Resumo

A producdo de micro-cdpsulas artificiais tem sido alvo de intensa investigagao
cientifica. FEstes sistemas permitem a encapsulagao duma grande variedade de
compostos sendo usados para a libertagio controlada de agentes, distribuigédo lo-
calizada de firmacos e protecgio de materiais sensiveis. Recentemente, novas
cépsulas poliméricas foram introduzidas por Donath e seus colaboradores. Es-
tas micro-estruturas podem ser sintetizadas com dimensoes, espesssura de parede e
propriedades fisico-quimicas controléveis. A sua produgdo consiste essencialmente
na adsorgao sequencial (Iayer-by-layer) de materiais de cargas opostas na superficie
duma particula coloidal. A particula coloidal é posteriormente dissolvida através
do tratamento com solventes ou variagoes de pH dando origem a uma estrutura oca.
As propriedades mecanicas das cdpsulas podem ser manipuladas em vérias ordens
de grandeza através da variagao das condigdes de preparagao ou da utilizagao de
diferentes materiais na composigao da parede. Para atingir os objectivos definidos
em algumas aplicagoes, tal como a encapsulagdo e transpofte de firmacos através
de filtros ou membranas, é fundamental conhecer as suas propriedades mecanicas
assim como o seu comportamento em escoamento.
Neste trabalho, micro-capsulas poliméricas foram sintetizadas através da ad-
sor¢ao sequencial de poli(cloreto de aliloménio) e poli(4-estirenosulfonato de sé6dio)
“em particulas de polistireno, silica e poli(4cido lactido) que foram posteriormente
dlss%lyldas Dois sistemas foram projectados e implementados para investigar a re-
éx§tén01‘:; mecinica e adesao destas estruturas poliméricas em campos de velocidade
em regime laminar.

" O primeiro sistema consistiu numa camara de placas paralelas ajustavel a um
microscépio confocal. O sistema permitiu investigar o efeito da tensao de corte em
cépsulas adsorvidas em vidro modificado com poli(etilenoimina). Foi observado
que a adesdo e resisténcia mecanica das cépsulas podem ser manipuladas variando
a dimensdo da cipsula e a espessura da parede. A drea de ades@o diminui com o
didmetro da capsula: a drea de adesdo de cdpsulas com 16 pum de didmetro é duas
vezes superior 4 irea de adesdo de capsulas de 5 pm de didmetro com igual espes-



sura de parede. Cépsulas de 16 camadas de polielectrdlitos e diametros inferiores
a 16 pym apresentam pequenas sreas de adesao que favorecem a sua libertagao da
superficie para forgas de arrasto inferiores a 50 nN. Por outro lado, capsulas de
8 camadas apresentam grandes reas de adesdo (até 20 % da érea equatorial da
capsula) que aumentam quando as cépsulas s&o expostas ao escoamento. Neste
caso, as capsulas nao sao libertadas da superficies (mesmo aplicando forcas de ar-
rasto na ordem dos 160 nN) mas sao imediatamente deformadas. A deformagao
¢ instantanea, independente do tempo de exposigao € irreversivel apés a remogao
do estimulo. Foi observado que as cépsulas se movem sobre a superficie aquando
da exposigao ao escoamento. Sobre o efeito da tensao de corte, a 4rea de ades@o
aumenta na direccdo do fluxo de forma as capsulas adquirirem uma maior esta-
bilidade. As variacdes na magnitude e direcgdo do movimento foram atribuidas a
nio homogeneidade de distribuigao de cargas da superficie das capsulas e da su-
perficie do substrato. A permeabilidade das capsulas pode ser manipulada através
de tratamentos quimicos apés a dissolugao do nticleo. Por este motivo, procedeu-se
a0 estudo do efeito da acetona sobre as propriedades das capsulas. As cépsulas
tratadas com acetona sofreram deformacio quando foram expostas ao escoamento
enquanto nenhuma deformacao foi observada nas capsulas controlo.

Um sistema microfluidico foi implementado para estudar a deformagao das
cépsulas fluindo em capilares com dimensoes e geometrias simulando vasos sanguineos.
Um componente de silicio foi fabricado utilizando técnicas litograficas e de micro-
fabricacio sendo posteriormente integrado num sistema para a investigacgao in-situ
da deformacao das capsulas. Cépsulas de 20 pm de diametro e constituidas por 10
camadas de polielectrélitos passaram através de constricdes de 10 pm de largura
apresentando um comportamento plastico. Por outro lado, cipsulas de 10 pm de
diametro foram imobilizadas em constrigées de 8.5 pm, oferencendo novas possibili-
dades para a investigagao in-situ da permeabilidade e estabilidade destas estruturas.

No seu conjunto, estas experiéncias reolégicas permitem um estudo qualitativo
das propriedades mecanicas das cépsulas e apontam para uma complexa inter-
relacao entre a estrutura das cépsulas e a sua adsorgao a superficies em processos
de escoamento.



Abstract

In recent years, much progress has been made in the fabrication of artificial mi-
cron sized capsules. These structures enable the encapsulation of various materials
and are used for the controlled release of agents, targeting of drugs and protec-
tion of sensitive materials. Polyelectrolyte multilayered shells, recently introduced
by Donath and coworkers, are novel structures for micro compartmentalization of
materials that can be fabricated with designed physical and chemical properties,
tunable composition, size and thickness. The production essentially involves the
coating of a colloidal template using layer-by-layer electrostatic self assembly. The
template is afterwards decomposed and removed via pH changes or solvent treat-
ment. As the preparation parameters can be varied over a wide range and different
materials can be used in the composition of the shell, the mechanical properties of
these structures can be varied over orders of magnitude. When envisaging practical
applications such as drug delivery or the transport across filters and vessels it is
essential to know the capsules’ mechanical properties as well as their behavior in
flow.

In this work, hollow polyelectrolyte capsules were fabricated through the layer-
by-layer assembly of poly(allylamine hydrochloride) and poly(sodium 4 - styrene-
sulfonate) onto polystyrene, silica and poly(D,L-lactic acid) templates that were
subsequently dissolved. Two different systems were designed and implemented to
1nyest1gate the mechanical resistance and adhesion of these polymeric micron sized
* capsules in flow fields.

The first system consisted of a parallel plate flow chamber adjustable to a
confocal laser microscope. The system has allowed to study the effect of shear stress
on the shells adsorbed to glass coated with poly(ethyleneimine). It was found that
the adhesion and the mechanical resistance of the hollow capsules can be tuned
over a wide range by varying the shell size and wall thickness. The adhesion area
decreases with the shell diameter: the adhesion area of capsules with 16 ym in
diameter is twice as larger as the adhesion area of capsules with diameter of 5 pm
with equal thickness. Capsules of 16 layers and with diameter below 16 pm have



small adhesion areas favoring the detachment of the shells from the substrate for
drag forces below 50 nN. On the other hand, capsules constituted of 8 layers have
very large adhesion areas (up to 20% of the capsule equatorial area) which undergo
a further increase when the capsules are exposed to flow. They do not detach from
the substrate for drags up to 160 nN but are instantly deformed with the application
of a flow. The deformation is instantaneous and irreversible after removal of the
stimuli. The rolling of the capsules when exposed to flow was also observed. Under
fluid shear stress the capsules aim for higher stability and therefore their adhesion
increases in the direction of flow. Variations in magnitude and direction of rolling
are attributed to inhomogeneities in the charge distribution on both the surface
of the shells and of the substrate. Considering that the chemical treatment of
the hollow capsules is an usual method to manipulate the shell permeability, the
treatment of hollow capsules with acetone after core dissolution was investigated. It
was observed that acetone treated capsules undergo deformation under flow while
no deformation is observed prior to the treatment.

In a second approach, a microfluidic system was implemented to study the cap-
sules deformation and squeeze through when flowing through capillaries of dimen-
sions and geometries simulating blood vessels. A silicon component was fabricated
using lithography and bulk micromachining methods and integrated in a system
that allowed the in-situ investigation of the capsules’ deformation. Polyelectrolyte
capsules with diameter of 20 pm and constituted of 10 layers have been squeezed
through constrictions with widths of 10 pm showing a plastic deformation. Addi-
tionally, capsules with diameter of 10 pm were successfully trapped at constrictions
of 8.5 um offering new possibilities for in-situ studies of permeability, mechanical
stability and adhesion. .

Altogether, these rheological experiments a low to get qualitative measurements
on the mechanical properties of the capsules and they point to a complex co-relation
of mechanics and adhesion in a model system.
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