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Micropatterns of p-cyclodextrin (§-CD) monolayers on glass are
obtained by using a plasma etching approach with polydimethyl-
siloxane (PDMS) stamps. This simple and versatile approach provides a
promising alternative to current techniques for creating patterns of
covalently bound molecules. It is also possible to fabricate sub-10 pm
sized features.

For decades, molecular monolayers on surfaces have been used
for the fabrication of functional materials. Surfaces have been
modified to tune both physical properties, e.g. wettability, and
chemical properties, e.g. supramolecular interactions." The
resulting monolayer assemblies on glass have been extensively
studied with a plethora of molecular sensors. One way to study
monolayer assembly is through using bright field or fluores-
cence microscopy.””* Within microscopy, spatial control of
surface modification became important to allow validation
within a single field of view. Therefore patterning of molecules
on surfaces was introduced by Whitesides et al. in the form of
microcontact printing (uCP).> uCP is a soft lithographic tech-
nique wherein polydimethylsiloxane (PDMS) stamps are used
for patterning surfaces, similar to Gutenberg’s printing press.
The patterned PDMS stamps are generally made from a silicon
master wafer which contains features fabricated through
UV-lithography. Importantly, this form of patterning allows
positive and negative experimental controls to be placed in
one field of view, which is a feature that promotes qualification
of analytes. However, a major disadvantage within pCP is that
the inking and patterning step requires a lengthy process of
trial and error, due to issues such as solvent compatibility of
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PDMS stamps and lateral spreading of inks during printing.®’
Moreover, a clean room is often required for reaching sub-
10 pm resolution feature size within UV-lithography and therefore
also for pCP. To circumvent the limitations of pCP, alternative
surface patterning techniques were developed such as dip-pen
nanolithography,®® UV-initiated photografting,'®'* and laser
ablation through light induced molecular adsorption techno-
logy.""* The wide adoption of these methodologies, however,
may be limited by production costs.

As an alternative, plasma initiated patterning/plasma micro-
contact patterning (PuCP) was developed by Langowski et al.**
and Picone et al.*® for creating patterns of physisorbed proteins
on surfaces. The high energetic plasma decomposes organic
molecules on the surface,'®™"® and a patterned PDMS stamp
acts as a mask to control the exposure of the surface to the
plasma. In contrast to plasma glass etching, which relies on
SFe, C4Fg, or CHF; as a fluorine based etchant for removing Si
atoms,*” in this case, air is used as etching gas and the plasma
decomposes only the organic molecules present on the surface,
in a process known as isotropic ‘chemical etching’.>" So far, the
PuUCP technique has been predominantly used for creating
patterns of physisorbed molecules for biological applications.
We hypothesized that this concept is more versatile and can
also be used to obtain patterns on covalently coated surfaces.
To demonstrate the potential of this approach, we focused on
covalent surface modification starting from the organosilane
monolayer assembly. The PuCP step can already be applied
after organosilane modification or at a later stage to create
patterns of molecules by protecting part of the surface during
plasma treatment with a patterned PDMS stamp (Fig. 1).
Further modification steps can also be carried out on the
patterned surface and characterization is possible through
labeling with specific targeting fluorophores for analysis of
the surface by (fluorescence) microscopy. The ability to use
PuCP for patterning covalently attached monolayers could
open the field of surface functionalization without the lengthy
process of pnCP optimization or using complicated and/or
expensive techniques.
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Fig.1 Scheme showing principle of PuCP on surfaces: (a) (chemical)
covalent glass slide modification with desired functionality, (b) placing of
PDMS mask on modified slide for plasma patterning, (c) localized removal
of surface functionality using plasma etching to yield patterns on glass
surface, and (d) further surface functionalization steps.

We investigated the use of B-cyclodextrin (B-CD) on glass
surfaces as a model for the covalent attachment of monolayers
and creating patterns using PLCP methodology. The multiple
steps for obtaining a monolayer of B-CD are well studied in
literature, known as the ‘molecular printboard’,?>** in which
covalently, surface bound B-CD has been used for immobilizing
non-covalently guest molecules>***** and nanoparticles.*>®
Within the field of supramolecular host-guest chemistry,
adamantane is often used as a guest molecule because of its
high affinity for B-CD due to its hydrophobic nature, size, and
possibility for multivalent interactions. Therefore, the multiple
steps for obtaining a monolayer of B-CD allows studying the
effect of PuUCP on different molecular moieties, with respect
to retaining the host-guest functionality of B-CD for the
immobilization of adamantane functionalized molecules.

The B-CD glass surface functionalization works as displayed
in Fig. 2a: (1) silanization of glass surface silanol groups using
3-aminopropyltriethoxysilane (APTES) for obtaining an amine
layer, (2) covalent attachment of heptakis amino B-CD addition
via 1,4-phenylene diisothiocyanate (PDITC) cross-linking, and
(3) visualization of B-CD patterns with fluorescent divalent
guest molecule cyanine 5-diadamantane (Cy5-Ad,).”” PuCP
was carried out after the functionalization of the glass slide
with APTES (Exp. 1), after the attachment of B-CD (Exp. 2), and
also after the non-covalent immobilization of Cy5-Ad, (Exp. 3).%
For Exp. 1-2, Cy5-Ad, dye was subsequently added to functio-
nalized surfaces to label the $-CD patterns. Each single experi-
ment was then validated using fluorescence microscopy. In
addition, we also created more complex patterns using PLCP on
fully functionalized B-CD surfaces which also generated sub-10
um sized features. Importantly, all these experiments, includ-
ing the fabrication of patterned silicon wafers for the PDMS
stamps, were carried out without the use of a clean room.

For Exp. 1, after APTES monolayer assembly and creation of
patterns through PuCP, the surface was first validated by
addition of rhodamine B isothiocyanate (RITC), as an addi-
tional control (Fig. S1, ESIT). RITC is highly reactive towards
amines and can therefore be used to fluorescently label APTES
patterns. Patterns (150 pm) of bright fluorescent lines were
observed, while dark regions (50 pm) show no fluorescence as
they were exposed to plasma treatment before addition of RITC.
This indicated that plasma etching effectively removed all
covalently bound APTES from the glass surface outside of the
PDMS covered areas and that the protected APTES molecules
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Fig. 2 (a) Scheme showing the B-CD glass surface functionalization steps

and immobilization of fluorescent guest molecule Cy5-Ad,. PUCP was
applied either after APTES monolayer assembly (Exp. 1), B-CD attachment
(Exp. 2), or after Cy5-Ad, immobilization (Exp. 3). (b) Fluorescence micro-
scope images of Exp. 1: Cy5-Ad, addition to B-CD after PDITC mediated
attachment of B-CD to PuCP APTES patterns, Exp. 2: Cy5-Ad, addition to
PuCP B-CD after PDITC mediated attachment of B-CD to fully covered
APTES surface, and Exp. 3: PuCP of Cy5-Ad, after its immobilization to fully
covered B-CD surface. Profile plots showing the gray value intensity vs. the
distance in pm are depicted below the fluorescence images and are
corrected for beam curvature (see Fig. S2-S4 for explanation, ESIT).
Microscope images were captured with 10x objective and scale bars are
100 pm.

were still functional. The patterned APTES surfaces were
further reacted with PDITC and consecutively with heptakis
amino B-CD (Fig. 2a). Addition of the fluorophore Cy5-Ad, was
carried out to visualize surface bound B-CD through host-guest
interactions. Also in this case, clear fluorescent lines (150 pm)
of Cy5-Ad, immobilized to f-CD patterns were observed (Exp. 1,
Fig. 2b, larger overview Fig. S6, ESIt). Dark regions were again
observed between B-CD lines, which indicates that B-CD was
successfully cross-linked to APTES patterns.

In Exp. 2, fully covered surfaces of B-CD were PuCP treated
and subsequently incubated with Cy5-Ad, (Fig. 2a). The selec-
tive immobilization of Cy5-Ad, is clearly observed on B-CD
patterns as bright fluorescent lines (Exp. 2, Fig. 2b, larger
overview in Fig. S6, ESIt). In Exp. 3, we used PuCP in the final
step of the surface modification process after addition of

This journal is © The Royal Society of Chemistry 2019
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Cy5-Ad, (Fig. 2a). Clear patterns of host-guest immobilized
Cy5-Ad, are also observed in Fig. 2b for Exp. 3. The generated
patterns for experiments 1-3 all show clear contrast between
the desired feature and the spacing, which showcases the
reproducibility of the technique. Features of fabricated PDMS
stamps were compared with the resulting PUCP patterns
through repeating Exp. 3 from Fig. 2a and leaving the PDMS
stamp on the surface during microscope imaging (Fig. S7,
ESIT). These images show that the fluorescent patterns are in
accordance with the PDMS stamp features when comparing the
Cy5 channel with the brightfield channel, which is also further
confirmed with an overlay image (Fig. S8, ESIt). Therefore,
using PUCP methodology for creating patterns of covalently
attached monolayers is successful at multiple steps within a
functionalization protocol allowing great versatility.

We also explored a simple approach, using PuCP, for creat-
ing intricate and smaller f-CD patterns than the 150 um line
features of the applied PDMS stamp. In general, the fabrication
of sub-10 pm patterns on surfaces through conventional tech-
niques, such as UV-lithography, usually requires a clean room.
Here, ‘cross’-PuCP can be used to create unconventional small
features, starting from conventional large patterns. After
obtaining a fully functionalized -CD surface according to the
protocol shown in Fig. 2a, Exp. 2, the PuCP step for creating
patterns was slightly altered by rotating the PDMS mask
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between multiple plasma cycles (Fig. 3a). The first plasma
treatment step was carried out, as previously, by placing the
PDMS stamp on the functionalized surface at 0° (vertical lines).
This step was then followed by several rotations of the PDMS
stamp between plasma cycles: +£90°, +45°, and finally +90°, all
with respect to the previous step. This was done in order to
remove more 3-CD molecules from the surface through plasma
etching. Cy5-Ad, addition to the treated surface then yielded a
variety of shapes when imaged on the microscope (Fig. 3b). As
observed in Fig. 3b(iv), we also managed to fabricate distin-
guishable sub-10 um features of B-CD on the same surface by
using cross-PuCP. The result shows clear contrast between
functionalized and non-functionalized areas and are agreeable
with the expected patterns depicted in the scheme in Fig. 3a.
In this work, we described how a micropatterning technique
(PuCP) based on the spatially controlled removal of molecules
through plasma treatment and PDMS stamps, can easily be
applied to monolayers of covalently bound molecules on sur-
faces. We show that PLCP can be used to create patterns during
different steps and thus on different molecular moieties within
the extensive B-CD surface functionalization, while also retain-
ing the reactivity of the amine monolayer and the supramole-
cular functionality of the f-CD layer. We believe that, owing to
its simplicity, PUCP is more straightforward and reproducible
than current micropatterning techniques for covalently bound
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a) Scheme showing the concept of changing the stamp orientation in between PuCP cycles on modified glass surface. The expected outcome of

pattems on top of the glass surface is shown below the PDMS stamps. Cy5-Ad, is added only after all ‘cross’-PuCP steps. (b) Fluorescence microscope
images of B-CD surface after different PuCP treatments and addition of Cy5-Ad,. Images were captured on the same glass slide with (i) 2.5x objective,
(i) 10x objective and (iii) 40x objective. A digital zoom of (iii) is depicted in (iv) to showcase a triangular shape with a size around 5 um. All scale bars

except for (iv) are 100 pm. The scale bar in (iv) is 10 um.
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molecules. Moreover, by using ‘cross-PuCP, a methodology
which works contrapositive to additive manufacturing techni-
ques, we fabricated sub-10 um features. This simple technique
can also open the concept of micropatterning to chemists who
do not have access or experience in clean-room technology or
microfabrication.
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