a hierarchical fashion, where a self-assembled
structure on a template itself becomes a template for the
assembly of other building blocks.18 For instance, Schweikart et
al. organized 60 nm silica spheres into a wrinkle substrate by
capillary forces upon dryingon alarge scale.19 Kim et al. were
able to control the selective deposition of the nanoparticles by a

combination of a template-assisted method as well as strong
attractive electrostatic forces between the oppositely charged
substrate and nanoparticles.16 Apart from electrostatically
driven interaction,20 hydrogen-bonding-mediated assembly
was applied to ligand-modified gold nanoparticles.21

The importance of the colloidal assembly into ordered arrays
and its effect on the mechanical properties of column−particle
nanocomposite was discussed by Hirakata et al.22 The loading
experiments reveal improvement of the composite material
stiffness by 2-fold in comparison with those materials without
nanoparticles. The positioning of the microparticles on the
various templates achieved through complementary shape
recognition and aided by capillary, fluidic, and gravitational
forces was found to be useful for the construction field-effect
transistor.23 Ahniyaz et al. induced the formation of defect-free
superlattices with a very high degree of orientational order by
application of an external magnetic field on a dispersion of
superparamagnetic nanocubes.24 Patterning of nanoparticles
was used to create Raman gratings and control the complex
buckling patterning of ultrathin films.25,26

It is worth noting that the guided assemblies of nano- and
microstructures are widely studied for spherical colloidal
microparticles, while the assembly of anisotropic microparticles
such as cubes has been considered only in rare cases despite the
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fact that these microparticles are highly relevant to the design of
advanced functional and biomaterials.27 DeSimone et al.
demonstrated that by utilizing the particle replication in
nonwetting templates (PRINT) technique the parameters of
anisotropic microparticles, such as shape, size, and composition,
could be manipulated and assembled.28 Recently, Jones et al.
have synthesized one-, two-, and three-dimensional structures
by using the inherent shape-directed crystallization of the
DNA-mediated anisotropic nanoparticles.29 Glotzer et al.
determined that patchy particles can be fabricated so that
arrangement of selective patches could be used to adjust the
overall structures of particle assemblies.15

Moreover, usage of microscopic and submicrometer crystals
with well-defined anisotropic shapes and selectively function-
alized facets brings into play not only long-range weak
interactions but also anisotropic steric interactions. Rycenga
et al. showed the possibility to construct clusters different in
size (from dimers to long chains) via functionalizing the six
faces of silver cubes in different schemes that is in high contrast
to the spherical isotropic colloids.30 Yet another example
involves assembly of tetrahedral CdTe nanocrystals into free-
floating sheets via a combination of electrostatic and hydrogen-
bonded interactions.31 The anisotropic interactions of Janus
spheres (that are hydrophobic on one hemisphere and
negatively charged on the other) were shown forming a variety
of complex aggregates.32 Chen et al. presented the effect of the
chemical anisotropy of Janus particles on the generation of
highly ordered lattices.33 The anisotropic interactions of the
triblock Janus particles (electrostatic repulsion in the middle,
hydrophobic attraction at the poles) resulted in the open
Kagome lattice. The resulting lattice possesses two families of
pores: one that is hydrophobic on the rims of the pores and
another that is hydrophilic. Tunability of the electromagnetic
properties was shown through the controlled assembly of the
cubic nanoparticles within a polymer thin film.34

It is generally suggested but rarely confirmed that anisotropy
of shape as well interactions results in more complex assemblies
at different length scales as compared to traditional spherical
colloidal microparticles. Hence, in this study, we focus on the
effect of the shape on the template-assisted assembly of
microparticles driven by hydrophobic−hydrophilic, capillary,
and Columbic forces. Specifically, for this study we selected two
types of microparticles: cubic MnCO3 microparticles and
spherical SiO2 microparticles with comparable dimensions.
Selection of microparticles is dictated by their uniform shape
with a narrow size distribution and well-known surface
chemistry appropriate for further modification. The interfacial
forces were controlled by using ultrathin layer-by-layer (LbL)
coatings on both patterned templates and microparticles. By
modifying adsorption conditions, we easily tuned the surface
potential (negative/positive) of these LbL multilayers as well as
their hydrophobicity.35,36 The template-assisted assembly of the
cubic microparticles driven by capillary, hydrophobic/hydro-
philic, and Columbic forces had been compared with that of the
traditional spherical microparticles in order to reveal the role of
shape on the final morphology. We demonstrated that these
two types of the colloidal microparticles are assembled with
very different probability in the channels of the patterned
substrates due to much higher contact surface area of cubic
microparticles as compared to the spherical ones that
consequently results in the more pronounced role of the
local tethering to the underlying substrate. The selective
deposition of the cubic miroparticles inside the functionalized

channels was achieved by further functionalization of their
surfaces with LbL coatings.

■ EXPERIMENTAL SECTION
Figure 1 depicts overall principles of the fabrication of functionalized
microparticles exploited in this work. Poly(allylamine hydrochloride)

(PAH, molecular weight (MW) 120 kDa) was purchased from
Polysciences, Inc. Polysodium 4-stryrenesulfonate (PSS, MW = 70
kDa) was purchased from Sigma-Aldrich. Fluorescein isothiocyanate
(FITC) was purchased from Sigma-Aldrich. Silica microparticles with
diameter 2.5 μm as 10% dispersion in water were obtained from
Polysciences, Inc. Nanopure water (NANOpure Diamond water
purification system, Barnstead) with a resistivity of 18.2 MΩ cm was
used in all experiments.

Manganese carbonate crystals were prepared by mixing MnSO4 and
NH4HCO3 solutions.37 First, a nanoseed solution was prepared by
mixing 20 mg of NH4HCO3 with 1 mg of MnSO4 in 100 mL of
Nanopure water under rapid stirring. Then, 250 mL of 6 mM MnSO4
(with 0.5% 2-propanol) was mixed with 250 mL of 0.06 M NH4HCO3
(with 0.5% 2-propanol) and stirred at 80 °C. Prior to mixing, 37.5 mL
of nanoseed solution was added to MnSO4 solution. The precipitate
was extensively washed with Nanopure water and dried in air.

LbL assembly of (PAH/PSS)2 shells has been performed according
to the established procedure (Figure 1).4,38 Briefly, 0.5 mg/mL of each
polymer solutions was prepared by dissolving the polymers in an
aqueous buffer with pH = 7. Typical deposition time on a single cycle
was 15 min followed by three rinsing steps with an aqueous buffer
solution (pH = 7) to remove excess free polymer. The polymers layers
were coated one after the other. After each deposition step the
suspensions were centrifugated at 2000 rpm for 2 min to remove the
excess polymer. Deposition, rinsing, and resuspending steps were
performed on a VWR analogue vortex mixer at 4000 rpm.

A micropatterned substrate was prepared using capillary transfer
lithography over a 5 mm × 5 mm area according to the established
procedure.39 A 500 nm thick polystyrene (PS) stripe pattern with a
periodicity of 10 μm (on average, regions of 4 and 6 μm) defined by a
poly(dimethylsiloxane) (PDMS) stamp was deposited on the
substrate. Three bilayers of PAH/PSS components and one more
layer of PAH were deposited on a silicon substrate to create
functionalized substrates according to the standard procedure used in
our lab.40 Spin-assisted LbL assembly was conducted with uniform
coverage over the whole surface area.41,42 The [100] silicon substrates
(Semiconductor Processing) were cleaned with piranha solution (3:1
concentrated sulfuric acid and hydrogen peroxide mixture; caution!
piranha solution reacts violently with organic matter and should be
handled with extreme care), abundantly rinsed with Nanopure water,
and dried with dry nitrogen stream in accordance with the usual
procedure.43

Surface potentials of the core−shell microparticles in aqueous
solutions were measured on a Zetasizer nano-ZS (Malvern). Each
value of zeta-potential was obtained at ambient conditions by
averaging three independent measurements of 35 runs each. Scanning
electron microscopy (SEM) analysis was performed with a Hitachi S-
3400-II scanning electron microscope at 10 kV. AFM imaging of

Figure 1. Bare and functionalized microparticles.
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template patterns were performed on an Icon microscope with a
Nanoscope V controller (Bruker) using the tapping mode and scan
assist regime in air.44−46 Confocal images of core−shell microparticles
with FITC-labeled shells were obtained with a LSM 510 NLO META
UV−vis inverted confocal laser scanning microscope equipped with 63
× 1.4 oil immersion objective lens (Zeiss). A drop of a dispersion of
core−shell microparticles was added to Lab-Tek chamber (Electron
Microscopy Sciences) and then filled with aqueous solution.

■ RESULTS AND DISCUSSION
SEM images of the MnCO3 and SiO2 microparticles revealed
the nearly monodisperse bare and coated microparticles with
dimension of 2.5 ± 0.2 μm (Figure 2). The polymeric shells

were assembled on the cubic and spherical cores in good
agreement with our previous study on LbL assembly on
CdCO3 and CaCO3 microcrystals.47 Zeta-potential measure-
ments confirm the formation of (PAH/PSS)2 shells on the
micropartciles in aqueous dispersion with the overall negative
surface potential which allows a good stability of the
microparticle suspension (Table 1).48 Finally, the confocal
images of the dispersion of the microparticles with labeled

shells also proved the successful LbL coating on microparticles
(Figure 3).
At initial state the colloidal dispersion of the microparticles

was vigorously stirred to homogeneous state and drop-cast on
the template substrate inclined by 30° from the horizontal plan
and then slowly moved into the parallel direction of PS stripes
(Figure 4). While the water evaporates, the receding contact

line applied a drag force on the microparticles in uniform
direction. Microparticles located in the vicinity of the pinned
contact line experience immersion capillary forces that might
draw them into the channels. The assembling of the
microparticles on the patterned substrates is a complicated
process governed by many factors such as capillary forces
between the substrates and the microparticles and capillary
forces between the microparticles, electrostatic forces, gravita-
tional forces, and Coulombic forces as will be discussed in detail
below (Figure 4). In the current study, we focus on assembly of
cubic and spherical microparticles with different negative
surface charges as adsorbed to different regions of patterned
substrates: hydrophobic PS regions combined with negatively
charge bare silicon oxide (Figure 5a,b) or positively charged
functionalized substrates (Figure 5c,d). The topography of the
patterns had been chosen with respect to the shape of cubic
microparticles, and their tendencies interact face to face and
build linear chain structures.
First, we conducted control experiments where the bare

spherical SiO2 and cubic MnCO3 microparticles were deposited
on the PS patterned silicon wafer (Figure 6). In such a case,

Figure 2. SEM images of the bare cubic MnCO3 (a) and SiO2 (b)
microparticles and the same microparticles (c, d) coated with (PAH/
PSS)2 shells.

Figure 3. Confocal images of cubic (a) and spherical (b) microparticles with labeled shells.

Figure 4. Template-assisted assembly with forces exerted on the cubic
microparticles: capillary (Fc), adhesive (Fa), and electrostatic (Fe)
forces.
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despite on the strong repulsion forces between the spherical
microparticles and the silicon substrate we observe a strong
tendency of the spherical microparticles to assemble mainly on
the hydrophilic bare silicon substrate between the PS ridges,
with probability about 95%. Apparently, the capillary forces are

strong enough to drive almost all spherical microparticles in the
channels. This selective adsorption is in a high contrast to the
assembly of bare cubic microparticles that localized relatively
randomly on all regions of patterns disregarding local
topography and composition (Figure 6). We suggested that
the strong facet−surface interactions lead to the high level of
cubic microparticle aggregation and their landing and strong
tethering to random sites disregarding to the capillary force
acts.
Thus, in order to induce the electrostatic attraction between

the bare substrate and the microparticles and control the
capillary forces that drive microparticles to the channels, the
silicon wafer was modified by the positively charged LbL
coating (surface potential changed from −35 to +40 mV (see
Table 1 and Figure 5)). Under these conditions, the spherical
microparticles are again selectively located on positively
charged surface areas between PS regions (Figure 7). The

Figure 5. Selective assembly of cubic and spherical microparticles on patterned templates.

Table 1. Zeta Potential Values of the Colloidal Particles and
Substrates

substrate/particle
zeta-potential (mV) at

pH 7

MnCO3 −10.8 ± 1.3
MnCO3_(PAH/PSS)2 −15.4 ± 2.6
SiO2 −22.5 ± 3
SiO2 _ (PAH/PSS)2 −23.3 ± 7
silicon wafer (after piranha treatment) −35 (ref 65)
silicon wafer functionalized by (PAH/
PSS)3PAH

+40 ± 7

Figure 6. SEM images of the assembled spherical (A) and cubic (B) microparticles on the PS patterned silicon substrate (regions with PS and silicon
are indicated).
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odds of the spherical microparticles arranged in channels
increased slightly to 98% with only very few microparticles
found outside channels. For the cubic microparticles, the odds
of their selective adsorption in channels also increased
significantly and reached 70%, but this value still stays well
below that observed for spherical microparticles (Figure 7).
In order to further improve the binding interaction between

the cubic microparticles and functionalized patterned substrates
with positively charged regions, the negatively charged LbL
shell was assembled on the initial cores (Figure 1).
Modification of cubic microparticles resulted in much increased
negative surface potential (Table 1). For this combination, the
much increased chance of predominant location of the cubic
microparticles within the functionalized channels was observed
with probability as high as 86% (Figure 8). Such a selectivity of
cubic microparticles adsorption is much higher than that

observed for bare cubic microparticles and is comparable with
that of regular spherical microparticles (Figure 9).
The balance of different forces acting on microparticles

during deposition and assembly on patterned substrates
depicted in Figure 4 should be evaluated in order to understand
the underlying causes for these trends. We evaluated the
electrostatic, capillary and Coulombic interactions of the bare
and functionalized microparticles of different shapes with the
patterned template used in this study (Figures 4 and 5). As
known, the interfacial free energy of per unit contact area ΔGad

can evaluated a combination of surface free energies in
accordance with the Dupre equation:49,50

γ γ γΔ = − −G132
ad

12 13 23 (1)

where γij is the interfacial free energy per unit area between
phase i and j (Figure 10). The energy components of the two

Figure 7. SEM images of the assembled spherical (A) and cubic (B) microparticles on the patterned silicon substrate functionalized with positively
charged (PAH/PSS)3PAH coating.

Figure 8. SEM images of the assemblies of functionalized cubic microparticles on the patterned silicon substrate functionalized with positively
charged (PAH/PSS)3PAH coating.
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surfaces in the aqueous dispersion can be calculated in
accordance with usual approximation:51

γ γ γ γ γ γ γ γ γ= + − − −+ − − +2 2 2ij i j i j i j i j
LW LW

(2)

where γLW is the van der Waals component, γ− is the acidic
component, and γ+ is the basic component.
In order to estimate the interaction energy for the

microparticles due to immersion capillary forces, ΔWc, which
arises from the deformation of the of the contact line at solid
surface of microparticles in close proximity to the channel
(Figure 11), we use the equation52,53

πγΔ = − Ψ −∞ ∞W L r h L h( ) 2 sin [ ( ) ]c
c c c c (3)

where hc∞ = γrc sin Ψc∞ ln(2/(γeqrc)), rc is radius of the contact
line, L is separation distance between the two microparticles,
Ψc∞ is the contact angle of the water with the particle’s surface
(which was taken to be equal to 10° for silica surfaces, as
Nagayama et al. suggested50), hc(L) represents the water’s
elevation above the planar liquid surface far from the
microparticles, and hc∞ represents the water’s elevation above
the planar liquid surface infinitely far from the microparticles. γe
= 1.781 is a Euler−Masceroni constant, and q is the reverse
capillary length (in the case of water q−1 = 2.7 mm); other
values used in these calculations are summarized in the

Supporting Information (Table S1). These equations could be
applicable for both spherical and cubic microparticles with
different radii of the contact line. The value rc is constant for
the cubic microparticles but changes with the height of the
water layer for the spherical microparticles. Note that the
flotation capillary force was not involved to the consideration
because it is negligible with immersion and should be taken
into account when the radius of the particles is larger than 10
μm,54 whereas immersion can be significant even when radius is
10 nm.
In order to estimate the electrostatic interactions, ΔVe,

between the particles and surface, we used the known linear
superposition approximation16,55

εΔ ≈ Ψ Ψ − − −V
R R

L
e k L R Re

par temp
1 2 ( )1 2

(4)

where ε is the dielectric constant of the media, 1/k is the
characteristic Debye−Hückel length, R1 and R2 are the radii of
the interacting particles, L is the distance between the
interacting microparticles, and Ψpar and Ψtemp are the surface
potentials of the particles and the template, respectively. To
apply this model to our system, we assume that the template
spacing (R2 = 10 μm) is much larger than miroparticle
dimensions (R1 = 2.5 μm). L = R1 + R2 + h is the distance
between the template and particles for the smaller separation h
→ 0. Zeta potential values were applied to the above equation
as estimated earlier (Table 1).
The different interfacial energies evaluated from eqs 1−4 are

summarized in Table 2. The analysis of these data shows that
the interfacial forces for cubic microparticle−surface contacts
are comparable to capillary forces exerted onto the cubic
microparticles onto PS regions. In contrast, the interfacial
energy for spherical microparticle−surface contacts is 4 orders
of magnitude lower than the capillary energy. Meanwhile, the
Coulombic interactions between the substrate and the
microparticles are 4 orders of magnitude lower than the
capillary forces for both spherical and cubic microparticles.
Thus, the spherical microparticles can be easily dragged by the
capillary forces into the channels despite the repulsive
Coulombic interactions between the bare silicon substrate
and silica microparticles (ΔV SiO2/Si_w = +2.5 × 10−18 J) and
high adhesion of silica microparticles to PS regions (−ΔWa

SiO2/PS > +ΔWa
SiO2/PAH) (Figure 6A and Table 2).

In contrast to spherical microparticles, the interfacial
adhesion becomes a dominant factor in the assembly of the
cubic microparticles. Indeed, the contact cubic microparticle-
substrate area of 6.25 μm2 (Figure 10B) is dramatically higher
than that for the spherical microparticles with a minute contact
area of 625 nm2 (Figure 10B) (as estimated from geometrical
dimensions and light Hertzian deformation for spherical
microparticles in contact with planar surface56). According to
the statistical evaluation of the cubic microparticles on the PS
regions with partial contacts, the average contact area can be
estimated to be close 4 μm2 per microparticle. The average
adhesive energy of bare cubic microparticles does not differ
significantly at different regions: the PS surface (ΔWa

PS/MnCO3

= 15 × 10−14 J), bare substrate (ΔWa
Si/MnCO3

= 28.1 × 10−14 J),

or functionalized substrate (ΔWa
PAH/MnCO3

= 33.2 × 10−14 J)
(Table 2). Thus, the distribution of bare cubic microparticled
stays relatively random with modest tendency to preferentially
tether to functionalized channels.

Figure 9. Average percent of the spherical (empty columns) and cubic
(filled columns) microparticles and same microparticles coated with
(PAH/PSS)2 shells (crosshatched empty columns) on different
substrates.

Figure 10. Interactions of the cubic microparticles (solid 1) with the
substrate (solid 2) in water (liquid 3) (A). The contact surface areas of
the cubic (B) and spherical (C) microparticles on the flat substrate.
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The functionalization of the cubic microparticles with the
negatively charged shells leads to the significant changes in the
binding energy with functionalized channels from 33.2 × 10−14

to −10.5 × 10−14 J (Table 2). Overall, total interaction energy
(ΔWtot) between the functionalized substrate and the function-
alized cubic microparticles allows to overcome the ΔWtot

between the cubic microparticles and PS regions and drive
them into the channels by the receding front. Therefore, we can
conclude that only a combination of high repulsion outside of
channels and high adhesion inside channels may lead to
selective assembly of cubic microparticles inside channels and
the formation of chain-like aggregates of cubes. This behavior is
in a contrast to assembling of traditional spherical micro-
particles which are dragged inside channels by strong capillary
forces disregarding minute details and differences of interfacial
interactions in very small contact areas. The consideration
geometry of the PS pattern (width and bending) on the final
assemblies may be an interesting subject of further studies.
Our results should be also considered in lieu of recent studies

of colloidal assemblies on patterned substrates with general

understanding that the directed assembly of the spherical
microparticles can be easily controlled through the capillary
forces and Coulombic interactions with some role of entropic
factors and interparticle interactions noted.57,58 In fact, the
control of the adhesive forces of the cuboid silica microparticles
was reported by Onoe et al.59 By utilizing different self-
assembly monolayers, the authors achieved the preferable
binding pattern in the case of dramatic reduction of the
capillary forces (exchanging water with isopropanol and by
heating to 110 °C). According to another study from the same
group, the adhesion forces become significant at a certain
aspect ratio of the base to the height.60 Hammond et al.
demonstrated the control of the selective assembly of the
spherical silica nanoparticles (100−500 nm in diameter) by
coating patterned templates with LbL coatings with dominated
of Coulombic interactions. In another study, Schweikart et al.19

controlled the assembly of spherical microparticles by capillary
forces within wrinkle patterns. Experimental studies and
numerical analysis of the cylindrical microparticles demon-
strated that the assembly with preferred orientation can be
achieved.61,62 On the basis of Stebe’ group the shape anisotropy
creates undulations with excess area that locally elevates at
certain locations around the particle, and therefore excess
energy makes these particles to orient and aggregate in
preferred orientations. The effect of the shapes on the colloidal
assembly was also reported by Lapointe et al.63 Liu et al.
assembled the zirconate titanate microcrystal (PZT) with cubic
shape (2−3 μm in size) into a densely packed monolayer by
utilizing a Langmuir−Blodgett monolayers.64 A uniformly
oriented array of cubic microparticles has been produced via
balance of the spreading tension, surface tension, interfacial
tension, wetting forces, and capillary forces.
In conclusion, we considered the pattern-assisted assembly of

spherical and cubic microparticles with the controlled interfacial
forces. The difference in assembling behavior of cubic
(random) and spherical (selective) microparticles was related
to the fact that the adhesive forces between the cubic
microparticles and the substrate are 4 orders of magnitude
higher than that for the spherical microparticles due to the
significantly higher contact area of cubic microparticles on flat
surfaces. Therefore, the probability of the spherical micro-
particles assembling in the channels is significantly higher due
the low adhering of microparticles and overall domination of
capillary forces. However, a highly selective assembly of cubic
microparticles inside channels can be achieved via the chemical
modification of cubic microparticles as well as patterned
substrates, which can be suggested as a convenient route to

Figure 11. Capillary interaction of the cubic (A) and spherical (B)
microparticles immersed in a liquid layer; rc is radius of the contact
line, L is separation distance between the two particles, Ψc∞ is the
contact angle of the water with the particle’s surface, hc(L) represents
the water’s elevation above the planar liquid surface far from the
microparticles, and hc∞ represents the water’s elevation above the
liquid surface infinitely far from the microparticles.

Table 2. Adhesion ΔWa, Capillary, ΔWc, Electrostatic, ΔVe, and Total, ΔWtot, Interfacial Energies between the Bare/Modified
Microparticles and the Bare/Modified Substrates

surfaces ΔGad (mJ/m2) ΔWa (J) ΔWc (J) ΔV e (J) ΔWtot (J)

PS/(MnCO3)PSS −45.6 −18 × 10−14 −9.6 × 10−14 neutral −8.4 × 10−14

PAH/(MnCO3)PSS −16.95 −10.5 × 10−14 −2 × 10−18 −10.5 × 10−14

PS/MnCO3 36.11 15 × 10−14 −9.6 × 10−14 neutral 5.4 × 10−14

PAH/MnCO3 53.19 33.2 × 10−14 −1.3 × 10−18 33.2 × 10−14

Si_wafer/MnCO3 44.9 28.1 × 10−14 +1 × 10−18 28.1 × 10−14

Si_wafer/SiO2 −2 −1.3 × 10−18 +2.5 × 10−18 −1.3 × 10−18

PS/SiO2 −7 −4.7 × 10−18 −9.6 × 10−14 neutral −9.6 × 10−14

PAH/SiO2 21 13 × 10−18 −3 × 10−18 10 × 10−18

PAH/(SiO2)PSS −16.95 −10.5 × 10−18 −3 × 10−18 −13.5 × 10−18

PS/(SiO2)PSS −45.6 −28.5 × 10−18 −9.6 × 10−14 neutral −9.6 × 10−14
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direct the colloidal assembly of cubic microparticles into
ordered arrays. The ability to control the selective deposition
anisotropic microparticles by functionalizing LbL coating is
critically important for the design biosensing devices.36
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