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Mono-patchy zwitterionic microcolloids as
building blocks for pH-controlled self-assembly

Fatemeh Naderi Mehr, *ab Dmitry Grigoriev,a Nikolay Puretskiya and
Alexander Böker *ab

A directional molecular interaction between microcolloids can be achieved through pre-defined sites on

their surface, ‘‘patches’’, which might make them follow each other in a controlled way and assemble

into target structures of more complexity. In this article, we report the successful generation and

characterization of mono-patchy melamine–formaldehyde microparticles with oppositely charged

patches made of poly(methyl vinyl ether-alt-maleic acid) or polyethyleneimine via microcontact printing.

The study of their self-aggregation behavior in solution shows that by change of pH, particle dimers are

formed via attractive electrostatic force between the patchy and non-patchy surface of the particles,

which reaches its optimum at a specific pH.

Introduction

Recently, patchy particles have been attracting growing attention
in material science due to their asymmetrical surface properties.
Compared to colloidal particles with uniform properties, they
have the advantage that their anisotropy can be used for bottom-
up self-assembly to build new functional materials.1–3

A directional chemical or physical interaction between patchy
particles leads to the formation of specific complex structures,
e.g., multi-layers, polymer-like chains, DNA or RNA string like
helices, which are understood and predicted theoretically by a
variety of works over the past years.4–7 R. Guo and his co-workers
showed in the results of their simulation that the presence of
three patches on the surface of each building block is needed to
achieve DNA-like helices. Furthermore, size and spatial distribu-
tion of patches play a crucial role in the final configuration, e.g.,
diameter of the helices.8,9

It was shown in theoretical works of E. Bianchi and her
group that patchy particles could be self-assembled to clusters
whose morphology depends on size and number of patches for
different types of patchy particles, such as DNA- or protein-like
systems. They used either Monte Carlo simulations or developed
ideas for optimization based on evolutionary algorithms.10–15

Preparation of multi patchy particles with more than two
patches in a one-step process was realized by colloidal fusion
or sandwich microcontact printing.16,17 Among a number of

established approaches for fabrication of patchy particles,
microcontact printing (mCP) is a gentle, cheap and efficient
method, which ensures the transfer of the ink molecules to the
colloids via polydimethylsiloxane (PDMS) stamps with high
reproducibility with respect to the patch parameters.18 In
addition, mCP allows to precisely control most of the parameters
influencing the patch properties, like ink concentration, ink
layer thickness on the stamp, stamping force and duration,
adhesion of the ink to the stamp and particle surfaces, polarity
and quality of the auxiliary solvent used for the release of patchy
particles, etc.

On the other hand, relatively small yield of resulting patchy
particles and significant technical difficulties of this method in
the application to the sub-micrometer particles or for the
production of patchy particles with more than two patches
can be seen as its disadvantages.19–21

As mentioned above, a localized well-defined patch-to-patch
interaction, e.g., attractive or repulsive electrostatic interactions
serve as driving force for the formation of superstructures.22–26

Despite a variety of theoretical investigations on quantification
of the interactions between charged patchy or non-patchy
particles, so far there have not been many experimental studies
in this regard.27–34

For example, inverse patchy colloids (IPC) were considered
as a new type of heterogeneously charged particles in theoretical
and experimental investigations.33,35,36 The term ‘‘inverse’’ here
refers to the repulsive interactions between patches and attrac-
tive interactions between patchy and patch-free regions of the
particles. In the work of P. D. J. Van Oostrum, silica patchy
particles with two identically positively charged patches on their
poles made of APTES and a negatively charged equatorial belt
were prepared. Their electrostatic interactions and self-assembly
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to the clusters were studied using simulation methods.37,38 It
was also reported by O. Cayre that one positively charged patch
made of ODTAB could be generated on negatively charged
sulfate latex particles using mCP.39

The successful attachment of multi-patches made of positively
charged PEI on the surface of negatively charged silica particles
using flat and wrinkled PDMS stamps was reported.27,40–43

Conceiving the idea of using patchy particles for biological
applications tends to more investigations on patchy particles
made of bio-organic substrates, which are compatible with
living systems. In this sense, microcolloids such as polymer
particles with epoxy groups were functionalized via covalent
bonding of positively charged amino groups on their surface,
e.g., proteins and enzymes.21,44,45

The strength of electrostatic interactions between patchy
particles can be controlled by an effective charge heterogeneity
between patchy and non-patchy surfaces. To this end, a specific
ion is bound to the surface of patch or particle.38,46 For
example, the surface charge density of patch can be changed
by its proton-binding; hence the aggregation of patchy particles
in solution can be manipulated by pH-regulation in protic
media to initiate particle-assembly in a desired way.

In simulations using charged patchy particle models
(CCPM), it was also found that the electrostatic interactions
between patchy proteins can be controlled by change of ionic
strength.40,47,48

Here we put our major effort on the reproducible preparation
and characterization of mono-patchy polymeric melamine for-
maldehyde (MF) microparticles with oppositely charged patches,
made of poly(methyl vinyl ether-alt-maleic acid) (PMVEMA) or
polyethyleneimine (PEI), via microcontact printing. Further, we
study the self-aggregation behavior of mono-patchy particles as a
function of pH for each type of patches. Between a diversity of
possible aggregation forms, the statistical analysis of predominantly
formed particle dimers via patch–patch, particle–particle, and patch–
particle interactions was performed. Finally, these results were
compared with theoretical calculation of the electrostatic force
between patchy particles, based on a simplified model.

Results and discussion
Oppositely charged patches

To generate mono-patchy particles with positively or negatively
charged patches, the MF microparticles are very suitable due to
their isoelectric point (IEP) at almost neutral pH. Comparison
of the zeta-potential of the MF particles in water and ethanol–
water (90 : 10), showed the IEPs at pH 7.1 and 8.9 respectively
(Fig. 1). PMVEMA and PEI, as strong and multivalent polyelec-
trolytes, induce a considerable electrostatic attraction to the MF
particles, which results in the creation of patchy particles with a
good yield and patches with a high surface charge density and
stability.

The successful attachment of PMVEMA and PEI onto the
surface of the MF particles was confirmed by fluorescence
microscopy (Fig. 2).

Patch thickness and the yield of lCP

AFM analysis of the stamp and patchy particles after mCP and
subsequent release in acetone yields reliable information about
the thickness and the form of resulted patches. Patchy particles
with patches made of PMVEMA were fixed on a PDMS stamp,
and scanned with AFM (Fig. 3a).

The release of patchy particles in a solvent occurs, because
the adhesion of PMVEMA to the MF particles is stronger than
its adhesion to the PDMS stamp due to the attractive electro-
static interaction at their interfaces. Here the polarity of solvent
used for release plays a key role in the thickness of resulted
patches. For example, ethanol can dissolve PMVEMA so well,
that the cohesion of PMVEMA in the film layer is weaker than
its adhesion to the MF particles, which results in the reduced
thickness of patches. In contrast to ethanol, in a bad solvent for
the respective polyelectrolyte ink, e.g., acetone the thickness of
the patches increases. AFM images of the PDMS stamp after
release in acetone show circular holes. These reveal that large
parts of the polyelectrolyte ink layer were disrupted from the
stamp and transferred as patches to the particles surface
(Fig. 3b and c). This is in agreement with previous findings.20

With the assumption that the average depth of these holes is
equal to the thickness of resulting patches after release, the
thickness obtained from the measurements of 100 holes in
PMVEMA film (Mw 1980 kDa) was found to be 90 � 15 nm.

The thickness of patches and the percentage of patchy
particles relative to the total number of particles (yield of mCP)
were influenced by the concentration and the molecular weight

Fig. 1 Zeta-potential of the MF particles as a function of pH in water (a),
pHe in water–ethanol (90 : 10) (b) and the corresponding IEPs at pH 7.1 and
pHe 8.9 in water and ethanol–water, respectively.
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of polymeric inks. For calculation of the yield, a small sample of
obtained patchy particles was observed by fluorescence microscopy,
and the particles were manually counted. To check, if this sample
represents the whole batch, a hemocytometer was also used for
counting smaller subsections of the whole sample and keeping the
overall number of all particles in the same range and compared the
results. Both statistics are found to be in good agreement. The
hemocytometer ensures that the counted number of particles is
representative for the whole batch.

With increasing the concentration of PEI from 1 to 3 wt%,
the yield rises from 75 to 85%. In contrast to PEI, in case of
using PMVEMA, the higher the concentration, the lower is the
thickness of patch and the yield of patchy particles. Increasing
the concentration of PMVEMA solution up to 3 wt% decreases
its pH value to 2.0, which is very close to the isoelectric point of
SiO2 layer on the top of the PDMS stamp (Fig. 4).

As a result, the adhesion of PMVEMA to PDMS is stronger
than its adhesion to the MF particles, which reduces the yield
from 84 to 24% (Table 1).

The increased density of functional carboxyl and amino
groups, and the reduced solubility of high molecular weight
polymeric inks during the release result in a higher yield as well
as larger thickness of resulted patches, which is independent of
the type of polymer. Preparation of patchy particles using

Fig. 2 Scheme of the creation of negatively and positively charged
patches on the MF particles (a), fluorescence microscope images of the
patchy particles with patches made of PMVEMA labeled with rhodamine
6G (b), and PEI with FITC (c) dispersed in ethanol. For improved resolution
and clarity, the refractive index mismatch between patchy particles and
solution was minimized by re-dispersing in ICH2Br with an index of 1.64,
although the pH-adjustment in such a non-polar and aprotic substance
was impossible so that ethanol–water (90 : 10) was used as solvent in the
following (d).

Fig. 3 AFM images of patchy particles with patches made of PMVEMA
(Mw 1980 kDa) fixed on a PDMS stamp after release in acetone (a) and the
section height profile of PDMS stamp after mCP represents circular holes in
PMVEMA layer (b and c). AFM image of the same PDMS stamp after release
in ethanol does not show the holes.

Fig. 4 Influence of increasing concentration of PMVEMA from 0.5 to 3 wt%
leading to the increase of polymeric film thickness from 10 to 90 nm as well
as a decrease of the pH of the polymer solution from 2.6 to 2.0.

Table 1 The dependence of the yield of mCP and the thickness of polymer
film on the concentration of ink. The solution of PMVEMA (Mw 216 kDa)
and branched PEI (Mw 600–1000 kDa) at different concentration were
spin-coated on a silicon wafer, scratched by a needle and the height
difference was measured by AFM

Conc. (wt%)

PMVEMA PEI

Thickness (nm) Yield (%) Thickness (nm) Yield (%)

1 21 � 3 76 25 � 3 75
2 49 � 4 84 46 � 3 79
3 86 � 3 24 76 � 2 85
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PMVEMA with approximately two times higher molecular
weight (Mw 1980 kDa) than (Mw 600–1000 kDa) leads to the
formation of patches with about 25% higher thickness.

This effect has also been mirrored in the yield of patchy
particles. A ten times higher molecular weight of PMVEMA with
a concentration of 2 wt% causes an improvement in the yield
from 84 to 90%.

PDMS treatment with ethanol

To study the effect of PDMS oligomers on its surface polarity, the
stamps were treated with ethanol after completion of cross-linking.
The residual non-cross-linked oligomers in the PDMS can diffuse to
the surface of the stamp and decrease the efficiency of plasma
activation, i.e., reduce the hydrophilicity.49

As a result, the adhesion of the ink to the PDMS stamp is
weaker than its adhesion to the MF particles, which leads to the
creation of patches with larger thickness. On the contrary, the
treatment causes increased adhesion of the ink to PDMS stamp
and decreased thickness of patches, subsequently (Fig. 5a). Compar-
ison of the thickness of PEI patches made by mCP with treated and
untreated PDMS shows a difference of ca. 30 nm. The yield of mCP
with treated and untreated stamps were 76 and 79% respectively,
which means that the modification of adhesion properties of the
PDMS stamp does not affect the yield significantly (Fig. 5b and c).

The treatment with ethanol as a polar solvent for dissolving
the remaining oligomers was carried out for 6 hours. In this

period the weight of PDMS stamps was increased about 5% due
to its swelling through uptake of ethanol. After removing the
stamps from ethanol, their weight was decreasing over the next
6 hours because of ethanol release and evaporation. In the end,
after a total time of 12 hours, the ratio of the final weight of
PDMS stamp to its initial weight (Wend/W0) was 99% that reveals the
presence of quite small amounts of non-cross-linked oligomers,
which were dissolved and removed (Fig. 6).50–52

The electrostatic interactions and force between patchy
particles at different pH

Depending on the pH of the solution, patches made of PMVEMA or
PEI carry negative or positive charges, respectively. As mentioned
above (see Fig. 1), from the measurement of zeta-potential of the
MF particles as a function of pH can be assumed that the surface
charge of the MF particles can also vary in a wide range of negative,
neutral and positive values.

Therefore, at specific pH mono-patchy particles can be
considered as simple, small dipoles, which are forced to
aggregate in the solution due to their opposite surface charges.
For example, in a moderately basic pH range, the surface of the
MF particles is negatively, and the patches made of PEI are
positively charged due to their increased dissociation degree.

Apart from single patchy particles and multi-particulate
aggregates, some possible types of dimers were formed via
patch–patch, particle–particle, and patch–particle interactions.
Quantitative analysis of these dimers at different pH was
carried out with the aim of assessing the controlled self-
assembly of patchy particles in solution (Fig. 7).

Statistics show that patchy particles are predominantly
assembled to dimers due to patch–particle interactions for
both types of patches made of PMVEMA or PEI (Table 2).

The interplay between the charges of the polymer patches
and the surface of the MF particles leads – at a specific pH – to a
maximum in the number of dimers formed via patch–particle
interactions.

To quantify the interactions between mono-patchy particles, a
simplified model based on the theory developed by Hoffmann,

Fig. 5 Scheme of the effect of PDMS treatment with ethanol on its
adhesion properties and the thickness of patches (a), SEM images of
patchy particles with patches made of branched PEI (Mw 600–1000 kDa)
prepared by untreated (b) and treated (c) PDMS stamps shows the
differences in the form and thickness of resulted patches.

Fig. 6 Weight changes (W/W0) of PDMS stamp during and after treatment
with ethanol over time, where W0 is the initial weight, and W is the weight as a
function of time. PDMS stamp was removed from ethanol after 360 minutes.
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Bianchi and Likos was used (Appendix). According to this model,
the interactions between mono-patchy colloids in the equili-
brium state can be related solely to electrostatic forces (eqn (1)).

F ¼ 1

4pee0
:
QpatchQparticle

r2
(1)

where e and e0 are the dielectric constants of ethanol–water
medium and vacuum respectively, and r is the distance between
corresponding point charges representing the interacting
patches and patch-free particles (Fig. 8).

The localized charges, Qparticle and Qpatch, can be calculated
using eqn (2).53

UE ¼
Q

6pZa
(2)

where UE is the electrophoretic mobility as function of pH, a is
the radius of particle or patch, Z is the viscosity of the dispersion

medium (with the approximation that the thicknesses of the Stern
and hydrodynamic layers of a particle are negligible, surface
potential is equal to zeta-potential). These values of UE are related
to the electrokinetic properties of MF particles, as well as colloidal
particles coated by the corresponding polymers PMVEMA or PEI,
respectively.54–57 The relation between electrophoretic mobility and
zeta-potential was found by Smoluchowski (eqn (3)).

UE ¼
2ezf Kað Þ

3Z
(3)

where e and Z are dielectric constant and viscosity of the dispersion
medium, respectively, z is zeta-potential, and f (Ka) is Henry’s
function. For MF particles with a size of 5.17 mm, f (Ka) is 1.5
according to Smoluchowski approximation.

The surface charge of patches rises by increasing the dis-
sociated fraction of polymer molecules, i.e., protonation of PEI
and deprotonation of PMVEMA. The statistic of dimers formed
via patch–particle interaction was in reasonable accordance
with the theoretically estimated electrostatic force between
patchy and non-patchy surfaces of particles (Fig. 9).

Despite the repulsive interactions between identically
charged surfaces, other less frequently observed dimers were
also formed via patch–patch and particle–particle interactions
(Fig. 7). This might be a result of different non-electrostatic
interactions, such as van der Waals forces or the formation of
hydrogen bonds. During the dimer formation, collision of

Fig. 7 Fluorescence microscope images of mono-patchy particle-dimers
with patches made of PEI (Mw 600–1000 kDa), which are formed via
particle–particle (a), patch–patch (b), and particle–patch (c) interactions.

Table 2 Statistics of the dimers considering three types of interaction
between patchy particles as a function of pH for PMVEMA as well as PEI
patches

PMVEMA

pHe nparticle–patch npatch–patch nparticle–particle ntot

8.9 112 (53%) 11 (5%) 87 (42%) 210 (100%)
7.8 167 (82%) 6 (3%) 31 (15%) 204 (100%)

PEI

pHe nparticle–patch npatch–patch nparticle–particle ntot

8.9 222 (65%) 18 (5%) 105 (30%) 345 (100%)
10.8 300 (86%) 10 (3%) 38 (11%) 348 (100%)

Fig. 8 Fluorescence microscope image (a) and the scheme (b) of inter-
action forces in a dimer formed of two mono-patchy particles, where the
resulting force is a sum of attractive (F12, F23 and F14) as well as repulsive
forces (F13 and F24).

Fig. 9 Comparison of theoretically calculated electrostatic forces
between dimers formed via patch–particle interactions with their statistics
as functions of pHe for PMVEMA (a) as well as PEI (b). The pHe yielding the
strongest electrostatic force leads to the largest number of dimers.
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individual particles is required. If their kinetic energy is high
enough to overcome the electrostatic repulsion between two
surfaces of the same sign, formation of dimers driven by the
above-mentioned forces could take place.

Self-aggregation behavior of patchy particles in a solution with
an increased ionic strength

It is well-known that electrostatic interactions between charged
objects (ions, particles, etc.) in electrolyte media are strongly
influenced by ionic strength, i.e., by electrolyte concentration.

In order to prove the effect of this factor on the electro-
statically driven aggregation of patchy particles, a saturated
solution of NaCl in ethanol–water (90 : 10) was added to the
dispersion of each type of mono-patchy particles.

For a quantitative analysis of the self-aggregation of mono-
patchy particles before and after addition of NaCl, a small
sample of arbitrary number of the obtained particles was
observed by fluorescence microscopy, and the particles were
counted manually (Table 3).

The dissociation of salt in ethanol–water medium leads to
screening of electrostatic attractive interactions between the
patchy particles. In accordance with this, the statistics, made
on the basis of the microphotographs, show that the fraction of
single patchy particles, compared to the aggregates fraction
strongly increased after addition of salt.

Experimental
Materials

Poly(methyl vinyl ether alt maleic acid) (PMVEMA) with Mw of
216 and 1980 kDa, branched poly(ethyleneimine) (PEI) with
Mw of 600–1000 kDa, fluorescein isothiocyanate, rhodamine
6G, and bromoiodomethane were supplied by Sigma Aldrich.
Melamine formaldehyde particles with the average size of
5.17 � 0.09 mm were synthesized by microparticles GmbH.

The PDMS kit, Sylgard 184 – silicone elastomer, contained
the monomer and curing agent was obtained by Dow Corning.
The standard buffers for calibration and adjustment of pH were
obtained by Mettler Toledo.

Preparation of inked PDMS and monolayer of particles

To synthesize PDMS, a 10 : 1 mixture of monomer and cross-
linker was poured into a rectangular Petri dish to form a
polymer matrix with a thickness of approx. 3 mm.

After letting the mixture rest over night to remove air
bubbles, it was heated up to 80 1C for 2 hours. Then the

crosslinked PDMS was cut into 1 cm � 1 cm stamps and stored
in a closed container for later use.

The glass object carrier was also cut into 1 cm � 1 cm pieces,
cleaned with ethanol in an ultrasonic bath for 5 minutes and dried
in a nitrogen flow. In order to improve the wettability of the
substrates, PDMS stamp and object carrier were treated with air
plasma for 1 minute at 0.2 mbar and a power of 100 and 300 W
respectively. Then the stamp was spin-coated with 60 mL of the
polymer ink at 4000 rpm for 1 minute, whereas the concentration
of the inks was varied from 1 to 3 wt% (Table 2). The monolayer of
the MF particles was prepared via drop casting of 5 mL of a 1 wt%
aqueous particle dispersion on the object carrier and subsequent
drying under nitrogen flow at RT for 10 minutes.

Microcontact printing for the creation of patchy particles

In this procedure, a polydimethylsiloxane (PDMS) stamp,
coated with the polymeric ink, was pressed against a monolayer
of the MF particles. The obtained patchy particles were released
in acetone or ethanol in an ultrasonic bath for 15 minutes.

Then the dispersion of patchy particles was centrifuged for
3 minutes at 11 000 rpm, the supernatant was removed, and the
particles were washed three times in ethanol at 8000 rpm for
3 minutes. After the wash procedure, they were collected in an
Eppendorf tube for the further characterization.

PDMS treatment with ethanol

Three PDMS stamp samples were treated in a container filled
with ethanol for a total time period of 6 hours (Fig. 4a). During
each measurement, samples were taken out of ethanol, dabbed
with a lint-free tissue and weighted, while the used ethanol was
replaced with fresh ethanol. After this time, the samples were
moved to a clean Petri dish and weighted every 15 minutes for
further 2 hours. The last measurement was then performed
4 hours later.

Microscopy

1. Fluorescence microscopy. For simple monitoring of the
self-assembly behavior of patchy particles at different pH,
fluorescence microscopy was used. To allow for clear visualiza-
tion of PEI and PMVEMA patches, patchy particles were labeled
with FITC and rhodamine 6G respectively.

A stock solution of fluorescent dye in ethanol with a concen-
tration of 5 mg ml�1 was initially prepared. 20 ml of this solution
was added to the suspension of patchy particles in 80 ml ethanol
and after 15 minutes centrifuged at 11 000 rpm for 3 minutes.
The supernatant was removed, and patchy particles were
washed three times in ethanol at 8000 rpm for 3 minutes. For
the imaging, a Leica DMi8 microscope at the magnifications of
20, 40 and 63 was used, and the resulted images were processed
via LAS X software provided by Leica.

2. Atomic force microscopy. Characterization of the quali-
tative and quantitative properties of patches, such as thickness
and diameter, symmetry and form was provided by AFM. The
imaging was done using a Bruker Dimension Icon with Tapping
Mode in air and OTESPA tips (k = 42 N m�1, f0 = 300 kHz) and
the images were analyzed by Nanoscope Analysis software.

Table 3 Fraction of single patchy particles compared to the number of
aggregated particles in ethanol–water (90 : 10) before and after the addi-
tion of NaCl. The percentage of single particles proportional to the total
number of particles significantly increases

+NaCl

PMVEMA PEI

nsingle naggregates nsingle naggregates

Before 20 (4%) 468 (96%) 64 (13%) 427 (87%)
After 267 (51%) 256 (49%) 273 (53%) 246 (47%)
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3. Scanning electron microscopy. Further information
about the surface properties of patch such as morphology,
roughness and also the patch diameter was provided by SEM.
A Gemini SEM 300 (Fa. Zeiss) with an SE2-detector at an
acceleration voltage of 5 kV was used for imaging. The particles
were sputtered using platinum with a thickness of 4 nm.

Zeta-potential measurement

A Nano ZS90 of Malvern was used to measure the zeta-potential
of the MF particles at 25 1C and different pH. As dispersant
water and ethanol–water (90 : 10) were chosen. The resulted
values were processed by the Zetasizer-NanoApplication and
averaged from three independent measurements.

Preparation of ethanol-buffer at different pH

The aggregation behavior of patchy particles was investigated
in ethanol-buffer solutions at different pHe. A specialized
electrode for the ethanol-based solution named EtOH-Trode
was supplied by Metrohm. The calibration was carried out
using water-based buffers at 25 1C and pH 4, 7 and 10.

To prepare the calibration solutions, ethanol was mixed with
buffers at 10, 30, 50, 70, 80, 90 wt% for each pH. The
concentration of ethanol in the dispersion of patchy particles
for studying of their self-aggregation behavior in the solution at
different pH was maintained at 90 wt%. The pH values of media
were measured before using.

Conclusions and outlook

In this work, we generated zwitterionic mono-patchy MF micro-
particles with positively or negatively charged patches made of
PEI or PMVEMA, respectively. The effects of the concentration
and the molecular weight of the polymeric ink and the influ-
ence of the modification of the adhesion surface properties of
PDMS stamp on the yield and thickness of patches were
studied.

The self-aggregation behavior of patchy particles via electro-
static interactions was controlled by changing the pH, i.e., the
charge difference between patchy and non-patchy surfaces of
particles. At specific pH, where more than the half of ink
molecules are dissociated, and the zeta-potential of the MF
particles is increased, the number of mono-patchy particle-
dimers via patch–particle interaction rises to a maximum. This
dependence of patchy particles self-assembly on the pH value
in the dispersion medium can be satisfactorily described by the
simplified model accounting only for electrostatic interactions
between patches and particles taken as point charges.

Additionally, changing the ionic strength of the media by
addition of salt led to an increased population of single patchy
particles, which also confirms a main contribution of electro-
static forces in interactions between patchy particles.

Future studies involve the preparation and self-assembly
behavior of di-patchy MF particles with two oppositely charged
patches made of PMVEMA and PEI.
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Appendix

Sabapathy and co-workers have used a pair potential for the
interaction between two mono-patchy IPCs derived on the basis
of potential equation proposed by Hoffmann, Bianchi and
Likos.14,25,34

F rij ; yij
� �

¼ Qij rij ; y
c
i ; y

p
i

� �qc
e

exp ksð Þ
1þ ks

� �
�

exp �krij
� �
rij

� �
(A1)

Further simplification of this equation is possible taking
into account the analysis made in the ref. 25. These authors
calculated the electrostatic interaction energy of a pair of IPC
particles at a fixed separation distance and at different orienta-
tions and showed that this energy is only weakly dependent on
the kink angle between interacting IPCs in aggregates: the value
of this function grows only by 50% in the physically reasonable
range of kink angles from 50 to 120 degrees. Thus, the
contribution of the orientation factor Qij to the entire inter-
action potential between IPCs is also quite low compared to the
pH-dependent electrostatic interaction and with the pH-
dependent effect of the ionic charge density distribution in
the medium and thus can be neglected, i.e.,

F rij ; yij
� �

� f rij
� �

¼ qc

e
exp ksð Þ
1þ ks

� �
�

exp �krij
� �
rij

� �
(A2)

The term in the factorized potential accounting for the effect
of the ions double layer could be simplified taking into account
the very small thickness of the patches compared to the radius
of the microparticles (IPCs), i.e. we can approximate that rij in
(A2) is practically equal to s (where s denotes the radius of
patchy IPCs according to the ref. 14). This approximation is
valid because the statistics of the various particle aggregation
shapes was made on the basis of the microscopic observations
for equilibrium states and therefore did not consider any
parameters related to the aggregation kinetics when the patchy
particles approach each other and rij is sufficiently larger than s
and can change dynamically during the aggregate formation.

Since,

Frij ¼ qp � �
@

@rij
F rij
� �� �� �

(A3)

After taking this derivative and substituting one gets:

Frij¼s ¼
qp � qc

e
exp ksð Þ
1þ ks

� �
� exp �ksð Þ 1þ ksð Þ

s2

� �
¼ qpqc

e � s2 (A4)

Therefore, the final form of the simplified expression for the
interaction force between patch and colloidal particle contains
only the Coulomb term.
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