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Deposition and Patterning of Polymeric Capsule Layers
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ABSTRACT: Nanoengineered polymeric capsules of different types were deposited on solid supports by
the solution casting technique. Patterning of these layers was performed with an electron beam. Electron
beam irradiation of such layers resulted in the significant increase of the capsule adhesion to the substrate.
Development of the patterns was carried out in detergent solutions under sonication. Capsules in the
nonirradiated areas of the samples were washed out, while those in irradiated zones remained on the
substrate surface. The possibility of two-step lithography on successively deposited layers of capsules of

different types was demonstrated.

Introduction

Current developments of techniques for the formation
of nanoengineered polymeric capsules have attracted
great attention due to their interesting application
perspectives.! A recent technique is based on the self-
assembling of polymeric shells on spherical (or any other
shape) precursors by electrostatic interactions and/or by
the method of surface-controlled precipitation. After the
shell is formed, it is possible to remove the precursor
varying the environmental conditions. (In most of the
cases, pH variation resulted in the solubility of the
precursor nuclei.) Thus, hollow polymeric capsules can
be formed. An important feature of these capsules is the
smart nature of the shell which may change its proper-
ties as a response to the environmental condition
variations.?

It is also possible to manipulate the intercapsule con-
tent varying the environmental conditions. The pos-
sibility has been demonstrated to grow space-confined
organic® and inorganic crystals,* to insert and to deliver
biomolecules (such as proteins),® to perform selective
metallization,® etc.

Most of the possible applications of nanocapsules are
considered for the liquid phase. In fact, specific features
of the objects, such as shell pores of the fixed diameter
and, moreover, the possibility to open and close revers-
ibly these pores when it is necessary, together with the
possibility to insert some receptors in the shell surface,
allowing the attachment of the capsules to specific areas,
provide perspectives for intelligent drug delivery.

Nevertheless, there are applications that require
strongly the immobilization of the capsules onto solid
support surfaces. These applications are connected to
the fabrication of sensitive elements of multipurpose
sensors and regular distribution of space-confined ma-
terials. The last can be illustrated by the formation of
capsule-confined magnetic granules on a flat surface.
In fact, adequately chosen precursors can provide the
desirable confinement of the magnetic particle growth.
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If it will be small enough, it is possible to expect the
growth of a single magnetic domain in each capsule.
Realization of this idea will allow to construct a new
generation of magnetic media based on such phenomena
as tunneling” or ballistic® magnetoresistance, realized
with rather simple and low-cost technologies.

However, all interesting applications of nanocapsules
(preferentially, filled with some materials), immobilized
on solid support surfaces, can be taken into serious
consideration only if a method can be developed for their
in-plane patterning. In fact, if we consider the applica-
tions, mentioned above, namely, magnetic media and
sensor arrays, the necessity to have the possibility of
2-D manipulation with immobilized arrays becomes
clear. In the case of capsules with magnetic domains,
pixel arrays must be formed as the elementary units of
information storage. In the case of multiuse complex
sensor systems it is necessary to arrange capsules with
different enzymes, receptors, DNA, or other sensitive
molecules in the desirable patterns on the surface of
transducer substrate. Therefore, it is possible to claim
that effective utilization of filled capsules immobilized
on solid surfaces requires the development of the 2-D
pattern formation process. Moreover, in the most of
cases it will be necessary to apply the lithography
procedures several times in order to realize the desirable
mutual arrangement of capsules filled with different
functionally active molecules or crystals.

From this point of view, we recall that the method of
the patterning of organic layers with electron beam
irradiation is well-known.® Microelectronics is based on
the use of electron beam resists, negative or positive,
where the electron beam irradiation results in the po-
lymerization of monomers or in the destruction of poly-
mers in the mask layers. In any case, the result is the
variation of the solubility and stability of the irradiated
areas with respect to nonirradiated ones. After a proper
developing process, which consists of the treatment with
solvents, 2-D features in the layer plane are formed.
Concerning nanometer-scale objects, the method was
successfully applied for the patterning of Langmuir—
Blodgett films.1° Possible mechanisms of the electron
beam action on different organic object, different to
polymerization, will be discussed in the other paper.
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Figure 1. Layer of nanoengineered polymeric capsules at solid surface after electron beam treatment before the development
(a); underdeveloped (b) 1 min in detergent solution under sonification; developed (c) 5 min in detergent solution under sonification;
overdeveloped (d) 20 min in detergent solution under sonification. Image size is 0.4 x 0.4 mm.

In the present work we present a generalization of
the electron beam irradiation approach to the patterning
of the nanoengineered polymeric capsule layers im-
mobilized on solid surfaces. In this case the objects are
much more complex because they contain polymeric
shells independent of the fact that they are empty or
filled with some compounds.

Experimental Section

Two types of capsules were used in this work. The first one
(namely PAH/PSS) is a poly(styrenesulfonate) (PSS, MW ~
70 000)/poly(allylamine hydrochloride) (PAH, MW ~ 50 000)
polyelectrolyte capsules containing 0.1 M of PAH monomers
inside. These capsules were prepared by controlled precipita-
tion of PAH complex with citric acid on the MnCO; template
particles of 3.2 um diameter followed by layer-by-layer as-
sembling PAH/PSS multilayers on the top of formed core/shell
particles.2* After removal of MnCO; template core (which
dissolves at pH = 1), the resulting capsules are composed of
two shells: the inner one is formed by the PAH/citrate
complex, and the outer shell is the PAH/PSS complex. A more
detailed description of the synthesis can be found else-
where.21213 The other type of nanocapsules (hamely PAH/PPS
(Fes04)) consists of PAH/PSS capsules inside which magnetic
FesO,4 nanoparticles were synthesized. The difference in pH
between capsule interior and surrounding solution, described
in ref 14, and the presence of inner PAH complex cause
spontaneous precipitation of the magnetic FesO4 nanoparticles
exclusively inside the capsules.**® At first PAH/PSS capsules
were exposed to the 0.01 M NaOH for 4 h. Then they were
washed, and 3 mL of 0.66 M FeSO, + 0.62 M Fe,(SO,); solution
was added to 200 uL of 5% v/v aqueous suspension of PAH/
PSS capsules for 6 h. During this time combined precipitation
of both Fe(ll) and Fe(lll) ions and the formation of the
magnetic Fe;O04 were observed. After synthesis the excess of
Fe(ll) and Fe(lll) ions was removed from bulk solution by
repeated magnetic decantation.

Microscopy images were acquired with the optical micro-
scope Axiotech (Zeiss, Germany).

Hydrophilic glass slides were used as substrate for the
deposition. A glass surface treatment was performed in
concentrated sulfuric acid (10—15 min) under heating to
80—100 °C. After that, the glass slides were carefully washed
in distilled water. Because of such a treatment, strongly
hydrolyzed surfaces were obtained.

PAH/PSS capsules were used for the single lithography,
while PAH/PSS (Fe30,) as the first layer and PAH/PPS as the
second layer were employed for the double lithography.

The pattern formation process on the samples consists of
several steps. During the first step the solid substrates were
covered with capsule layers by means of a solution casting
method. Before casting, capsule solutions were shaken for 1—2
min to avoid capsule aggregates. After drying in air at room
temperature, the samples were placed into the vacuum
chamber and vacuumed until 10~° Torr. Electron beam ir-
radiation (step 2) was performed with a homemade electron
gun'® through masks with different geometry (characteristic
sizes of the mask features were about 0.1 mm). The accelera-
tion voltage of the electron beam was 2 kV and the exposition
time was 3 min, providing the radiation dose of 3 x 1072 C/cm?.
Development of the exposed samples was tried in different
solvents, namely, chloroform, ethanol, and detergent solutions.
It appeared that chloroform and ethanol do not provide any
apparent action on the sample. On the contrary detergent
solutions resulted in the removal of the capsules from the
nontreated areas of the sample. The best results, i.e., that
practically all capsules in irradiated areas remained on the
sample surface, while from nonirradiated areas were removed
almost completely, were reached when the development pro-
cess was performed with the 20% solution of Tween 20 for 3—5
min under sonication. The resultant sample contained im-
mobilized capsules only in the exposed areas, while in the
nonexposed ones were washed out during the detergent
treatment step.

Some samples were prepared by repeating the lithography
process two times for the formation of patterns with two
different types of capsules. In this case, the already patterned
sample was covered with the other nanocapsule layer (step
4), formed by solution casting. Then the sample was placed
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again into the vacuum chamber (10° Torr) and exposed to
the electron beam (step 5) as done in step 2. The electron beam
irradiation was performed through a mask with different
geometry in order to to distinguish 2-D features formed during
the first and the second lithography processes. The exposed
sample was again developed in the detergent solution in
ultrasonic bath (step 6), leaving at the support surface areas
formed during the first and the second lithography processes.

Results and Discussion

Solution casting allows to realize rather uniform
coating of solid substrates with nanocapsule layer.
However, close regular packing of capsules was not
reached probably due to the rather low concentration
of the stock solutions and empty nature of the capsules.
The last fact can be responsible for the shape variation
of the objects during drying process, resulting in the
transformation of the initially monodisperse objects into
polydisperse ones that cannot form regular packing. The
photograph of the solution casting formed layer after
drying is shown in Figure la.

Electron beam irradiation of the sample did not
change its morphology (image not shown), indicating
that both vacuum and electron beam treatment did not
induce visible (macroscopic) variation of the capsule
structure. Initially, chloroform and then ethanol were
tested for the development of these electron beam
irradiated samples. No effect was recorded even for
rather long time intervals, such as 30 min (the resulting
morphology is similar to that in Figure l1la). Simple
washing with detergent solution did not provide any
changes in the sample as well. The effect of the develop-
ment becomes visible only when the treatment was
performed with detergent solution in the ultrasonic
bath. The morphology of the sample after such develop-
ment for 1 min is shown in the Figure 1b.

As is clear from the image, exposed regions begin to
be less soluble in detergent solutions with respect to
nonirradiated ones. However, capsules in nonexposed
zones were not completely removed from the support
surface. Therefore, we have increased the developing
time. The morphology of the sample after the ultrasonic
bath treatment with detergent solution for 5 min is
shown in Figure 1c. As is clear from the image, the
treatment had resulted in the practically complete
removal of the capsules in nonirradiated zones, leaving
practically the same coating in areas exposed to the
electron beam action.

Further treatment with the detergent solution (20
min) resulted in the complete removal of capsules in
nonexposed areas and significant reduction of their
concentration in exposed zones (overdevelopment phe-
nomenon). The morphology of the sample is shown in
Figure 1d. The capsule distribution on the surface is
still concentrated in circles, corresponding to the irradi-
ated zones. However, the number of these capsules is
much less than before, and they are not in contact with
each other. The fact that not contacted capsules are still
better attached to the substrate surface indicates that
the mechanism of the electron beam action differs
significantly from that in the case of organic layers,
where the exposition provides cross-linking of adjacent
molecules. In the present case, instead, it is more likely
that the electron beam exposition procedure activates
molecules of the capsule shell. This activation results
in the formation of bonds between the capsules and the
substrate surface. In fact, energy of the electrons (3 keV)
is absolutely enough for penetration through whole
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Figure 2. Image of the sample after first lithography (a) and
after second lithography (b). Image size is 0.4 x 0.4 mm. Insets
show different capsules used during the first and second
lithography.

shells (about 2 nm) in the case of hollow capsules.6
Irradiation results in breaking of some bonds in the
polymer molecules. When the irradiation is stopped,
these bonds are linked with adjacent molecules and OH
groups at the glass surface. In the case of filled capsules,
the electron beam, of course, cannot penetrate the whole
capsule volume (about 3 um diameter). However, the
activation in this case can be due to the backscattering
of electrons from the substrate surface. Being randomly
distributed, these scattered electrons can activate the
whole capsule surface, even that faced to the support
surface.

From the application point of view, it is very impor-
tant to demonstrate the possibility of multistep lithog-
raphy on nanocapsule arrays, as it can provide the way
to produce 2-D macromolecular architectures on solid
substrates. Therefore, two-step lithography process on
layers of different capsules was performed. Initially, a
mask with beanlike windows was used for the exposition
of layer of hollow capsules. The morphology of the
sample after the development is shown in Figure 2a.
The second layer of capsules with Fe3O,4 inside was
deposited onto this sample by solution casting. Then it
was exposed to the electron beam radiation through the
mask with circular windows and developed in the
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detergent solution. The image of the sample prepared
in such a way is shown in Figure 2b. The performance
of the second lithography resulted in the overlapping
of a new picture, formed by nanocapsules, with the old
one. It is very important that the second lithography
(irradiation and development) did not destroy the
picture formed during the first lithography process,
demonstrating the real applicability of the developed
method for the realization of patterns composed from
different capsules. Insets to Figure 2b represent images
of different areas of the samples with higher magnifica-
tion, allowing to distinguish clearly the different nature
of capsules used in the first and second lithography
processes.

Conclusions

A method of the 2-D patterning of capsule layers on
solid supports is reported. The method is based on the
electron beam irradiation of preformed nanocapsule
layers and their successive development in detergent
solutions in an ultrasonic bath.

The developed method allows to obtain a desired
geometry of the nanocapsule attachment to solid sup-
ports. It is important to note that the lithography
process can be repeated several times (in the present
work, it was done twice) in order to obtain patterned
features of different capsules in 2-D plane. Thus, it
provides the possibility to organize necessary mutual
2-D arrangement of encapsulated reagents and/or nano-
crystals that can be driving engines for molecular
manipulating machines, such as catalytic reactors,
sensors, or quantum devices based on space-confined
inorganic elements.

Details of the lithography mechanism are not yet
clear. The available data allow to suggest that the main
effect of the electron beam irradiation is in the activa-
tion of the capsule shell molecules, resulting in the
better adhesion of capsules to the solid support surface,
probably through binding to OH groups on glass surface.
The main reason for such conclusion is connected to the
fact that the initial layers of capsules are not densely
packed. Therefore, the irradiation effect cannot be
attributed to the cross-linking of the adjacent capsule
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shells, but to the activation of the shell molecules and
successive binding to the substrate surface.
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