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Herein, we report a modified microcontact printing (nCP) routine
suitable to introduce particle patches of a low molecular weight ink
(LMWI) on porous SiO, microparticles. Thereby, patch precision
could be significantly improved by utilising stamps which have been
surface-functionalised with grafted polymers. This improvement
was evaluated by a profound software-assisted statistical analysis.

The fabrication of anisotropic structures - which comprise
nanoscale objects with non-spherical (e.g. rod- or prism-like)
particle geometry as well as spherical particles with anisotro-
pically functionalised surfaces - has gained increasing research
interest in colloidal science. The latter, which are referred to as
patchy particles (including Janus-type materials as a sub-class),
possess defined surface domains with distinct individual
chemical characteristics."* Their asymmetry and the concomitant
directionality renders them materials of considerable interest with
respect to their potential to undergo self-organization® or to
perform automotion in solution.’®

There exist different strategies to introduce patchy function-
alities on particles, such as vapour deposition of metals,”
seed-mediated nucleation and growth synthesis'®** among
many others. Being a robust and experimentally feasible tech-
nique suitable for upscaling,"® microcontact printing (LCP)
can be considered as an alternative powerful technique to
fabricate anisotropic particles."*'® This technique is based
on ink transfer from a stamp material onto a substrate surface
exclusively at the area of contact (Fig. 1).

All subsequent applications of patchy particles demand a
defined functionality from the patch. In this context, either the
patch material itself should possess an activity (e.g. a catalytic
activity®'”) or offer binding sites for the attachment of more
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functional molecules in following modification steps."> In
particular, the locally selective addition of surface functional groups
to the particles would thereby be attractive, since it exclusively alters
local surface properties rather than their topology. Literature
examples show, that surface-active compounds can be used
for this purpose, which alter the particle surface charge,
hydrophobicity or wettability at the patched areas and, there-
fore, render the resulting patchy particles anisotropic.'®>°

An alternative, very elegant approach is to employ functional
precursor molecules to form surface anchor groups for subsequent
modification reactions. Such a modification may possibly be a
(living) polymerization via a grafting from-approach, which can
lead to well-defined polymer shell architectures® and, hence, to a
sophisticated patch functionality.>*

This perspective along with the aforementioned advantages
of pCP motivated us to utilise low molecular-weight com-
pounds as inks (LMWI). LMWI printing, however, suffers from
poor patch definition as a result of uncontrolled ink-flow on the
particle surface, particularly if porous substrates are employed.
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Fig. 1 Schematic representation of the printing process to introduce patches
of low-molecular weight inks on microparticles: (a) amino-modified SiO,
particles, initially placed on a glass support, are subjected to a pCP process.
Therefore, a PDMS stamp with a (potentially) functionalised surface is inked
with the functional molecule rhodamine B isothiocyanate (RITC); (b) upon
sonication, the patchy particles are released from their support. The ink is
only transferred to the particle surface exclusively at the area of contact
upon printing, hence yielding patchy particles.

This journal is © The Royal Society of Chemistry 2019
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We, therefore, developed a novel and versatile approach, which
relies on a strong reduction of uncontrolled ink-flow without the
necessity of a protective matrix shielding the particles’ bodies.>*
Accordingly, tailoring of particle patches in terms of diameter
was performed with much greater precision compared to the
conventional PCP routine using smooth and flat stamps.

As a benchmark particle system, we selected silicon dioxide
(SiO,) microparticles (psoiiq = 1.8 g mL ™) as well as rhodamine B
isothiocyanate (RITC) as LMWI. As a consequence of the (meso-)
porous nature of the SiO,-particles, generating LMWI patches
with a high precision was expected to be a demanding task due
to enhanced capillary forces inducing ink flow on the particle
surface. This is also reflected in the fact that the preparation of
LMWI patches on particles with a certain porosity, well in
contrast to particles with smooth surfaces, e.g. polymeric'®?® or
metallic®® ones, has hitherto been neglected in recent literature.
Therefore, it was our aim to demonstrate the potential of pCP
for the functionalisation of SiO, as a particularly challenging
material. In this context, it was important to us to enable a
covalent attachment of the ink material to the particle surface,
which is necessary to support any potential chemical post-
modification.

As an appropriate model LMWI that can be covalently bound
to a particle surface and which can function as a label simulta-
neously, rhodamine B isothiocyanate (RITC) was selected, since
it supports a straightforward characterization of the resulting
particle patches by means of fluorescence microscopy (FM).
Thereby, its isothiocyanate functional group allows for the
covalent attachment of the dye to, e.g. an amino-functionalised
SiO, particle surface. As stamp base-material, we employed
polydimethylsiloxane (PDMS).
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In a typical pCP routine, an inked stamp is placed onto a
monolayer of amino-modified particles with a defined pressure
(Fig. 1). Since ink-transfer to the particle surface exclusively
occurs at the area of contact between particle and stamp,
investigations on the morphology of the resulting patches is
directly related to the quality of the pCP process. Accordingly,
for characterization via FM, the particles are oriented such that
the printed patches face the microscope’s objective, i.e. the
particles are observed from printing site (schematic representa-
tion and explanation of experimental conditions in Fig. S1,
ESIT). In consequence, this setup represents the planar projec-
tion of the particle patches, which allows for patch diameter
analysis of a statistically considerable number of particles.

Fig. 2 exemplifies the results of our printing experiments. In
the top row, the individual printing experiments are depicted
schematically. The bottom row shows transmission light (TL)
images of the imprinted particles next to their corresponding
fluorescence (FL) images. The yellow boxes represent a zoom-in
view of the FL-images for better visualisation. In a first experi-
ment, we utilized bare PDMS as stamp material (Fig. 2a), which
was subjected to an aqueous RITC solution as ink for a certain
amount of time, followed by its withdrawal and gentle drying
using a soft air stream. TL- and FL-images of the imprinted
particles (Fig. 2e) reveal that the fluorescent spots possess smaller
dimensions compared to the particle shapes, i.e. that this process
produces patchy particles. Fig. 2e, however, also reveals that the
patches possess rather large diameters and less defined edges
resulting from LMWI diffusive ink-flow on the particle surface.
This observation would not be expected for high molecular-
weight, e.g. polymeric, inks,"*'>** which possess a much higher
viscosity and are, thus, less prone to ink flow.
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Fig. 2 Summary of the printing results: (a—d) schematic representation of the printing experiments; (e—h) light microscopy images: left picture:
transmission light (TL) image, right picture: corresponding fluorescence (FL) image showing the fluorescent signal of the functional molecule RITC.
The pictures in the yellow boxes show a zoom-in view of the fluorescence image as framed by the yellow inset. (a and e) Printing from bare PDMS;
(b and f) printing from PDMS surface-decorated with mPEG; (c, d, g and h): printing from a stamp surface-modified with PNIPAAm and inked at (c and g)
room temperature and (e and h) a temperature of 45 °C. The surface functionalisation of the stamps with the polymer compounds significantly move the

morphology of RITC-patches towards lower size and enhanced definition.
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Inspired by the suitability of polymers as efficient inks, we
envisioned the use of a polymeric auxiliary to inhibit, in a
similar manner, the diffusion of LMWI compounds by enhancing
the local viscosity (Fig. 2b-d). This would consequently increase
the control over the printing process, while, at best, the auxiliary
is immobilised on the stamp, in order to prevent its transfer to
the particle surface during pCP.

Providentially, PDMS opens the possibility for a manifold
surface chemistry via its surface activation using plasma
treatment. This results in the formation of a silicon dioxide
layer, which is suitable for further functionalisation, with, for
instance, alkoxy silanes.

In a first instance, we modified the activated stamps with
methoxy-initiated poly(ethylene glycol)triethoxysilane (mPEG),
a commercially available building block, in a sense of a grafting
to-approach (Fig. 2b). The printing results as shown in Fig. 2f
reveal the formation of patches, whereby a first visual compar-
ison of these results with Fig. 2e suggests that printing with
mPEG-modified stamps yields patches with decreased dimensions.
In another experiment, we utilized the commercially available
poly(N-isopropylamino acrylamide)triethoxysilane (PNIPAAm) as
a more functional surface modification. This polymer shows a
thermo-responsive hydrophilicity with a lower critical solution
temperature (LCST) of 32 °C. Inking these stamps at room
temperature, i.e. in their hydrophilic state, resulted in the
formation of well-defined particle patches after printing
(Fig. 2c and g). At 45 °C, i.e. in their hydrophobic state, patches
with an even higher precision were observed, which adds
temperature as another optional process parameter to the pCP
process for future experiments (Fig. 2d and h).

A visual comparison of the acquired images (Fig. 2e-h)
already enables a rough estimation of the printing quality. In
order to obtain resilient data allowing for further profound
and objective description of the printing process, however, a
quantitative discussion of these results becomes indispensable.
For this purpose, we developed a custom-made automated
image processing algorithm utilizing Fiji/Image/*>*® and the
programming language Python,”” which is described in more
detail in the ESI.f In summary, this algorithm (Fig. S2, ESIt)
generates an overall patch intensity profile, by extracting
numerous radial patch signals (typically > 1000 signals), which
are normalised and averaged for each printing experiment,
whereby their characterisation is performed by fitting with a
Gaussian profile (Fig. S3, ESIt). Fig. 3 (left column) shows the
corresponding radial profile plots, wherein the full widths at
half maximum (FWHM) of the individual fit functions were
selected as a measure of patch diameters (summarised in
Table S2, ESIT). In parallel the average particle diameter was
determined at 3.7 um by analysis of the TL-images.

The radial intensity profiles shown in Fig. 3 along with the
extracted patch diameters (Table S2, ESIt) essentially confirm
the above discussed visual observations of the results in Fig. 2.
Fig. 3 clearly shows that printing with pristine PDMS indeed yields
patchy particles with defined patches, however, with rather huge
average patch diameters (dpacch = 1.98 pm). A significant decrease of
Elpatch was obtained for PEGylated stamps yielding Elpatch =1.29 pum,
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Fig. 3 Patch intensity profiles extracted from the individual printing results
by means of the automated image-processing routine. Printing from (a) bare
PDMS, (b) mPEGylated PDMS, (c) PNIPAAmM-functionalised PDMS inked at
RT and (d) at 45 °C. The left column shows the normalised average radial
intensity plots as obtained from the FL-images. The intensity profiles are
fitted via a Gaussian function. From the Gaussians, the FWHM-values were
calculated which correspond the average patch diameters (indicated by
black double-headed arrows). The diagrams depicted in the right column
represent the dispersity of patch diameters observed in the FL-images. It can
be deduced that the average patch diameter as well as absolute patch
deviation decreases upon use of the polymer-grafted stamps.

which is a result of a locally enhanced viscosity of the LMWI at
the stamp surface due to the presence of the polymer.
PNIPAAm-functionalised stamps similarly provide precise
patches when printing was performed with inking at room
temperature (dpaen = 1.44 pm). Nevertheless, the patches
appeared slightly larger as for PEGylated stamps (1.44 vs.
1.29 um). This fact, however, needs to be put into context in
sight of the different chain lengths of the two polymers (2.5 kDa
PNIPAAm vs. 5 kDa PEG according to mass spectrometry data,
see Fig. S4, ESIT). Printing experiments performed with PNIPAAm-
functionalised stamps with inking at 45 °C yielded particle
patches with a significantly improved precision compared to
printing at RT (1.44 vs. 1.17 um). This can be explained by
the microscopic structure of the PNIPAAm framework at this
temperature. At 45 °C, the hydrophilicity of the PNIPAAm drasti-
cally decreases and the polymer chains collapse in aqueous ink
solution. As a consequence, we expect the RITC molecules to be
entrapped in the collapsed polymer framework (Fig. 2d). Due to
the therefore drastically increased viscosity>® the LMWI substance

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Fluorescent microscopy images of silica particles printed with RITC as
LMWI and inked at ambient conditions (RT), after stamp holding time of ~16 h
and dispersed in ethanol, from left to right with top being the respective TL and
bottom the FL-channel (scale bars: 20 um): (@) bare PDMS, (b) mPEG-
functionalised, (c) PNIPAAmM-functionalised. Dispersed particles show retention
of printed LMWI patches with exceptional precision for the PNIPAAmM-stamp.
For better comparability, the FM-images were acquired with equal acquisition
settings and the FM data is displayed after being equally processed (no
saturation normalisation and rolling ball background subtraction).

experiences, its transfer to the particle surface becomes more
precise. Based on the automated image processing, the right
column in Fig. 3 represents the distribution of patch diameters of
the individual particles. From these graphs, it becomes obvious
that with smaller patch sizes, the absolute patch precision
increases. Note that supported by the individual FWHM values,
the standard deviation of particle patches stays almost constant
(approx. + 25%). Further discussion about the fluorescence
microscopy performance, particularly in sight of the supported
resolution of the employed setup (approx. 430 nm in lateral
direction) is provided in the ESIt of this article.

It has to be annotated that the data presented in Fig. 2 and 3
was acquired immediately after printing and, thus, is strongly
associated with the pCP process quality. For further application
of the functionalities introduced as patches on the particles,
however, it becomes important to ensure the covalent attach-
ment of the LMWI, which we achieved by an extended stamp
holding time.

To demonstrate a covalent immobilisation, we exposed the
stamp with the collected particles to ethanol as a suitable
solvent for RITC and subjected them to ultrasonication. Fig. 4
shows detached and re-dispersed particles as TL- and FL-images.
The distinct patches clearly prove that we indeed obtained a
strong chemical binding of the LMWI material with an aniso-
tropic distribution on the particle surface. Further results for
printing and annealing at different experimental conditions, are
discussed in Fig. S5 and summarised in Table S3 (ESI}).

In conclusion, we used RITC as functional, highly mobile
molecule to manufacture patchy SiO, particles via a modified
UCP process. For this purpose, we used PDMS stamps and were
able to show that their surface modification with polymeric
compounds drastically improves the quality of the resulting
patchy particles. We attribute this behaviour to an increase of
the local viscosity within the ink-layer on the stamp surface
during the printing process. We want to point out here that the
introduced approach is not limited to fluorescent dyes only but

This journal is © The Royal Society of Chemistry 2019
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can be extended to a large portfolio of further, highly functional
water-soluble molecules. In this context, investigations of the
influence of different printing parameters, e.g. holding time,
printing pressure, printing temperature, as well as the influence
of the chain length of the employed polymers on the printing
performance or the extension of this approach to other binding
chemistries represent interesting future challenges.
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