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RESUMO

Titulo: Preparagdo, caracterizacdo morfolégica e aplicagdes de hidrogéis de
P(NIPAAm-co-AAc).

Autora: Regiane da Silva Gonzalez.

Orientador: Marcelo Ganzarolli de Oliveira.

Palavras-chave: Hidrogéis, morfologia, 6xido nitrico, S-nitrotidis.

Hidrogéis compostos de redes poliméricas sdao de grande interesse como
biomateriais. Neste trabalho, foram sintetizados hidrogéis de  poli(N-
isopropilacrilamida) copolimerizados com &cido acrilico (P(NIPAAm-co-AAc)) e
reticulados com metileno-bisacrilamida (MBAAm) em diferentes graus de reticulagdo,
interpenetrados (IPNs) e semi-IPNs com PVA. A presenca de AAc permitiu elevar a
temperatura critica inferior de solugdo (LCST) para 37° C. Observou-se que as
propriedades mecanicas dos hidrogéis melhoram significativamente com a presenca de
PVA na rede polimérica e com o aumento do grau de reticulagdo. Observou-se que o
aumento de 3 para 5% no grau de reticulacdo leva a uma mudanca da morfologia dos
poros dos hidrogéis de esféricos a tubulares e que a difusdo de azul de metileno a partir
dos hidrogéis com poros tubulares é aumentada quando o eixo principal dos poros esta
orientado paralelamente ao fluxo de soluto. Demonstrou-se que tanto o aumento do
grau de reticulagdo como a redugdo da temperatura de 37 para 25° C levam a uma
reducdo das velocidades de difusdo de S-nitrosoglutationa (GSNO) e S-nitroso-N-
acetilcisteina (SNAC) incorporadas nos hidrogéis. Verificou-se que tanto a absorcdo
como a difusdo destes solutos dependem das interacdes entre suas cargas elétricas
resultantes e a carga da matriz polimérica em um determinado pH. Hidrogéis contendo
GSNO e SNAC foram capazes de causar vasodilatagdao local na pele em aplicacdes
topicas, através de suas acdes como doadores de 6xido nitrico (NO). A agdo
vasodilatadora mais intensa e de mais curta duracdo da SNAC comparada a GSNO foi
correlacionada com seu maior coeficiente de difusdo na matriz de hidrogel. A aplicacdo
do hidrogel aderido com adesivo de fibrina em um modelo animal de gastrosquises
promoveu uma protecdo efetiva das alcas intestinais herniadas, com reducdo da

inflamacao.
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ABSTRACT

Title: Preparation, morphological characterization and applications of P(NIPAAm-co-AAc)
hydrogels.

Author: Regiane da Silva Gonzalez.

Advisor: Marcelo Ganzarolli de Oliveira.

Key words: Hidrogel, morfology, nitric oxide, S-nitrothiols.

Hydrogels composed of polymeric networks are of great interest as biomaterials.
In this work hydrogels of poly(N-isopropilacrilamide) copolimerized with acrylic acid
(P(NIPAAm-co-AAc)) and cross-linked with metilene-bisacrilamide (MBAAm) at
different cross-linking degrees, interpenetrated (IPNs) and semi-IPNs with PVA. The
presence of AAc allowed increasing the lower critical solution temperature (LCST) to
37° C. It was observed that the mechanical properties of the hydrogels are significantly
improved with the presence of PVA in the polymeric network and with the increase in
the cross-linking degree. It was observed that an increase from 3 to 5% in the cross-
linking degree leads to a change in the pore morphology of the hydrogels from
spherical to tubular and that the diffusion of methylene blue from the hydrogels with
tubular pores is increased when the main axis of the pores are parallel oriented to the
flow of the solute. The diffusion of S-nitrosothiols showed that the increase in the
cross-linking degree from as well as the reduction in temperature from 37 to 25° C,
leads to a reduction in the diffusion rates of S-nitrosoglutathione (GSNO) and S-
nitroso-N-acetylcysteine (SNAC) incorporated in the hydrogels and that both the
absorption and diffusion of these solutes depend on the interactions between their net
electrical charge and that of the polymeric matrix at a given pH. GSNO and SNAC-
containing hydrogels were able to cause local vasodilation in the skin in topical
applications through their actions as nitric oxide (NO) donors. The more intense and
less lasting vasodilation action of SNAC, compared to GSNO was correlated to its
higher diffusion coefficient in the hydrogel matrix. Application of the hydrogel bound
through fibrin adhesive in an animal model of gastroschisis, provided an effective

protection of herniated bowel, with reduction of inflammation.
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Abreviagdes

A: adesivo cirdrgico de fibrina (Beriplast®)

AAc: 4cido acrilico

AM: azul de metileno

TMA: andlise termomecanica

BIS: N-N’-methylenebisacrylamide

C/D: congelamento/descongelamento

CisNO: S-nitrosocisteina

0. deformacido maxima

D: coeficiente de difusao

EDREF: fator de relaxamento derivado do endotélio
EDS: espectrometria de energia dispersiva

F127: copolimero PEO-PPO-PEO (pluronic)

G: gastroquise

G+A: gastrosquise + adesivo de fibrina

G+A+H: gastrosquise + adesivo de fibrina + hidrogel
GSH: glutationa

GSNO: S-nitrosoglutationa

H: hidrogel

H,y: superficie de fratura horizontal paralela a placa de vidro
IPN: rede interpenetrada

K: coeficiente de parti¢ao

LA: liquido amniético

LCST: Lower critical solution temperature

m: massa

MACc: acido metacrilico
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MB: methylene blue

MBAAm: N-N’-metileno-bisacrilamida

9%MBAAm: percentagem de MBA Am utilizado para reticulagcdo do hidrogel
9% mol BIS: percentagem de MBAAm utilizado para reticulacao do hidrogel
NAC: N-acetilcisteina

NIPAAm: N-isopropil acrilamida

NO: 6xido nitrico

P: permeabilidade

PAAm; poli(acrilamida)

PBS: phosphate buffer saline

PEG: poli (etileno glicol)

PEO: poli (6xido de etileno)

PPO: polipropileno

pH: potencial hidrogenidnico

P(NIPAAm): poli(N-isopropil acrilamida)

P(NIPAAm-co-AAc): poli(N-isopropilacrilamida-co-acido acrilico)
P(NIPAAm-co-MAc): poli(N-isopropilacrilamida-co-acido metacrilico)
PVA: poli (dlcool vinilico)

Q: grau de intumescimento

RSHs: tiois

RSNOs: S-nitrostidis

RS-SR : dimero de tiol oxidado

RMN 'H: ressonancia magnética nuclear de hidrogénio

semi-IPNs: rede semi-interpenetrada

SNAC: S-nitro-N-acetilcisteina

SEM: Microscopia eletronica de varredura

Swn: superficie em contato com a placa de vidro
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o: tensdo a maxima deformagao

T: Temperatura

TEMED: tetrametiletilenodiamina

UV-VIS: ultravioleta-visivel

Vig: superficie de fratura vertical perpendicular a placa de vidro
Viy: superficie de fratura vertical perpendicular a placa de vidro

VIPS: vapor induced phase separation
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1. Relevancia do trabalho

Esta Tese descreve os resultados da preparacao, caracterizagdo e aplicagdes de
hidrogéis obtidos a partir da reagdo radicalar de copolimerizacdo de N-isopropila
crilamida com 4cido acrilico (P[NIPAAm-co-AAc]). A reagdo de
copolimerizagdo foi realizada na presenca de metileno-bisacrilamida, MBAAm,
para a formag¢do de uma rede polimérica, hidrofilica. Foram sintetizados ainda
hidrogéis de P(NIPAAm-co-AAc) semi-interpenetrados (semi-IPNs) e
interpenetrados (IPN) com poli(alcool vinilico) (PVA).

Os resultados de caracterizagdo da morfologia, do grau de intumescimento e da
resisténcia mecanica foram agrupados em uma primeira parte da Tese, que
relaciona a influéncia do grau de reticulacdo e a presenca de PVA a estas
propriedades. O grau de reticulacdio e o intumescimento determinam a
porosidade dos hidrogéis e conseqiientemente a liberagdo de fadrmacos através de
hidrogéis na forma de membranas. O principal objetivo desta parte do trabalho
foi a caracterizacdao da morfologia dos hidrogéis de P(NIPAAm-co-AAc) em
funcdo do grau de reticulacido. Estes resultados estdo apresentados no artigo
cientifico publicado no periddico Polymer (48(14):4114-4122 (2007),
juntamente com informagdes suplementares publicadas em congressos e outras
ainda ndo publicadas. Neste trabalho verificou-se pela primeira vez que estes
hidrogéis apresentam diferentes morfologias as quais dependem do grau de
reticulagdo. Hidrogéis de P(NIPAAm-co-AAc) com grau de reticulacdo de 3%
ou menos, através do agente reticulante, metileno-bisacrilamida (MBAAm),
possuem morfologia de celas relativamente esféricas. Entretanto quando o teor
de reticulante € maior que 5%, sua morfologia passa a ser formada por poros
tubulares, alinhados paralelamente ao campo gravitacional. Nesta parte do

trabalho foram caracterizados ainda, o grau de intumescimento € a resisténcia



mecanica dos hidrogéis de P(NIPAAm-co-AAc) em funcdo do grau de
reticulacdo e da presenga de PVA. Verificou-se que a presenca de PVA leva a
formacdo de redes interpenetradas com melhores propriedades mecanicas,
conforme apresentado no item 3.5. Este trabalho estd apresentado na forma de
um manuscrito em preparac¢ao para submissao.

Na segunda parte da tese foram exploradas algumas aplicacdes dos hidrogéis
de P(NIPAAm-co-AAc). A primeira delas € voltada para a absor¢do e liberagcao
de S-nitrosotiéis (RSNOs), que podem ser usados em aplicagdes tépicas como
doadores de 6xido nitrico (NO). Uma vez que a rede polimérica destes hidrogéis
¢ composta de grupos hidrofilicos, eles sdo capazes de absorver grande
quantidade de solucdo aquosa, apresentando grande interesse cientifico e
comercial para utilizacdo como biomateriais liberadores de farmacos. No
exemplo em questdo, membranas de hidrogéis de P(NIPAAm-co-AAc) contendo
RSNOs foram utilizadas para a promocao da vasodilatacdo cutanea através da
aplicacdo topica na pele de voluntdrios sadios e, com isso, caracterizando pela
primeira vez esta acdo com o uso deste tipo de hidrogel. Nesta segunda parte do
trabalho, foi avaliada também a aplicacdo terapéutica de hidrogéis de
P(NIPAAm-co-AAc) no tratamento da Gastrosquises, através de um trabalho de
colaboracdo com a participagdo da aluna de Mestrado Frances L.L. Gongalves,
sob orientacao do Prof. Dr. Lourengo Sbragia, da Faculdade de Ciéncias Médicas
(FCM) da UNICAMP. Neste trabalho, toda a manipulagdo dos animais, bem
como as andlises morfométricas e histolégicas do material bioldgico foram
conduzidas pela mestranda Frances L.L. Gongalves, com acompanhamento da
presente candidata, que foi responsdvel pela preparagao dos hidrogéis utilizado
para os recobrimentos das alcas intestinais dos animais. A Gastrosquises (G) é
um defeito congénito da parede abdominal de fetos resultando em um pequeno

orificio, geralmente localizado a direita da cicatriz umbilical, que permite a



herniacdo e exposi¢cdo permanente das algas intestinais ao liquido amnidtico
(LA) e seus componentes durante a gestacao. Devido a exposi¢ao do intestino ao
liquido amniético, ocorre inflamacgdo, sendo que em alguns casos € necessdria a
intervenc¢do cirdrgica antes mesmo do nascimento ou a retirada do feto antes de
se completar o periodo gestacional. A exposicdo permanente das alcas ao LA e
seus componentes causa alteracdes da morfologia e da histologia da parede
intestinal que levam a hipomotilidade intestinal e defici€éncia na absor¢cdo dos
nutrientes. Com o objetivo de reduzir a exposicdo das alcas do intestino
herniadas de fetos de rata (Spreague-Dawley) ao liquido amnidtico utilizou-se
hidrogel de P(NIPAAm-co-AAc) para recobrir as mesmas através de
intervencoes cirurgicas durante o periodo gestacional. Apesar de o hidrogel ser
uma rede polimérica altamente hidrofilica e capaz de intumescer no liquido
amnidtico, esta matriz possui grupos carboxilicos carregados negativamente no
pH do LA (pH = 9,0) sendo, portanto capaz de agir como uma barreira protetora
impedindo a permeacdo das proteinas causadoras de inflamagdo contidas no LA,
que por sua vez também possuem cargas negativas. Os resultados obtidos nesta
colaboracdo mostraram que o hidrogel de P(NIPAAm-co-AAc), além de atuar
como uma barreira protetora ndo causa danos ao feto devido a sua consisténcia
macia, sendo de facil remocdo. Este trabalho estd apresentado na forma de um
manuscrito em prepara¢ao para submissao.

Desta forma, esta tese agrupa um conjunto de dados de caracterizagdes fisico-
quimicas de membranas de hidrogéis de P(NIPAAm-co-AAc) e de andlise da
influéncia das condi¢des de sintese sobre estas propriedades, com resultados de
aplicagdes voltadas para a liberacao de substincias com atividade bioldgica e
para o uso como material de protecdo tecidual em um modelo animal. Os

resultados obtidos demonstram o grande potencial de aplicacdao dos hidrogéis de



P(NIPAAm-co-AAc) e abrem perspectivas para a continuidade da pesquisa com

estes materiais.



. Objetivos

. Caracterizar influéncia do grau de reticulacdo na morfologia de hidrogéis
de P(INIPAAm-co-AAc).

. Caracterizar a influéncia da morfologia de hidrogéis de P(NIPAAm-co-
AAc) na cinética de liberagdo de solutos hidrosoluveis.

. Caracterizar influéncia do grau de reticulagdo e da interpenetragdo com
poli(alcool vinilico), (PVA) sobre as propriedades mecanicas de hidrogéis
de P(INIPAAm-co-AAc).

. Caracterizar as cinéticas de absor¢do e liberagdo de RSNOs por hidrogéis
de P(NIPAAm-co-AAc).

. Avaliar o efeito vasodilatador dos hidrogéis de P(NIPAAm-co-AAc)
carregados com RSNOs em aplicacOes topicas na pele humana saudével.

. Caracterizar o efeito protetor dos hidrogéis de P(NIPAAm-co-AAc) na

reducgdo da inflamacdo em um modelo animal de gastrosquises.



3. Caracterizacdo Morfologica e Mecanica dos hidrogéis de
P(NIPAAm-co-AAc)

Nesta parte do trabalho caracterizou-se a morfologia dos hidrogéis de
P(NIPAAm-co-AAc) em func¢do do grau de reticulagdo, conforme detalhado no
artigo publicado no periédico Polymer (48(14):4114-4122 (2007)). Foi avaliada
ainda a morfologia dos hidrogéis intumescidos em solucdo de S-nitrosotidis
(SNAC e GSNO) e a influéncia da morfologia na difusdo de azul de metileno.

Além da anélise da morfologia dos hidrogéis, esta parte do trabalho descreve a
influéncia do grau de reticulagdo no intumescimento e na resisténcia mecanica
dos hidrogéis de P(NIPAAm-co-AAc), em fun¢do do grau de reticulacdo e da
presenca de PVA.
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Abstract

Hydrogels of poly(N-isopropylacrylamide) co-polymerized with acrylic acid [P(NIPAAm-co-AAc)] were synthesized with cross-linking
degrees of 2—7% using (N,N'-methylenebisacrylamide). SEM micrographs revealed that the morphology of dry hydrogels changes from inter-
connected spherical pores to channel-like pores, with the change in the cross-linking degrees from 3 to 5%. The change in morphology is
associated with a significant change in the swelling ratio. It was found that the diffusion rates and permeabilities of methylene blue (MB) through
the hydrogel with channel-like pores are significantly higher if the main axes of the pores are oriented parallel to the flow of MB molecules, than
if it is oriented perpendicularly. These results show that different morphologies can be obtained by conuolling the cross-linking degree of
P(NIPAAmM-co-AAc) hydrogels in a narrow range around 5% and by performing the polymerization reaction in moulds placed in horizontal
and vertical positions, opening a new perspective for modulating their properties in applications as matrices for controlled release of drugs

or as membranes for separation processes.
@ 2007 Elsevier Lid. All rights reserved.

Keywords: Poly(N-isopropylacrylamide): Hydrogels: Morphology

1. Introduction

Non-biodegradable hydrogels can have several applications
as biomaterials, including scaffolds used as cellular culture
supports, both in vitro and in vivo [1—-3], coatings of cell
plates used to promote controlled cell detachment [4,5] and
matrices for the controlled release of drugs in target tissues
[6]. In such applications, hydrogels must fulfill a number of
requirements. They must be biocompatible and well tolerated
by human tissue; their hydrophilic/hydrophobic balance must
allow the adherence and growth of cells and they must provide
an adequate chemical environment in order to keep the differ-
entiated cell function, in the case of their use as scaffolds [7].
These abilities are largely determined by surface properties
like surface charge and free energy and by the amount of water

* Corresponding author. Tel.: +55 19 35213132 fax: +55 19 35213023,
E-mail address: mgo@igm.unicamp.br (M. Ganzarolli de Oliveira).

(X)32-3861/% - see front matter © 2007 Elsevier Lid. All rights reserved.
doi: 10.10164.polymer. 2007.05.010

they are capable to absorb [8] that in turn, determines the ab-
sorption and diffusion of solutes through the hydrogel and the
adsorption of proteins in cultured medium [9]. The amount of
water absorbed by hydrogels is limited by their ability of un-
dergoing elastic network expansion, which can be controlled
by controlling the cross-linking degree during the synthesis
of chemically cross-linked hydrogels [10]. More recently, a
special interest has been devoted to stimuli-responsive hydro-
gels, known as intelligent hydrogels. Among the various re-
sponses that can be obtained, those hydrogels which respond
to temperature and pH have potential to be used as drug deliv-
ery systems, once they can be loaded with the drug solution
through absorption and the rate of drug release can be con-
trolled by changing the temperature or the pH of the medium
where they are located [6,11—14]. Poly(N-isopropylacryl-
amide) [P(NIPAAm)] form well known thermosensitive hy-
drogels. When heated above 32 °C, P(NIPAAm) hydrogels
exhibit a hydrophilic/hydrophobic transition in aqueous
medium (Lower critical solution temperature — LCST) [8,15]
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characterized by the collapse of the three-dimensional gel
structure with consequent expulsion of the solvent. This prop-
erty can thus be useful for promoting the fast release of drugs
in solution and has led to strategies for modulating the LCST
for biomedical applications [16—18]. One of these strategies 1s
copolymerizing NIPAAm with acrylic acid (AAc) [6,19]. In
addition, their LCST, swollen behavior and the rate of drug re-
lease are affected by the amount of co-polymerized AAc [20].
These properties are ultimately correlated to the morphology
of the polymeric network of the hydrogels. Although hydrated
P(NIPAAm-co-AAc) hydrogels are macroscopically isotropic
to the naked eye, the dried hydrogels reveal an intricate micro-
scopic porous structure composed of interconnected cells that
can have different geometries. The morphology of these so-
called “superporous hydrogels™ can be a key factor in defin-
ing whether the absorption or release of solutes will be mainly
driven by simple diffusion or by capillary forces [21]. In addi-
tion, morphology and surface topography of the gel structure
can also affect culture cells by guiding cell spreading. In
this respect, membranes or scaffolds with oriented channel-
like pores are desirable to provide nutrient supply during
cell culture.

Establishing a correlation between the morphology of
P(NIPAAmM-co-AAc) hydrogels and their swelling and diffu-
sion behaviors, as well as understanding how the morphology
is affected by their cross-linking degree, is fundamental for
planning the use of such materials as mentioned above.

in this work, membranes of P(INIPAAmM-co-AAc) hydrogels
were synthesized in aqueous solutions using different amounts
of N.N'-methylenebisacrylamide (BIS) as a cross-linking
agent. Hydrogels were characterized regarding their swelling
behavior and L.CST in hydrating conditions. The morphology
of dry hydrogels changed from interconnected spherical pores
to channel-like pores, with the change in the cross-linking de-
grees from 3 to 5%. The channel-like pore morphology led to
significantly higher diffusion rates and permeabilities of meth-
ylene blue (MB) in membranes with the main axis of the pores
oriented parallel to the flux of MB molecules, compared to the
perpendicular orientation.

2. Experimental
2.1. Materiais

N-Isopropylacrylamide (NIPAAm) monomer, stabilized
99% and acrylic acid (AAc) monomer, stabilized 99.5% (Acros
organics) were previously purified twice by recrystallization in
hexane and by vacuum distillation at 39 °C and 10 mmHg,
respectively. N,N'-Methylenebisacrylamide (BIS) monomer,
stabilized 99% (Acros organics) was used as a cross-linking
agent, and NN N’ N'-tetramethylethylenediamine (TEMED),
99% (Plusone-Pharmacia Biotech), was used as an accelerator,
sodium persulfate (Na»S-0g), P.A. (Synth), was used as initia-
tor of polymerization, and phosphate buffer saline (PBS) with
pH 7.4 (Sigma) was used as-received. Methylene blue (MB)
was purchased from Synth, Brasil. Gaseous nitrogen (N»)
was purchased from Air Liquid and Parafilm was purchased

from Pechiney-Plastic Packaging, Menasha, WI. The experi-
ments were carried out using analytical grade water from Milli-
pore Milli-Q gradient filtration system.

2.2. Synthesis of PINIPAAm) and P(NIPAAm-co-AAc)

P(NIPAAm) was synthesized in aqueous solutions contain-
ing 5% wt/wt of NIPAAm in the presence of sodium persulfate
(43 umol L™ ') and TEMED (2.5 mol L™"). NIPAAm and per-
sulfate were kept under constant stirring and nitrogen bubbling
for 1 h at room temperature. After this period, TEMED, was
added and the solution was kept under the same condition
for 24 h. P(NIPAAm) obtained was purilied by precipitation,
by throwing the solution onto hot water (60 °C) [22]. The
precipitated polymer was removed from the water with twee-
zers and this procedure was repeated twice. The purified
P(NIPAAm) was dried in a desiccator using silica-gel at
room temperature for 48 h. P(NIPAAm-co-AAc) hydrogels
were synthesized in aqueous solutions containing 80 mol%
NIPAAmM/mol total monomer, 20 mol% AAc/mol total mono-
mer, and 2, 3, 5 and 7 mol% B1S/mol (total monomer + cross-
linker), in the presence of sodium persulfate (43 pmol L™') and
TEMED (2.5 mmol L.™1) (Table 1). All the formulations were
moulded as thin membranes. In each case, the appropriate
amounts of NIPAAm, AAc, Na,S5,04 and BIS were initially
dissolved in water and the solutions were kept under constant
stirring and nitrogen bubbling for 1 h at room temperature. Af-
ter this period, TEMED was added. The finai soiutions were in-
serted in moulds composed of two glass plates (10 x 5 cm) kept
apart by a rubber spacer 3 mm thick. The moulds were posi-
tioned in two different situations: (1) with the plane of the glass
plates in the vertical position and (2) with the plane of the glass
plates in the horizontal position. After filling with reactants the
moulds were kept closed for 24 h at room temperature for the
cross-linking reactions (Fig. 1(a)). The hydrogel membranes
obtained were immersed in deionized water until reaching the
swelling equilibrium. The membranes were further purified
by several washings with deionized water [23,24], immersed
in liquid nitrogen and freeze-dried for 48 h [25].

2.3, Infrared spectroscopy

Infrared spectra of P(NIPAAm-co-AAc) hydrogels and of
NIPAAmM and AAc monomers were recorded with an FT-IR
(Bomem B-100 Hartmann & Braun, CA-USA) spectropho-
tometer at room temperature. The spectrum of AAc was

Table |
Concentrations of reagents used in the synthesis of hydrogels with cross-
linking degrees of 2, 3, 5 and 7%

Cross-linking NIPAAmM AAc BIS

degree (%) (mmol L") (mmol ™Y (mmol .-
2 400 100 10

3 400 100 15

5 400 100 25

7 400 100 35

[TEMED] =43 pmol L=! and [Na25,05] =2.5 mmol L.
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Fig. 1. Scheme of the mould of cross-linked P(NIPAAmM-co-AAc) hydrogel

membranes with the mould positioned hl:lri?nmall) (a and b) and vertically

ie and Oy rela the haneh suefana (17 tha sal fen aen
{c and dj, relative to the bench surface. {V g} is the vertical fracture surface

perpendicular to the plane of the glass plate; (G) is the surface in contact with
the glass plate; (#/) is the horizontal fracture surface.

obtained using a capillary film of AAc between two calcium
fluoride (CaF,) windows. The spectra of P(NIPAAm) mono-
mer and of freeze-dried P(NIPAAm-co-AAc) hydrogel were
obtained in pressed KBr disks (1% wt/wt) [26]. All samples
were analyzed in the range 4000—1000 cm ™

2.4. Morphological analysis

For the morphological characterization, hydrogels with
cross-linking degrees of 3 and 5% were kept in deionized
water at 25 °C for 48 h to reach swelling equilibrium and at
37°C for 4 h. The swollen hydrogels were cut in slices
(2em x 3 mm x | mm) and frozen in liquid nitrogen in order
to obtain the mechanical fracture surfaces according to
Fig. 1(b) and (c). The fractured samples were freeze-dried
for 24 h in order to preserve the open microporous structure
of the hydrogels [25,27] and metalized with gold. Slices of
the dried samples (2 cm x 3 mm x 1 mm) were also cut ac-
cording to the surfaces of Fig. 1(b) and (c) using a scalpel,
in order to obtain thin sheets with flat surfaces. Photomicrog-
raphies of cryoscopically fractured samples and of sliced sam-
ples of the dried hydrogels were examined using a Scanning
Electron Microscopy (SEM-ISM 6360-LV, Tokyo, Japan)
[17,19] with magnifications ranging from 18 to 1000x.

2.5. Swelling equilibrium behavior

The swelling ratio ((J) was calculated as the ratio of weight
of swollen hydrogel (W), by the weight of dried hydrogel (W)
[19,24] in PBS solution (pH 7.4), deionized water (pH 6.4) and
HCI solution (pH 3.5). Hydrogel samples were immersed in
these solutions at 25 °C for 2 days, until the swelling equilib-
rium was reached and subsequently weighted. Error bars rep-
resent the standard error of the mean of duplicates and
triplicates.

2.6. Lower critical solution temperature (LCST)
measurements

LCSTs were measured spectrophotometrically, based on
the cloud point method [8]. Aqueous P(NIPAAm) solution
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(5% wt/wt) or hydrogels (swollen in deionized water HCI so-
lution or PBS solution, for 48 h) were transferred to a quartz
cuvette (1 cm path length) and heated from 25 to 40°C at
a heating rate of 0.25 °C min~', using a Peltier-controlled di-
ode array spectrophotometer (Hewlett-Packard, Model 8453,
Palo Alto, CA, USA). Absorbance changes at A = 700 nm, ref-
erenced against air, were recorded and LCSTs were measured
as the first discontinuity in the absorbance vs. temperature,
caused by light scattering due to phase separation.

2.7. Diffusion measurements

The diffusion of MB across membranes of hydrogel with
cross-linking degree of 5%, was measured in a side-by-side dif-
fusion apparatus consisting of two cylindrical glass-stirred dif-
fusion cells (60 mL each) [24,28—30]. The swollen membranes
were placed between the two cells and their ends were covered
with Parafilm. The assembly was kept in a thermostatized room
at 25 + 1 °C during the experiments. The membranes were po-
sitioned in two different orientations: (a) with the main axis of
the tubular pores parallel (||) and (b) with the main axis of the
tubular pores perpendicular (L), relative to the flow of MB
molecules from one cell to the other. The temperature of
25 °C was selected in order to allow a comparison between
the MB flow across membranes with pores opened, i.e. below
LCST, in these two orientations. Membranes were 2.5 mm
thick and the open area between the half-cells was A=
3.46 cm®, Before starting the measurements, the membranes
were immersed in MB solution 2.7 x 10 * mol L' at room
temperature to reach absorption equilibrium and subsequently
washed with deionized water to remove free MB molecules.
The donor cell was filled with a 2.7 x 10~° mol L' MB solu-
tion and the receptor cell was filled with deionized water. The
increase in MB concentration in the receptor cell was moni-
tored spectrophotometrically at 665 nm with a diode array
UV—vis spectrophotometer (Hewlett-Packard, model 8453,
Palo Alto, CA, USA) every 30 min for 4 h. The samples’ absor-
bance was determined immediately upon removal of the
aliquots from the receptor cell. After the absorbance measure-
ments the aliquots were returned to the receptor cell.

3. Results and discussion

3.1. Infrared spectroscopy

Fig. 2 shows a comparison among the infrared spectra of
the hydrogel with cross-linking degree of 2%, NIPAAm and
AAc. The absorption band of the hydrogel at ca. 1710 cm™",
can be assigned to the C=0 vibration of AAc. The broad
band with maximum at ca. 1650 cm ' can be assigned lo
the overlapping of the NIPAAm and AAc absorptions in the
range 1610—1670 cm ™' and the band at 1550 cm ™' can be as-
signed to the N—H vibration of NIPAAm. Thus, the presence
of these bands in the spectrum of the purified P(NIPAAmM-co-
AAc) hydrogel confirms the copolymerization reaction be-
tween NIPAAm and AAc monomers.
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Fig. 2. FI-IR spectra of P(NIPAAm-co-AAc) hydrogel with cross-linking
degree of 2%, NIPAAm and AAc monomers, The vertical axis was shifted

to avoid the overlapping of the curves. The percentage of transmission scales
varied in the range 80—=50%.

3.2. Morphological analysis

Figs. 3—5 show the SEM micrographs of cryogenic fracture
surfaces of hydrogels with cross-linking degrees of 3 and 5%
lyophilized from equilibrium swelling conditions at 25 and
37°C and pH 6.4. The morphological analysis was focused
on these two hydrogels because they show the greater change
in swelling behavior at pH 6.4 (see below) allowing a better
investigation of the correlation between morphology and
swelling behavior. Fig. 3 shows the SEM micrographs of
hydrogels with cross-linking degrees of 3 and 5% below and

4117

above LCST. Below LCST (i.e. 25 °C) the horizontal fracture
surfaces (Fig. 3(a) and (c)) display highly porous structures
with similar pore diameters: 33 +5 pm for the hydrogel
with cross-linking degree of 3% and 38 £ 6 um for hydrogel
with cross-linking degree of 5% [15]. Above the LCST (i.e.
37 °C), the collapse of the P(NIPAAm) units induces a great
hydrophobic environment responsible by the fast contraction
of the hydrogel [31], which assumes a shrunken state [23].
This contraction can be clearly seen in the micrographs of
Fig. 3(b) and (d), which were obtained after the achievement
of swelling equilibrium above LCST. The collapsed hydrogels
still display porous structures but with much smaller pore di-
ameters [15]. There is, however, a very significant difference
between the pore morphology of hydrogels with cross-linking
degrees of 3 and 5% below LCST. In the hydrogel with cross-
linking degree of 3% (Fig. 3(a)) the pore structure has a
sponge-like shape with spherical open and interconnected
cells. On the other hand, in the hydrogel with cross-linking
degree of 5% (Fig. 3(c)) the pore structure is composed of
channel-like pores whose main axes are lined with the vertical
axis of the mould, forming a regular and oriented tubular
microstructure. The generation of these two different morphol-
ogies was confirmed in several different preparations and in
hydrogels with cross-linking degrees of 2 (spherical cells)
and 7% (tubular cells) (see Supplementary material). These
features can be better observed in Figs. 4 and 5, which show
the vertical fracture surfaces (Figs. 4(a) and 5(a)) and details
of the horizontal fracture surfaces at magnifications of
1000 (Figs. 4(b) and 5(b)) for the swollen hydrogels below
LCST. It must be noted that the interconnectivity of the pores

Fig. 3. SEM micrographs of hvdrogels with cross-linking degrees of 3 and 5% after reaching the swelling equilibrium below LCSTat 25 °C (a and ¢. respectively)
and above LOCST at 37 “C (b and d. respectively). Horizontal fracture surfuce (4 ). magnification: 200,

11
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Fig. 4. SEM micrographs of hydrogel with cross-linking degree of 3% after reaching the swelling equilibrium below LCST at 25 °C. (a) Vertical fracture surface
perpendicular to the plane of the glass plate (V| ), magnification: 75 (b) horizontal fracture surface (H ), magnification: 1000x; (¢) swrface in contact with the

glass plaque (G), magnification: 1(}x.

¥i, 288

Fig. 5. SEM micrographs of hydrogel with cross-linking degree of 5% after reaching the swelling equilibrium below LCST at 25 °C. (a) Vertical fracture surface
perpendicular to the plane of the glass plate (V| g), magnification: 10{x; (b} detail of the tubular pore structure in the horizontal fracture surface (H'), magnifi-
cation: 1000 (c) surface in contact with the glass plaque (G), magnification: 100x.

in the sponge-like structure is expected to be higher than that
in the channel-like structure. Such characteristic must allow
the diffusion of solutes in every direction with similar rates.
On the other hand, the channel-like structure must allow
higher diffusion rates along the pore axis. It must be empha-
sized that the cryogenic method used to exam the surface of

the fractured hydrogels preserves their microstructure, as al-
ready pointed out by others [25]. Thus, the observed difference
between the two morphologies is real and not an artifact
caused by drying. The possibility of synthesizing hydrogels
with sponge-like or channel-like structures could be used for
modulating the rate of release of solutes in local or topical
applications. Figs. 4(c) and 5(c) show another morphological
feature of hydrogels with cross-linking degrees of 3 and 5%.
It can be seen that the faces of the membranes formed in con-
tact with the glass plates are mainly coated by a continuous
film with relatively few apertures. This seems to be a result
that does not depend on the cross-linking degree and is prob-
ably induced by the glass surface. Effects of the chemical
nature of the mould surface on the morphology of superporous
P(NIPAAm-co-AAc) hydrogels were already reported and
assigned to the establishment or not of specific interactions
between the surface and the polymer [21].

Still, examination of the vertical fracture surface perpendic-
ular to the plane of the glass plate in membranes prepared with
the mould in the vertical and in the horizontal positions reveals
a new feature of the tubular structure of the hydrogel with
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cross-linking degree of 5%. First, in both mould positions,
the main axes of the pores are aligned vertically relative to
the plane of the bench surface. That is, there is a clear gravi-
tational effect in the morphogenesis of the tubular pores. Sec-
ond, in membranes prepared with the mould in the horizontal
position, the pore growth during the polymerization reaction,

apparently starts at both glass surfaces and proceeds toward
the center of the membrane, where the two front lines of
polymerization meet, defining a sharp surface, exactly at the
medial plane of the membrane thickness. These meeting poly-
merization fronts lead to the formation of an apparently con-
tinuous wall parallel to the glass surface at this plane, as one

can see in the SEM picture of Fig. 6(a) and (b). (See also an-

nthar avamnla in Fia Afa) and (k) in Sunnlamanrare matarial
CUady SRaMmpid I Fig. mudy anG (o) 10 suppiimanary mawenai.

This feature suggests that the glass surface acts as a kind of
“nucleating” surface for the initiation of the polymerization
and phase separation processes. Another evidence that this
effect is operative is the formation of a continuous membrane
adjacent to both glass surfaces as one can see in the micro-
graph of hydrogel with cross-linking degree of 5% in Fig. 5(c).

In membranes prepared with the mould in the vertical posi-
tion, the pores apparently cross the entire height of the mould
(see Fig. 2 in Supplementary material). In this case, it is not
possible to find any evidence that the pores also grow during
polymerization reaction from both glass surfaces toward the
center of the membrane, for if this happens, the vertical meet-
ing fronts will be masked by the vertical pore walls. Thus, the
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Fig. 6. SEM micrograph of a hydrogel membrane with cross-linking degree 5% after reaching the swelling equilibrium below LCST at 25 °C, prepared with the
mould in the horizontal position. (a) Vertical fracture surface perpendicular to the plane of the glass plate (V, ), showing the formation of a horizontal divisor
membrane at the medial plane of the membrane. Magniﬁcalion: 18x; (b) the same as (a). Magniﬁcation: 30x%.

length of the pores is about half of the thickness of the mem-
branes, for membranes prepared with the moulds in the hori-
zontal position and is approximately the height of the mould
for membranes prepared with the moulds in the vertical posi-
tion. It must be noted, however, that these conclusions remain
valid only for the membranes of 3 mm thickness used in this
work and cannot be extrapolated to other thicknesses without
previous investigation.

3.3. Lower critical solution temperature (LCST)

Incorporation of ionizable acrylic acid (AAc) groups in the
structure of P(NIPAAm) hydrogels is known to increase their
sensitivity to temperature, pH and ionic strength [32]. In the
present case, the P(NIPAAm-co-AAc) copolymers obtained
displayed an increased solubility, reflected in the shift of the
LCST, from 32°C for P(NIPAAm) solution to 37 °C for
P(NIPAAm-co-AAc) hydrogels with cross-linking degrees of
3 and 5%, at pH 64 (Fig. 7). It can also be observed in
Fig. 7 that the LCST was not significantly affected by using
3 or 5 mol% BIS/mol as a cross-linking agent. The LCST is
a parameter associated with the reversible volume phase tran-
sition (VPT) of P(NIPAAm), which is caused by the cleavage
of hydrogen bonds between hydrophilic groups of the polymer
and surrounding water molecules, with increasing temperature
[33], a phenomenon driven by the increase in entropy due to
the release of the hydrating water molecules [34].

3.4. Swelling equilibrium behavior

Fig. 8 shows the swelling ratios of P(NIPAAm-co-AAc)
hydrogels prepared with 2, 3, 5 and 7 mol% BIS/mol in PBS
solution (pH 7.4), deionized water (pH 6.4) and HCI solution
(pH 3.5). The low swelling ratios observed at pH 3.5 can be
assigned to the reduced expansion capability of the hydrated
P(NIPAAm-co-AAc) chains, due to the protonation of the
carboxyl groups of the AAc units, whose pK, is 4.25 [34].
In solutions at pHs above 4.25, the swelling ratios increase
expressively. This effect is more evident when comparing the
swelling ratios at pHs 3.5 and 6.4. At pH 6.4 the carboxylic
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groups of AAc units are deprotonated and negatively charged.
The coulombic repulsions among these groups increase the
Donnan potential inside the network as a whole contributing
to the achievement of a greater expansion of the network
and thus to higher swelling ratios [25]. Interestingly, in PBS
solution with pH higher than 6.4, intermediate swelling ratios
were obtained. This result can be interpreted by considering
that in this saline medium the carboxylate groups (—COO")
are partially neutralized by the shielding effect of the sodium
ions, reducing the Donnan potential in the network and thus its
expansion. In this condition, the elastic strength counteracts
the network expansion [10], and leads to higher compression
modules [19]. This result highlights the possibility of modulat-
ing the swelling/deswelling properties of P(INIPAAm-co-AAc)
hydrogels by using media with different pHs or salinity, which
may be important in applications aimed at releasing drugs
locally on tissues, from swelled hydrogels.

Fig. 8 also shows the effect of the extent of cross-linking
with BIS on the swelling ratio. It was observed that in all three

0.08 4

0.06 - 5% mol BIS/mol

0.04 4

Absorbance

0.02 3% mol BIS/mal

0.00

32
Temperature (°C)

34 36 38 40

Fig. 7. Lower critical solution temperature (LCST) of swollen P(NIPAAm-co-
AAc) hydrogels with cross-linking degrees of 3 and 5% and of P(NIPAAm)
solution (5% wt/wt) without AAc, measured spectrophotometrically through
the absorption changes at 700 nm with increasing temperature. Heating
rate = 0.25 °C min~".
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Fig. 8. Swelling ratio of hydrogels with cross-linking degrees of 2, 3, 5 and 7%

in solutions with different pHs after reaching the swelling equilibrium below
LCST at 25 °C. Error bars are the SEM of iriplicates.

pHs studied, the swelling ratio decreases with increasing
cross-linking degrees from 2 to 5 mol% BIS/mol. This result
is less evident at pH 3.5, where the swelling ratios are low,
but this trend can also be identified in this condition. What
calls attention in these results is that increasing the cross-
linking degrees from 5 to 7 mol% BIS/mol did not further
decrease the swelling ratio, suggesting that a transition in
the swelling behavior is achieved at a cross-linking degree
of 5%. An apparent correlation can be established between
the morphology of hydrogels with cross-linking degrees of 3
and 5% and this transition in the swelling behavior. The higher
swelling ratio of hydrogels with cross-linking degrees below
5% is possibly associated with the higher three-dimensional
radial expansion capability of spherical cells, compared to
the tubular-like cells of hydrogels with cross-linking above
5%. In the latter, the expansion is restricted in the vertical
axis relative to the transversal plane of the pores, which can
undergo bi-dimensional radial expansion.

3.5. Diffusion measurements

The diffusion of MB across the membranes of the 5%
cross-linked hydrogel was used to characterize the tubular
morphology obtained in this case and to compare the diffusion
behavior in this morphology with that obtained in hydrogel
with 3% cross-linked hydrogel with non-channel, intercon-
nected pore structure. As MB is a cationic dye [22], it adsorbs
strongly on the negatively charged P(NIPAAm-co-AAc)
chains. For this reason, the membranes were previously
soaked in MB solution for one day, in order to achieve absorp-
tion equilibrium. After this time, P(NIPAAm-co-AAc) mem-
branes displayed the dark blue coloration of the original MB
solution and the dye solution became only slightly blue. The
nature of the interactions between the cationic MB molecules
and acrylamide hydrogels has already been discussed in other
works [22,35]. They involve not only the electrostatic interac-
tions between the cationic group of MB and the carboxyl
group of the hydrogel, but also hydrophobic interactions
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between the conjugated aromatic system of MB and the
methyl groups of the hydrogel. After ahsorption equilibrium
has heen achieved, the diffusion of free MB molecules is lim-
ited by their passage through the water-filled regions, or free
volumes, inside the pore walls. Such diffusion behavior is
well known o change strongly below and above the LCST.
In the present case the measurements were done below LCST.

The diflusion rates and corresponding permeabilities of the
5% cross-linked hydrogel were measured in membranes
mounted in the diffusion cell with the main axis of the pores
oriented parallel and perpendicularly relative to the MB flow
(Figs. 9 and 10). In these two different situations, it can be ex-
pected that MB displays different kinetics of diffusion, for in
the perpendicular orientation, the number of pore walls that
must be crossed by MB molecules is larger than in the parallel
orentation, for the same membrane thickness. As discussed
above, the tubular pores are not continuous and do not cross
the entire membrane thickness (Ifig. 5(a)). Thus, even in the
parallel orientation, the diffusing MB molecules have to cross
pore membranes. The influence of pore orientation of 5%
cross-linked hydrogel in the diffusion rate of MB in aqueous
solution is shown in Figs. 9(a) and 10(a). It can be seen that
the diffusion rate of MB is ca. 10 times higher in the mem-
brane with tubular pores oriented parallel than in the mem-
branes with the pores oriented perpendicularly, relative to
the flow of MB molecules. This difference is also reflected
in the bar graph of Fig. 1(0(h) which shows the corresponding
permeabilities, calculated through Eq. (1):
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Fig. 9. DilTusion of methylene blue (MB) at 25 °C as a lunction of time across
membranes of hydrogels with cross-linking degrees of 5% (a) and 3% (b) for
membranes prepared with the mould positioned in the horizontal (===) and
vertical (1) positions. In (a), || and L indicate that the low of MB is parallel
and perpendicular relative to the main axis of the tubular pores, respectively. In
(b), (@) indicates that the membranes have interconnected spherical pores. The
straight lines were obtained by linear regression of the experimental points.
MB concentration in the donor cell was 2.7 x 107> mol L™" in all cases.
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Fig. 11). Diffusion rate (8¢/8r) (a) and permeability (b) of methylene blue (MB)
at 25 °C across membrancs of hydrogels with cross-linking degrees of 5% (a)
and 3% (b) for membranes prepared with the mould positioned in the horizon-
tal (=) and vertical ([) positions. In (a), || and L indicate that the flow of
MB is parallel or perpendicular relative to the main axis of the tubular pores.
respectively, In (b)), (Q) indicates that the membrancs have interconnected
spherical pores. MB concentration in the donor cell was 2.7 x 10" * mol L'
in all cases.

where, (dc/dr) is the slope of the straight lines obtained in the
linear regressions of Fig. 9, V and C,, are the volume of the do-
nor cell compartment and the concentration of MB donor so-
lution, respectively, and A and « are the area and the thickness
of the membrane, respectively [24.28]. It can be considered
that, in the experimental conditions used, the MB concentra-
tion in the donor cell remains practically constant (it decreases
by less than 6%} and the concentration in the receptor cell
is always very low, leading to a practically constant concen-
tration gradient between both sides of the membrane. In
addition, in the concentration of the MB solution used (2.7 %
10 ® mol L. ", MB is in its monomeric form. This was con-
firmed by obtaining the UV—vis spectrum of the solution,
which displayed only the absorption band due to the monomer
at 665 nm [36] (data not shown). The permeability of MB in
the 5% cross-linked hydrogel is ca. 45 times higher in the
membrane with tubular pores oriented parallel than in the
membranes with the pores oriented perpendicularly, relative
to the flow of MB molecules. The significant change observed
in the diffusion rates, and permeabilities to MB, depending on
the membrane orientation in the diffusion cell, confirms the
cxistence of long oricnted tubular pores in the h
synthesized with cross-linking degrees of 5% (or higher
according to what can be seen in the morphologies as shown
in Figs. 4—6.

Figs. 9 and 10 also show the diffusion behavior of MB so-
lution in the 3% cross-linked hydrogel with interconnected
spherical pores. Although SEM micrographs of hydrogel 3%
show an apparent isotropic distribution of non-channel inter-
connected pores that doesn’t depend on the position of the
mould during the preparation of the membranes, diffusion pa-
rameters changed depending on the position of the mould. In
this case, diffusion rates ca. 1.8 times higher and correspond-
ing permeabilities ca. 1.7 higher (Figs. 9(b} and 10(b), respec-
tively) were obtained for membranes of hydrogel 3 prepared
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with the mould in the vertical position. Although these ditfer-
ences are much smaller than those obtained for the tubular
hydrogel, these results show that these membranes must also
have some degree of pore orientation and that this orientation
favors diffusion if the membranes are prepared with the mould
in the vertical position, compared to the horizontal position.

In addition, regardless the position of the mould, the diffu-
sion rates in the 3% cross-linked hydrogel were found to be
much higher than the diffusion rates in hydrogel 5%, with
the main axis of the pores oriented perpendicularly to solute
flow. On the other hand, the magnitude of the diffusion rates
obtained for the 3% cross-linked hydrogel approaches that of
the 5% cross-linked hydrogel with the main axis of the pores
oriented parallel to the solute flow. This result is also reflected
in the permeability values of Fig. 10(b) and indicates that the
diffusion rate depends on the number of pore walls that have
to be crossed by MB molecules in their course across the
membranes. The similar order of magnitude obtained for
the diffusion rates in the 3% cross-linked hydrogel and in the
5% cross-linked hydrogel with pores oriented perpendicularly
to solute flow, indicates that, in both cases, the solute must
cross a similar number of pore walls in order to diffuse through
the same membrane thickness. This is in accordance to the fact
that the tubular pores do not cross the entire thickness of the
membranes as discussed above.

These different morphologies, which can be obtained in
P(NIPAAmM-co-AAc) hydrogels by changing the cross-linking
degree around 5%, have not been reported before in other
works in the literature. There are also no reports on the effect
of the position of the mould on the morphology of these
hydrogels, as well as on the influence of these particular
morphologies on their swelling and diffusion behaviors. How-
ever, other technigques used to modulate the morphology of
P(NIPAAm} hydrogels, have already been reported. Zhang
and Chu [37] for example, used a new strategy for preparing
PNIPAAm gel with improved properties, by cross-linking po-
lymerization in DMSO at low temperatures. SEM analysis of
the gels obtained, revealed a microstructure much more ori-
ented and regular than the conventional PNIPAAm gels, but
still different from the tubular structure reported here. Simi-
larly, these authors also attributed the improved swelling and
deswelling kinetics and dynamic response of this hydrogel
to its unique interior morphology. Zhang et al. [17] reported
SEM images of ficeze
a morphology of isotropically interconnected cells, very simi-
lar to the non-tubular morphology of the hydrogel with cross-
linking degree of 3% reported here. However, these authors
have only wsed these images to analyze the influence of the
incorporation of AAc and in the pH during the copolymeriza-
tion reaction in the expansion of P(NIPAAm) nctwork and
did not correlate changes in morphology with diffusion prop-
erties. Gemeinhart and colleagues [21] have described the
pore structure of cross-linked PINIPAAm) superporous hydro-
gels, which may display spherical interconnected pores, as
well as clongated pores. However, these authors used a gas
blowing technique to obtain such morphologies. These works,
although using different approaches, reinforce the interest in
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understanding and controlling the morphology and swelling
behavior of P(NIPAAm) hydrogels. The results herein re-
ported, underscore the influence of two new factors, which
could be used to modulate the properties of P(NIPAAm-co-
AAc), namely the cross-linking degree and the position of
the mould during the polymerization process. Together with
other strategies, these results may increase the potential of
P(NIPAAm-co-AAc) hydrogels in applications for the con-
trolled release of drugs, or as membranes for separation
processes.

4. Conclusions

Sponge-like porous hydrogels of P(NIPAAm-co-AAc) with
spherically interconnected cells can be obtained with cross-
linking degrees below 5%, while hydrogels with oriented
channel-like pores can be obtained with cross-linking degree
of 5 or 7%. The change in morphology is associated with a
significant change in the swelling behavior of the hydrogels.
Diffusion rates and permeabilities of MB through the hydrogel
with channel-like pores are significantly higher if the main
axes of the pores are oriented parallel to the flux of MB mol-
ecules, than if it is oriented perpendicularly. These results
show that different morphologies can be obtained by control-
ling the cross-linking degree of P(NIPAAm-co-AAc) hydro-
gels in a narrow range around 5% and by performing the
polymerization reaction in moulds placed in horizontal and
vertical positions, allowing the modulation of their swelling
and solute diffusion behaviors.
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3.2. Material Suplementar 1 do Artigo Polymer, 48(14)4114-4122
(2007)

Fig. 1. SEM micrographs of hydrogel with cross-linking degree 5% after reaching the
swelling equilibrium below LCST at 25 °C. The membrane was prepared with the mould in
the horizontal position. (a) Vertical fracture surface perpendicular to the plane of the glass
plate (Vig), magnification 75x; (b) Detail of the tubular pore structure in the horizontal
fracture surface (H), magnification 23x.

Fig. 2. SEM micrographs of hydrogel with cross-linking degree 7% after reaching the
swelling equilibrium below LCST at 25 °C. The membrane was prepared with the mould in
the horizontal position. (a) Vertical fracture surface perpendicular to the plane of the glass
plate (Vig), magnifyication 100x; (b) Detail of the tubular pore structure in the horizontal
fracture surface (H), magnification 100x.
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Fig. 3. SEM micrographs of hydrogel with cross-linking degree 2% after reaching the
swelling equilibrium below LCST at 25 °C. The membrane was prepared with the mould
in the horizontal position (a). Vertical fracture surface perpendicular to the plane of the
glass plate (V.ig), magnification: 50x; (b) The same as (a), magmfication 200x.

Fig. 4. SEM micrographs of hydrogel with cross-linking degree 5% after reaching the
swelling equilibrium below LCST at 25 °C The membrane was prepared with the mould in
the horizontal position. (a) Vertical fracture surface perpendicular to the plane of the glass
plate (V.ig), showing the formation of a horizontal dividing membrane at the medial plane of
the membrane. Magnification: 18x; (b) The same as (a). Magnification 100x.
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Fig. 5. Diffusion (A) and permeability (B) of methylene blue (MB) at 25°C as a function

of time across membranes of hydrogels with cross-linking degrees 5% for membranes

prepared with the mould positioned in the horizontal (==) and vertical (] ) positions. // and

1 indicate that the flow of MB is parallel or perpendicular relative to the main axis of the
= i 5 4 % 2
tubular pores, respectively. MB concentration in the donor cell was 2.7x10™ mol.L" in all

cases.
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3.3. Material Suplementar 2: Determinacdo do coeficiente de parti¢ao
(K) do Azul de metileno no hidrogel de P(NIPAAm-co-AAc)
reticulado com 5% de MBAAm.

A solubilidade do azul de metileno, AM (Figura 6) nos hidrogéis de
P(NIPAAm-co-AAc) foi avaliada através do cdlculo do coeficiente de particdo
(K) do corante na fase gel em relagdo a 4gua [Guilherme, 2003]. O procedimento
foi realizado através da imersao de uma massa conhecida do hidrogel em solucdo
de azul de metileno (pH = 6.4). Foram utilizadas para isto duas solu¢des de azul

de metileno de concentragdes 2,7 x 10%e 2,7 x 10° molL™.

N —
2 Cl
. + 3H,0
CHN s NCH,

CH, CH,

Figura 6. Estrutura molecular do azul de metileno

K foi definido como a razdo da concentragdo do AM na fase gel (C,), em
relacdo a agua (C,), apds o equilibrio de absorc¢do ter sido atingido, o que leva
aproximadamente 2 dias (Eq. 1). As concentragdes foram calculadas com base
nos valores de absorbancia em 665 nm da solu¢do de azul de metileno antes de
ser adicionado o hidrogel e apds o equilibrio, utilizando-se uma curva de

calibragdo da concentracdo de azul de metileno em 4gua.

K=C,/C, Eq. (1)
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Os valores de K obtidos para o AM foram 19,79 e 7,50 respectivamente para os
hidrogéis de P(NIPAAm-co-AAc) em solucdo mais € menos concentrada,
respectivamente. Estes resultados demonstram que o AM tem preferéncia pela
fase gel em relacdo a 4gua. A grande solubilidade do azul de metileno na fase gel
em relagcdo dgua € atribuida a interagdes 16nicas que podem ocorrer entre 0 AM e
a matriz polimérica. Isto ocorre porque a solucdo de AM apresenta pH em torno
de 6 (pH da 4dgua desionizada) e neste pH os grupamentos AAc, que possuem
pKa igual a 4,25, presentes no copolimero estdo desprotonados. Uma vez sendo
o azul de metileno ¢ uma molécula catidnica e a matriz polimérica apresentando
carga resultante negativa ocorre forte adsor¢ao da molécula de AM no hidrogel,
por interagdes entre cargas opostas. Além disso, a molécula de azul de metileno
também apresenta interacdes hidrofébicas com a matriz polimérica [Zanjanchi,
2003], favorecendo ainda mais a sua adsor¢do. Somente apds o equilibrio de
adsorcdo ser atingido a difusdo das moléculas de AM que estao livres ird ocorrer
através do volume livre dos hidrogéis, regido esta situada entre as paredes dos
poros e preenchida com solucao.

Observou-se ainda através dos espectros de ultravioleta-visivel, UV-VIS
(Figura 7) das solu¢des de AM que na solu¢do de menor concentragdo (2,7 x 10°
mol L") as moléculas de azul de metileno estdo preferencialmente na forma
monomérica enquanto que na solugio de maior concentragdo (2,7 x 10" mol L)
as moléculas de azul de metileno estdao na sua maioria dimerizadas. Através da
Figura 7 podemos observar que a solucdo de menor concentragdo apresentou
banda com maximo de absor¢do em 665 nm enquanto que a solu¢do de maior
concentracdo apresentou banda com méaximos de absor¢ao em 610 e 665 nm. Os
valores dos comprimentos de onda de maior absor¢cdo sdo atribuidos,

respectivamente, a0 monomero € ao dimero de AM [Zanjanchi, 2003].

21



Absorbancia

: : : : : :
400 500 600 700 800
A/ nm

Figura 7. Espectro de absor¢io para solucdes de azul de metileno 2,7 x 10 e 2,7
x 10° mol.L™.
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3.4. Material Suplementar 3: Anélise da morfologia das membranas de
P(NIPAAm-co-AAc) intumescidas em 4gua e em solucdo de

RSNOs

A andlise das morfologias das membranas dos hidrogéis de P(NIPAAm-co-
AAc) foram realizadas por microscopia eletronica de varredura (SEM-JSM
6360-LV, Tokyo, Japan). Previamente a andlise, os hidrogéis liofilizados foram
metalizados com ouro por 2 min em alto vicuo (Balt-Tec MED 020,
Liechtenstein). Para isto os hidrogéis foram intumescidos até o equilibrio e em
seguida congelados em N, e fraturados mecanicamente em duas orientacdes
diferentes de acordo com a posi¢ao do hidrogel durante a sintese (vide Polymer,
48(14)4114-4122 (2007)) e entdo liofilizados por 24 h (Vir Tis-Benchtop K,
Hampshire, UK). Observou-se, para todos os hidrogéis de P(NIPAAm-co-AAc)
que a superficie do hidrogel que fica em contato com a placa de vidro (Sy),
durante a sintese, € recoberta por um filme continuo, o qual apresenta poucas
aberturas (Figura 8). Uma vez que todos os hidrogéis reticulados com diferentes
teores de MBAAm (2, 3, 5 e 7%) apresentaram esta membrana, podemos
considerar que a formacdo da mesma ndo € influenciada pelo grau de reticulagdo

dos hidrogéis, mas provavelmente pela superficie de vidro do molde usado na

sintese.

2% MBAAmM 3% MBAAm " 5% MBAAmM 7% MBAAm

Figura 8. Influéncia da placa de vidro na superficie das membranas dos
hidrogéis de P(INIPAAm-co-AAc).
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Como ja descrito anteriormente, através das micrografias das superficies
de fratura dos hidrogéis de P(NIPAAm-co-AAc) (Figura 9) pode-se observar que
os mesmos apresentam diferentes morfologias que dependem do grau de
reticulacdo. Quando o copolimero € reticulado com 3% ou menos de agente
reticulante sua estrutura € de celas esféricas (esponjosa) e quando reticulado com
5% ou mais de agente reticulante sua estrutura é formada por tubos paralelos

cujos eixos estdo alinhados paralelamente ao eixo gravitacional.

3% MBAAmM

X1ZB 188.m

Viv)

Figura 9. Influéncia do grau de reticulagdo na morfologia dos hidrogéis de
P(NIPAAm-co-AAc). (Hy) € a superficie de fratura horizontal e (V.y) € a
superficie de fratura vertical.

Além da caracterizacdo morfolégica dos hidrogéis de P(NIPAAm-co-
AAc) intumescidos em dgua desionizada, realizou-se também a caracterizagao da
morfologia dos mesmos hidrogéis, intumescidos em solugdes de S-nitrosotidis,
RSNOs, (43 mmol.L—l) por 6 h (Figuras 10 e 11). Os RSNOs utilizados foram a

S-nitrosoglutationa, GSNO, e a S-nitroso-acetilcisteina, SNAC. Apds o
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intumescimento, os hidrogéis foram liofilizados e fraturados mecanicamente em
duas orientagdes diferentes de acordo com a posi¢cdo do hidrogel durante a
sintese, (para detalhes veja Polymer, 48(14)4114-4122 (2007)). Em seguida, os
hidrogéis foram analisados por microscopia eletronica de varredura (SEM) e

espectrometria de energia dispersiva (EDS) para caracterizar sua composi¢ao.

3% MBAAm

(Hv)

5% MBAAmM

(Sv) - () (V)

Figura 10. Micrografias eletronicas de varredura dos hidrogéis de P(NIPAAm-
co-AAc) reticulados com 3 e 5% de MBAAmMm, intumescidos em solugdo de
GSNO. (S ) é a superficie em contato com a placa de vidro; (Hy) € a superficie
da fratura horizontal e (V1,) é a superficie da fratura vertical perpendicular ao
plano da placa de vidro.

Foi observado que os hidrogéis intumescidos em solu¢cdo de SNAC
apresentam poros com diametros maiores do que os intumescidos em solugdo de

GSNO (Figuras 10 e 11). Esta diferenca foi atribuida ao fato dos hidrogéis nao
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terem atingido o equilibrio de intumescimento apds 6 h, além de possuirem carga
efetiva negativa. O hidrogel sendo negativamente carregado apresenta menor
velocidade de intumescimento quando imerso em solu¢do de GSNO,
negativamente carregada, do que quando imerso em solucdo de SNAC,
positivamente carregada. O favorecimento da absor¢do de solucao de SNAC leva
a uma maior expansdo da rede polimérica resultando em poros com diametros

maiores.

&
U
(H.v)
5% MB

B b,

(Hsv)

Figura 11. Micrografias eletronicas de varredura dos hidrogéis P(NIPAAm-co-
AAc) reticulados com 3 e 5% de MBAAm, intumescidos em solugdo de SNAC.
(S ») € a superficie em contato com a placa de vidro; (Hy) € a superficie da
fratura horizontal e (VL,) € a superficie da fratura vertical perpendicular ao plano
da placa de vidro.

Além disso, foi observado que nos hidrogéis intumescidos em solugdo de

SNAC (Figuras 11) ocorre a formacao de cristais de cloreto de s6dio oriundos da
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associacdo entre o fon cloreto, contra fon da NAC e o fon sédio proveniente do
nitrito de sddio utilizado para nitrosar a NAC. Os cristais formados podem ser

vistos mais detalhadamente na figura 12.

3% MBAAmM i 50% MBAAM

Figura 12. Micrografias eletronicas de varredura dos hidrogéis de P(NIPAAm-
co-AAc).

Para confirmar que os cristais formados sao de NaCl foi realizada uma
andlise de EDS (Figura 13) onde podemos observar que dtomos de sddio e de
cloro sdo detectados em qualquer das regides analisadas uma vez que a andlise
de EDS para os pontos 2 e 3 também mostrou sinais significativos destes d&tomos.
Entretanto quando a andlise € feita exatamente no cristal formado (ptl) vemos a

predominancia dos sinais de sédio e cloro.

B0y, a Pt1 | 4o pt2
20004 9 C
300 -
1500 - Na a
1000 - 200
co
500 N 100 10 "
l] T T u + I 1
0 7 4 0 ) I
keV keV keV

Figura 13. EDS dos pontos (pt 1 a 3) referente a micrografia dos hidrogéis de
P(NIPAAm-co-AAc) reticulados com 5% de MBAAm da figura 12.
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3.5. Material Suplementar 4: Determinacdo da temperatura de

transi¢cdo de fase (LCST) de hidrogeis de P(NIPAAm-co-AAc)

A sintese dos copolimeros de P(NIPAAm-co-AAc) foi realizada conforme
descrito no artigo Polymer (48(14)4114-4122 (2007)) através da reacdo de
copolimerizacdao do NIPAAm (0,8 mmol L") com AAc (0.2 mmol L), em meio
aquoso, na presenca de persulfato de sédio (0,8 mmol L' para o copolimero
linear e 43 pumol L' para os reticulados) e TEMED (25 mmol L' para o
copolimero linear e 2,5 mmol L™ para os reticulados). Os hidrogéis reticulados
foram moldados como membranas finas de (10x5x0,4 cm) enquanto que o
copolimero linear ndo foi moldado.

A copolimerizacdo do NIPAAm com o AAc, mondmero mais hidrofilico que o
NIPAAm, aumentou a solubilidade em dgua dos copolimeros de P(NIPA Am-co-
AAc) que passaram a apresentar a “Lower Critical Solution Temperature”, LCST
ou Temperatura consoluta Inferior em 32 ° C (Shin et al., 2003). Os copolimeros
P(NIPAAm-co-AAc) sintetizados sem reticulante e com MBAAm apresentaram
separagdo de fases a 37 °C quando imersos em dgua desionizada ou solugdo
aquosa acida em pH 3,5 (Figura 14 A e B). O valor de LCST obtido para o
P(NIPAAm) puro (5,0%) foi 33 ° C (Figs. 14 B). O hidrogel P(NIPAAm-co-
AAc) sintetizados sem reticulante ou seja reticulado por entrelacamento de
cadeias, quando em temperatura acima de 37 °C encolhe, expulsando a dgua
contida em seu interior através do colapso das cadeias poliméricas, resultante da
separacdo de fases das unidades de P(NIPAAm) (Zhang e Peppas, 2002). Por
outro lado, observou-se que o hidrogel P(NIPAAm-co-AAc) sintetizados com
MBAAm apresenta separacdo de fases, porém ndo colapsa totalmente num

periodo de 12 horas de imersdo em dgua aquecida a 37 °C. No caso do

28



copolimero P(NIPAAm-co-AAc) sintetizados sem reticulante observamos
apenas um aumento significativo da viscosidade da solugdo polimérica com a
temperatura, que pode levar a uma consisténcia de gel, dependendo da

concentra¢do do copolimero.

35 164
0,104 (A) 50l (B) o]
g 0,084 © 25 © 121
8 0,06 . g 2,0 8 10
< 0 Copolimero IV - 3% < @ os]
5 ooi{ ™ Gopolimero IV - 5% 2 "% 2 ]
ﬂ 0,024 3™ ® 7,5% MBAAm 3 04
< Q9 o051 o 50%PNIPAAM| <
< o 2,5%MBAAm < oz
7 007 ® 50% PNIPAAm 00] &
27 30 33 36 3 R A A S S 20 30 p . 50 60
o
Temperatura / °C Temperatura / °C Temperatura/"C

Figura 14. Determinagcdo da LCST: (A) para os hidrogéis de P(NIPAAm-co-
AAc) reticulados com 3 e 5% de MBAAm, intumescidos em dgua desionizada,
(B) para solucdes aquosas do copolimero linear de P(NIPAAm-co-AAc),
contendo 2,5, 5,0 e 7,5% em massa de copolimero e para solucdo aquosa
contendo 5,0% em massa de P(NIPAAm) e (C) para solu¢des aquosas do
copolimero de P(NIPAAm-co-MAc), contendo 2,5, 7,5, 10,0 e 15,0% em massa
de. A LCST foi determinada através de uma rampa de aquecimento de 10 °C h’
acompanhada em 700 nm.

Na Figura 14 (C), observa-se que a adigdo de 20% de mondmeros 4cido
metacrilico, MAc, menos hidrofilicos que o NIPAAm, confere ao copolimero
P(NIPAAm-co-MAc) uma menor temperatura de transi¢do de fases em relacdo
ao P(NIPAAm) puro. A sintese do copolimero de P(NIPAAm-co-MAc) foi
realizada através da reagio de copolimerizacio do NIPAAm (0,8 mmol L' ) com
MAc (0.2 mmol L), em meio aquoso, na presenca de persulfato de sédio (43
umol L") e TEMED (2,5 mmol L™). Os valores obtidos para a LSCT para as
solucdes poliméricas 2,5, 7,5, 10,0 e 15,0 % foram respectivamente 28, 27, 27 e

22°C. Estes resultados demonstraram que a LCST pode ser modulada através da
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natureza quimica do d4cido acrilico usado na copolimerizacdio e de sua

porcentagem em relacao as unidades de P(INIPAAm).
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3.6. Material Suplementar 5: Caracterizacdo da sintese dos hidrogeis

de P(NIPAAm-co-AAc), sintetizados sem reticulante, por RMN 'H

Para confirmar a reagdo de copolimerizacdo entre 0o NIPAAm e o AAc, sem a
presenca de agente retivulante, foram obtidos espectros de ressonancia
magnética nuclear de hidrogénio, RMN lH, da mistura de NIPAAm com AAc
antes da reacdo de sintese e apds a reacdo e a purificagdo do produto. A figura
15 mostra os sinais dos deslocamentos dos "H dos mondmeros (A) e do hidrogel

de P(NIPAAm-co-AAc) sintetizado sem agente reticulante (B).
(A)

Deslocamentos (ppm):

e 0,9 (CH,)-CH (NIPAAm)

Aadl I r
171 = 3,8 (CH,)-CH (NIPAAm)
J l 1 | 55-64 (CH,)-CH(AAc e NIPAAm)
1L ,l_n ._,i‘ A
6 5 4 3 2 1 Dppm
(B) ‘ ;I 1 Deslocamentos (ppm):
‘ /| 0,9 (CH,)-CH (NIPAAm)
\ / H,
| ot /’ 1 14 (CH,)-CH (NIPAAm)
‘I o 4//// | 1,9 (CH,)-CH (NTPAAmM)
| f\ 1‘ o AN\ 2,8 (CH,)-CH (AAc)
/A I i VAT —
I . T . . Y. S e | 34 (CH,)-CH (AAc)
N R ' 11— 3,8 (CH,)-CH (NIPAAm)
6 5 4 3 2 1 ppm

Figura 15. Espectros de RMN 'H da mistura de NIPAAm com AAc antes da
reacao (A) e do copolimero de P(NIPAAm-co-AAc) (B).

. . 1
Como pode ser claramente observado, os sinais de deslocamento para os 'H

correspondentes a duplas (5,5-6,4 ppm) ligacdes desaparecem no copolimero.
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Podemos observar ainda que os sinais obtidos para o copolimero sdo alargados o
que € tipico de polimeros.

Este resultado obtido por RMN 'H, em conjunto com o resultado obtido por
espectroscopia de infravermelho (IV) ja relatado no artigo publicado na Polymer
(48(14):4114-4122 (2007)), confirma a polimerizacdo por adi¢ao de acordo com

o esquema da Fig. 16.

HQC:(‘JH
NIPAAm C=0 H H H H
NH H-+C—C+—fCc—C+H
éH NapS20g / TEMED {(‘3 9 m C‘; C}”
o > H 9:0 9:0
|
. CH
/ \
HoC=CH HsC CHs
9:0
AAc OH

Figura 16. Esquema da sintese do copolimero de P(NIPAAm-co-AAc).

Uma vez que ndo ha sinias no espectro de ressonancia magnética nuclear
de hidrogénio, RMN 'H que mostrem ligacdo crusada, ou seja, reticulacio, entre
as cadeias poliméricas podemos atribuir o fato deste copolimero apresentar
caracteristica de hidrogel a formacao de ligacdo de hidrogé€nio entre os grupos
carboxilatos e amida. A formacao destas ligagdes, quando intermolecular, pode
atuar como pontos de reticulagdo justificando assim a ndo solubilidade do

copolimero em 4gua, ou seja, a formagao de uma rede polimérica.
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Abstract

Hydrogels of poly(N-isopropylacrylamide) copolymerized with acrylic acid
[P(NIPAAm-co-AAc)] were synthesized with of 5% of (N,N’-
methylenebisacrylamide). The influence of the temperature gradient on the
hydrogel morphology was studied by SEM by controlling the temperature of the
opposite glass plates of the mould during the synthesis. SEM micrographs
revealed that the tubular morphology of dry hydrogels does not change with the
polymerization temperature. However, in hydrogel membranes synthesized with
the mould oriented parallel to the plane of the bench, the formation of a
continuous dividing film near to the medial cross-section plane of the membrane
is observed and may have consequences for their diffusion properties. The
position of this film was observed to shift from the medial plane of the
membrane, if one of the glass plates is kept at a different temperature, relative to
the other, that is, if a temperature gradient is imposed on the mould during the
polymerization process. The formation of this film was assigned to the
advancement of two polymerization fronts, which start at the opposite glass plate
surfaces. The plane where the polymerization fronts meet was observed to be
governed by their relative rates of advancement which, in turn, are proportional

to the temperature of the glass plates.

Keywords: Hydrogels, poly(N-isopropylacrylamide), polymerization,
morphology.
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Introduction

Several special properties of hydrogels allow their use in a large variety of
applications such as biomaterials for the controlled release of drugs [Peppas,
2000], scaffolds for cell cultures [Wang, 1998; Vernon, 1996; Stile, 2001]
promotion of controlled cell detachment [Schmaljohann, 2003; Higuchi, 2005]
and separation processes [Denizli, 2005]. The chemical structure of hydrogels
governs their swelling ratio which increases with the increase in the
hydrophilicity and the reduction of their cross-linking degree [Hoffman, 2005;
Matzelle, 2003; da Silva, 2007]. Changes in the chemical nature of the polymeric
chains can lead to stimuli-responsive hydrogels, which are able to respond to
temperature, pH, ionic strength, solvent, electric and magnetic fields, light, and
biochemical changes, by increasing or decreasing their volume [Peppas, 2000;
Hoffman, 2002; Yamashita, 2002; Chilkoti, 2002; Shin, 2003; Schild, 1992]. In
order to obtain porous scaffolds with controlled porosity and pore size
distributions for tissue engineering applications, some hydrogels have been
prepared under special conditions, which include: gas foaming [Behravesh, 2002
(A)], freeze-drying [Hickey, 1995 and 1997; Simdes, 2006] phase separation
[Behravesh, 2002 (B)], use of biodegradable polymers [Zhang, 2004], changes in
the pH solution and monomer amount during the synthesis [Zhang, 2002],
control of the cross-linking degree [Krajewska, 2001; da Silva, 2007], changes in
the concentration of ionizable comonomer [Erbil, 1999] and use of surfactants
[Rill, 1998]. In the last case, the authors developed a cross-linked
polyacrylamide hydrogel that can have its structure altered through the
polymerization in the presence of high concentrations of unreactive, micellar
surfactant co-solutes, which act as “templates”. After the removal of the

surfactant from the polymerized network, the hydrogel contained pores of
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approximately the same shape and dimensions as the surfactant micelles.
Guilherme et al. [Guilherme, 2006] developed a sandwich-like IPN hydrogel
membrane, based on P(INIPAAm) and P(AAm) that can suffer drastic changes in
the internal morphology with changes in temperature. In these membranes the
increase in temperature, led to internal layer contraction (ca. 85%) and to
external layer expansion (ca. 45%). Albrecht et al., [Albrecht, 2005] synthesized
poly(ether imide) (PEI) membranes by a dry—wet spinning technique. The results
showed that an outer layer of one extruded dense structure recovered the
membrane. This structure was formed by precipitation of polymer solution from
vapor induced phase separation (VIPS). Moreover, with a modified air gap-
spinning process, using a triple spinneret, an outer annulus was used for the
transport of fluids containing a high amount of solvent. Their results showed that
highly asymmetric hollow fiber morphologies without any external skin can be
reproducibly prepared by this technique. Another recent work demonstrated the
preparation of materials with highly sophisticated structures (hydrogels with
tubular pores like a honeycomb structure) using the ice-segregation-induced self-
assembly process [Gutiérrez, 2008]. This process which consists in freezing the
hydrogel, storing it in the frozen state during certain time and then defrosting it,
creates a macroporous structures, characterized by “walls” of matter enclosing
empty areas where ice crystals originally resided. These examples underscore an
increasing interest in producing special morphologies in hydrogels, for specific
applications. We have shown recently that P(NIPPAm-co-AAc) hydrogels can
be prepared with different pore morphologies (interconnected spherical or
channel-like pores) by controlling their cross-linking degree and the orientation
of the moulds used in the preparation of membranes, and that these morphologies
affect their swelling and diffusion behaviors [da Silva, 2007]. In the case of

channel-like pore membranes, a peculiar morphological feature was observed;
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the formation of a continuous dividing film near to medial cross-section plane of
the membrane. As this film may have consequences for the diffusion and
mechanical properties of the membrane, it becomes important to understand its
mechanism of formation and the factors which affect its position. In this work
we show that the position of this film shifts from the medial plane of the
membrane, if one of the glass plates is kept at a different temperature, relative to
the other during the polymerization process. The formation of this film was
assigned to the advancement of two polymerization fronts, which start at the
opposite glass plate surfaces and its position was observed to be governed by
their relative rates of advancement which are proportional to the temperature of

the glass plates.

Experimental

Materials

N-Isopropylacrylamide (NIPAAm) monomer, stabilized 99% and acrylic acid
(AAc) monomer, stabilized 99.5% (Acros organics) were previously purified
twice by recrystallization in hexane and by vacuum distillation at 39 °C and 10
mmHg, respectively as previously described [da Silva, 2007]. N,N’-
methylenebisacrylamide (BIS) monomer, stabilized 99% (Across organics) used
as a cross-linking agent, and N,N,N’,N’-tetramethylethylenediamine (TEMED),
99% (Plusone—Pharmacia Biotech), used as an accelerator, sodium persulfate
(Na,S,0g), P.A. (Synth), used as initiator of polymerization, and phosphate

buffer saline (PBS) pH 7.4 (Sigma) were used as received. Gaseous nitrogen
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(N,) was purchased from Air Liquid. The experiments were carried out using

analytical grade water from Millipore Milli-Q gradient filtration system.
Synthesis of P(NIPAAm-co-AAc) hydrogel

Briefly, P(NIPAAm-co-AAc) hydrogels membranes were synthesized in
aqueous solutions containing 80% mol NIPAAm/mol total monomer, 20% mol
AAc/mol total monomer, and 5 % mol BIS/mol (total monomer + cross-linker),
in the presence of sodium persulfate (43 pmol L") and TEMED (2.5 mmol L)
as previously described [da Silva, 2007]. Initially, the amounts of NIPAAm,
AAc, TEMED and BIS were dissolved in water and kept under constant stirring
and nitrogen bubbling for 1 h at 0°C in an ice bath. Bubling with N, is necessary
in order to avoid the inactivation of TEMED molecules by oxygen dissolved in
the aqueous solution. After this period, Na,S,0g was added. The final solution
was inserted in moulds composed of two glass plates (10x5 cm) kept apart by a

rubber spacer 3 mm thick (Figure 17 (A)).

T1

(—F ) =)

A b (B)

Sharp surface

(©)

Figure 17. (A) Scheme of the preparation of cross-linked P(NIPAAm-co-AAc)
hydrogel membranes with the moulds positioned with their main axis in the
horizontal position and kept closed for 24 h for the cross-linking reactions. The
syntheses were made in three different temperature conditions: first one,
T,=T»,=25°C; second, T;=10°C and T,=25°C and thrirth, T,=35°C and T,=-10°C.
(B) membrane after synthesis and (C) scheme of the cross-section surface of
lyophilized membrane showing a sharp surface.
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The moulds were positioned with their main axis in the horizontal position and
were kept closed for 24 h for the cross-linking reactions. The mould was kept in
three different temperature conditions, as follows:

1) both plates were kept at room temperature (T; = T, = 25° C);

i1) one of the plates was kept at 10° C and the other at 25° C (T,-T, = 15° C);

iii) one of the plates was kept at 35° C and the other at -10° C (T,-T, = 45° C).

The second temperature condition: T; = 25 and T, = 10° C, was obtained by
putting one of the external faces of the glass plate in contact with the surface of
the water from a thermostatized bath at 10° C, while the other glass plate was left
in contact with the air in a thermostatized room at 25° C. In the third case, where
T, = -10° C and T, = 35° C, one of the faces was put in contact with a
thermostatized bath, 35° C, and the other face was put in contact with an
aluminum block which was previously thermostatized at — 10° C. All the
temperatures of the glass plates were measured with a thermopar, by putting the
temperature sensor into contact with the external faces of the glass plates. The
moulds were kept at these temperature gradients during 4 h. After this period the
moulds were stored for 20 h at room temperature for ensuring complete
polymerization. After this period hydrogel membranes obtained were removed
from the moulds and immersed in deionized water until reaching the swelling
equilibrium. The membranes were further purified by several washings with

deionized water.

Morphological analysis

For the morphological characterization of temperature gradient on the

continuous dividing film near to the medial cross-section plane of the membrane

39



the swollen hydrogel membranes were cut in slices and frozen in liquid nitrogen,
in order to obtain the mechanical fracture surfaces [Erbil, 1999]. The fractured
samples were freeze-dried for 24 h in order to preserve the open microporous
structure of the hydrogels [Sannino, 2003] and metalized with gold. The
hydrogel surface analyzed was the vertical surface perpendicular to the glass
plates. To characterize the morphology of the hydrogels, micrographs of the
fractured surface of dried samples were recorded with a Scanning Electron
Microscopy (SEM-JSM 6360-LV, Tokyo, Japan) under magnifications of 40x.
The thickness of each half of the membrane was measured from the inner surface
of the glass plate to the dividing film in nanometers using the measuring tool of
the electron microscopy software and their corresponding normalized thickness,
for a scale of O to 1, where 1 1s the total thickness of the membrane were

calculated.

Results and discussion

The formation of a continuous dividing film near to the medial cross-section
plane of P(NIPAAm-co-AAc) hydrogel membranes cross-linked with 5% of
(N,N’-methylenebisacrylamide), with the mould oriented parallel to the plane of
the bench, has already been reported elsewhere [da Silva, 2007]. This
characteristic was assigned to the fact that polymerization reaction is expected to
start on the surface of the glass plates which act as a kind of nucleating surface
for the beginning of the polymerization reaction and phase separation processes.
In this case, the continuous film formation at the medial plane of the membrane
thickness was interpreted as the result of the advance, at the same rate, of two

polymerization fronts in opposite sides until they get in contact with each other
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in the middle of the gap. In this junction the polymerization process apparently
tends to spread horizontally leading to the formation of the dividing film. The
advancement of the polymerization fronts at the same rate can be assigned to the
fact that the two glass surfaces are at the same temperature, once the rate of
polymerization and thus of advancement of the front is expected to increase with
the increase in temperature (Fig. 18 A). In the present work this hypothesis was
tested by polymerizing the membranes under a temperature gradient along the

axis perpendicular to the plane of the glass plates, that is, along the vertical axis.

Two temperature gradients were used, and compared to the membrane prepared
under the uniform temperature of 25 °C (AT = 0° C) ( Fig. 18):

- one plate kept at 25° C and the other at 10 °C (AT = 15° C)

- one kept at 35° C and the other at -10 °C (AT =45° C)

Figure 18. SEM micrographs of cross-sections of hydrogel with 5% cross-
linking degree after reaching the swelling equilibrium below LCST at 25 °C.The
lower hydrogel surface kept at room temperature (25° C) and the upper surfaces
kept at (A) room temperature, (B) 10° C. (C) lower hydrogel surface kept at 35°
C and the upper surfaces kept at —10° C.
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It was observed that in all cases the hydrogel membranes synthesized with
cross-linking degree of 5% presented a continuous dividing film which can be
clearly identified in the SEM micrographies of the membrane cross-sections
(Fig. 18). Figure 18 also shows that the continuous dividing film undergoes a
significant shift from the medial plane of the membrane towards the glass plate
kept at the lower temperatures. In addition it can also be seen that this shift
increases with the increase in the temperature gradient from AT = 15° C (Fig.
17(B)) to AT = 45° C (Fig. 2(C)), while at AT = 0° C the film is located at the

medial plane of the membrane, as reported before (Fig. 17 (A)).

Table 1. Thickness of each half of cross-linked P(NIPAAm-co-AAc) hydrogel
membranes, measured from the inner surface of the glass plate to the dividing
horizontal film, for membranes synthesized under different temperature
conditions: the two glass plates of the mould kept at 25 °C; one plate kept at 25
°C and the other at 10 °C and one kept at 35 °C and the other at -10 °C

Temperature
of the lower/upper glass 10/25°C 25/25°C  -10/35°C
plates

Thickness of the upper half
785452 1317 £28 100145
of the membrane (Lm)

Thickness of the lower half
901+37 1334 + 32 1448438
of the membrane (Lm)

The thickness of each half of the membranes are presented in Table 1 and their
corresponding normalized thicknesses are presented in Fig. 18. It can be seen
that a significant difference between the thicknesses of the two halves of the

membranes is observed in the two temperature gradients, confirming the visual

42



analysis of Fig. 18. Also Figure 19 shows that the increase in the difference
between the thicknesses of the two halves increases significantly with the
increase in the temperature gradient. Thus, the morphology of such membranes
is influenced not only by the polymerization degree but also by the uniformity of
temperature in the mould used to prepare membranes. This result may have
consequences in the diffusion properties of these membranes and in other

applications where the morphology is an important characteristic.
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Figure 19. Normalized thickness of each half of cross-linked P(NIPAAm-co-
AAc) hydrogel membranes, measured from the inner surface of the glass plate to
the dividing horizontal film, for membranes synthesized under different
temperature conditions: the two glass plates of the mould kept at 25° C; one plate
kept at 25° C and the other at 10° C and one kept at 35° C and the other at -10°
C. Error bars are the SEM of triplicates

Conclusions
The morphological analysis of the cross-sections of P(NIPAAm-co-AAc)
membranes cross-linked with of 5% of (N,N’-methylenebisacrylamide) confirm

that the formation of a dividing film in this condition, is a general feature of this
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membrane. The dividing film can be assigned to the advancement of two
polymerization fronts, starting from the glass plates of the moulds. The location
of the film in the membrane thickness is governed by the temperature gradient

maintained in the glass plates of the mould.
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Resumo

Os hidrogéis s@o redes poliméricas altamente hidrofilicas capazes de absorver
grande quantidade de dgua. A presenca e o teor de 4gua no hidrogel determinam
ndo somente a permeagao de materiais para dentro e fora do gel, mas também sua
resisténcia mecanica. Hidrogéis sensiveis ao pH e a temperatura como os de
poli(N-isopropilacrilamida-co-dcido acrilico), P(NIPAAm-co-AAc), sdo de
grande interesse para sistemas de liberagdo de farmacos uma vez que a
permeacdo de solutos através do hidrogel é também influenciada pelas suas
propriedades de mudanga de fase. Entretanto a simples conjugacdo do NIPAAm
com AAc leva a obten¢do de membranas de hidrogéis com resisténcia mecanica
muito baixa, ap6s a hidratagdo. Com o objetivo de se obter membranas deste tipo
com melhores propriedades mecanicas, que permitam aplicagdes como
biomaterias, sintetizou-se hidrogéis de P(NIPAAm-co-AAc) interpenetrados e
semi-interpenetrados com poli(alcool vinilico) (PVA), onde a interpenetracao foi
obtida através da reticulacio das cadeias de PVA através de ciclos de
congelamento-descongelamento. Observou-se que tanto a semi-interpenetracio
como a interpenetracdo da rede de P(NIPAAm-co-AAc) com as cadeias de PVA
aumenta a flexibilidade e a resisténcia do hidrogel a compressdo. Entretanto os
hidrogéis que apresentaram maior resisténcia mecéanica foram os hidrogéis
preparados a partir de solugdes mais concentradas dos precursores de

polimerizacao.

Palavras-chave: poli(N-isopropilacrilamida), poli(dlcool vinilico), resisténcia

mecanica, hidrogel.
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Introdugao

H4 um interesse crescente no uso de hidrogéis como biomateriais. A adequagao
das propriedades fisicas dos hidrogéis, para a viabilizacdo destas aplicagdes,
depende fortemente da flexibilidade do material hidratado e de outras
propriedades mecanicas a ela associadas, como a resisténcia a compressao. Estas
propriedades, por sua vez, estdo associadas ao grau de intumescimento do
hidrogel e dependem diretamente do grau de reticulacdo da rede polimérica
[Hoffman, 2002, Berger, 2004, Schordder, 1988, Peppas, 2000], cujo controle
pode ser complexo. A reducao no grau de reticulacdo leva a formacgdo de redes
poliméricas cada vez menos densas, ou frouxamente reticuladas, que absorvem
maiores quantidades de dgua, tornando-se mais macias e flexiveis. Entretanto,
hidrogéis com grau de reticulagdo muito reduzido sdo muito frageis e de dificil
manipulacdo. Por outro lado, o incremento no grau de reticulagdo leva a
formacao de redes mais densas, menos flexiveis, mais resistentes a compressao e
capazes de absorver menores teores de dgua. Entretanto, hidrogéis que possuem
grau de reticulacio muito elevado sdo quebradicos e de baixa resisténcia
mecanica [Perepechko, 1981].

Além do grau de reticulagdo, outro fator que determina o grau de
intumescimento dos hidrogéis é a sua composicdo quimica e, neste caso, a
presenca de grupamentos como os de dcidos carboxilicos, amidas, hidroxilas,
entre outros, leva a formacdo de redes poliméricas cujos graus de
intumescimento sao dependentes da hidrofilicidade dos grupos que constituem a
rede polimérica. Além disso, alguns grupamentos podem conferir maior ou
menor flexibilidade a rede polimérica, ou ainda promover a matriz polimérica
sensibilidade a variagdes de estimulos externos como: temperatura, pH, corrente

elétrica, ou presenca de ions, entre outros [Yamashita, 2002; Chilkoti, 2002 e

48



Shin, 2003, Jones, 2003, Zhang, 2002]. Hidrogéis deste tipo atraem maior
interesse que polimeros lineares para sistemas de liberacdo de farmacos uma vez
que a permeacao de solutos através do hidrogel é também influenciada pelas suas
propriedades de mudancga de fase [Hoffman, 2002].

Um polimero termo-sensivel bastante estudado é o poli(N-isopropilacrilamida)
(P(NIPAAm)). Em solucdo aquosa, este polimero apresenta separacdo de fases
quando a solug¢do é aquecida acima de 32°C (temperatura consoluta inferior,
LCST) [Schild, 1992]. Abaixo da LCST hidrogéis de P(NIPAAm) apresentam
carater hidrofilico, possuindo alto grau de intumescimento. Porém, acima da
LCST ocorre o colapso da rede que desidrata. A adi¢do de grupos dcidos como,
por exemplo, o 4cido acrilico, aumenta a temperatura de transi¢do de fase com o
aumento do pH da solucdo. Por outro lado, a adicio de mondmeros bésicos
aumenta a temperatura de transi¢ao com reducio do pH da solugdo.

A termo-sensibilidade do P(NIPAAm) é de grande interesse no
desenvolvimento de novos biomateriais. Porém, hidrogéis de P(NIPAAm)
possuem baixa resisténcia mecanica. Para melhorar esta propriedade tem-se
sintetizado matrizes poliméricas de P(NIPAAm) com outros polimeros, como o
poli(4dcido acrilico), (PAAc), o poli(6xido de etileno) (PEO) e a poliacrilamida
(PAAm) entre outros [Yamashita, 2002]. Entretanto, a simples conjuga¢ao do
P(NIPAAm) com outros mondmeros ndao produz melhorias significativas nas
propriedades mecanicas de hidrogeis de P(NIPAAm). H4 algumas estratégias
reportadas na literatura para se melhorar as propriedades mecénicas de hidrogeis.
Tanaka e colaboradores [Tanaka, 2005] desenvolveram trés tipos de hidrogéis
com excelentes propriedades mecanicas. Dois tipos destes hidrogéis foram
sintetizados utilizando um reticulante especial que permite distribuir
uniformemente a tensdao ao longo das cadeias poliméricas, resultando assim em

géis altamente resistentes ao estiramento (cerca de 10 a 20 vezes o comprimento

49



original sem se romper). O terceiro tipo sintetizado foi composto de uma dupla
estrutura reticulada o que resultou em um gel com excelente resisténcia a
compressdao o qual apresentou ruptura da rede quando submetido a pressdo
superior a 20kPa. Para obter este novo hidrogel Tanaka baseou-se no fato de
redes altamente reticuladas resistirem a compressdo. Entretanto como estas redes
sdo quebradicas foi introduzida durante a sintese outra rede frouxamente
reticulada formando assim um hidrogel interpenetrado capaz de resistir a alta
pressdo de compressdo sem se romper. Isto ocorre porque a rede frouxamente
reticulada atua como um suporte da rede densa sendo capaz de absorver a
energia eldstica do processo de compressdo evitando assim a propagaciao da
fratura ou rompimento da rede densamente reticulada. Baseado neste estudo,
desenvolvemos redes de P(NIPPAm-co-AAc) densamente reticuladas as quais
foram interpenetradas e semi-interpenetradas com uma rede frouxamente
reticulada de PVA. Foi observado que a presenca do PVA leva a formacao de
redes capazes de resistirem a maiores pressoes de compressdao quando
comparado a rede de P(NIPPAm-co-AAc) pura. Foi observado ainda para estes
géis que a presenca de PVA também reduz o grau de intumescimento dos

mesmos.

Parte experimental

Materiais

N-isopropilacrilamida, (NIPAAm), 4cido acrilico (AAc) e N,N’metileno-
bisacrilamida (MBAAm) (Acros organics), persulfato de sdédio (Na,S,Oyg),
(Synth), N,N,N’,N’tetrametiletilenodiamina (TEMED), (Plusone—Pharmacia
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Biotech), dgua desionizada, poli(dlcool vinilico), PVA, solu¢do tampao fosfato

(PBS) pH= 7,4 e acido cloridrico (Sigma/Aldrich) e N, gasoso (Air Liquide),.

Sintese dos hidrogéis de P(NIPAAm-co-AAc) Interpenetrado e semi-

Interpenetrado com PVA

A sintese do hidrogel de P(INIPAAm-co-AAc) foi realizada através da reacao
radicalar de copolimerizacdo do NIPPAm com o AAc em solucdo aquosa na
presenga de PVA (0, 1,5 e 3% m/v) de acordo com a tabela 2 [da Silva R, 2007].
Em todos os casos a propor¢ao molar de NIPPAm (80%) em relagdo a AAc
(20%) foi mantida constante, variando-se o teor de reticulante em 2, 3, 5 ¢ 7%.
As membranas sintetizadas foram rotuladas utilizando a seguinte nomenclatura:
X% MBAAm/Z, onde X € o teor de reticulante e Z € a percentagem em massa de
PVA. As membranas foram sintetizadas num molde composto por duas placas de
vidro separadas por um espacador de borracha. Apds este periodo as membranas
sintetizadas foram retiradas do molde. As membranas sintetizadas com PVA
foram submetidas a 0, 1 e 3 ciclos de congelamento descongelamento (C/D)
respectivamente de 22 e 2h [Simdes, 2006] formando neste caso redes de
P(NIPAAm-co-AAc) semi-IPN (0 C/D) e IPN (1 e 3 C/D) com o PVA.

Todas as membranas foram purificadas por imersio em banho de agua
desionizada, por 48h fazendo-se trocas constantes. Em seguida uma parte de
cada membrana foi mantida em dgua a 25° C e outra parte foi liofilizada. As
membranas liofilizadas foram utilizadas para determinacdo do grau de
intumescimento (Q) e as hidratadas foram utilizadas para os testes de resisténcia

mecanica por andlise termomecanica, TMA.
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Determinacdo do grau de intumescimento (Q)

ApOs a sintese e purificagdo, pedacos de membranas de massa conhecida e
liofilizada foram deixados intumescer imersos em dgua desionizada (pH 6,4),
PBS (pH 7.4) ou solucao de HCl (pH 3,5) por 48h até o equilibrio de
intumescimento. Q foi definido como a relac@o entre a massa do gel intumescido

no equilibrio a 25° C pela massa do gel seco.

Q = m(gel intumescido)/m(gel seco) Eq. (02)

Tabela 2. Teor dos reagentes utilizados durante a sintese dos hidrogéis
utilizando 10 mL de agua.

Na,S;0s TEMED MBAAm AAc NIPAAm PVA %0 (m/v)

(® (ML) (mmoL) (mmoL) (mmol) ()
2% MBAAmM/0 0,0050 50 0,10 1,0 4,0 - 5,12/94,88
2% MBAAmM/1,5 0,0050 50 0,10 1,0 4,0 0,15 6,45/93,55
3% MBAAmM/0 0,0050 50 0,15 1,0 4,0 - 5,19/94,81
3% MBAAm/1,5 0,0050 50 0,15 1,0 4,0 0,15 6,52/93,48
3% MBAAmM/0(B) 0,0100 100 0,30 2,0 8,0 - 9,74/90,26
3% MBAAm/3,0 0,0100 100 0,30 2,0 8,0 0,30 12,12/87,88
5% MBAAmM/0 0,0050 50 0,25 1,0 4,0 - 5,33/94,67
5% MBAAm/1,5 0,0050 50 0,25 1,0 4,0 0,15 6,65/93,35
7% MBAAmM/0 0,0050 50 0,35 1,0 4,0 - 5,46/94,54
7% MBAAmM/1,5 0,0050 50 0,35 1,0 4,0 0,15 6,79/93,21
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Medidas de TensdaoXDeformacdo dos hidrogéis utilizando Andlise

termomecanica

Para caracterizar a morfologia dos hidrogéis de P(NIPAAm-co-AAc) utilizou-
se andlise termomecanica, TMA (TMA- 2940 TA Instrument). Os hidrogéis
intumescidos em dgua desionizada (pH 6,4) foram cortados cuidadosamente com
uma gilete em duas orientacdes diferentes de acordo com a posi¢ao do hidrogel
durante a sintese. Assim foram obtidas membranas finas de aproximadamente
2.0mm de espessura. As amostras foram entdo novamente cortadas com um anel
fino com um diametro de 8.0 mm obtendo-se assim discos de aproximadamente
2x8 mm. Em seguida os discos dos hidrogéis foram levados ao equipamento
(TMA) para os ensaios de compressao/descompressao, a temperatura constante
de 25° C (Figura 20A). Primeiramente realizou-se uma compressdo por 3min
utilizando-se 0,001N de forca. Em seguida o disco do hidrogel foi submetido a
uma rampa de for¢ca na razdo de 0,05N/min até 0,5N, durante 10 min,
imediatamente seguida de uma descompressao até 0,001N também na razdo de
0,05N/min (Figuras 20B e 20C), durante 10 min. A for¢a de compressao sobre o

disco do hidrogel foi efetuada com o auxilio de um disco de 3,04mm de raio.

=

G (B) (©)

Figura 20. Esquema do ensaio de compressao/descompressdo. (A) Hidrogel
antes de ser submetido a compressao/descompressdo dentro de um anel de
plastico. (B) hidrogel antes e apds ter sido submetido a compressdo e (C)
hidrogel sobre processo de compressao.
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Resultados e Discussao

Intumescimento  dos  Copolimeros de  P(NIPAAm-co-AAc)

Interpenetrados e semi-Interpenetrados com PVA

Membranas dos hidrogéis de P(NIPAAm-co-AAc) foram sintetizadas
interpenetradas e semi-interpenetradas com PVA com o objetivo de aumentar a
propriedade mecanica destes copolimeros. Conforme pode ser visto através da
Tabela 3 e da Figura 21, estes novos hidrogéis, interpenetrados e semi-
interpenetrados com PV A apresentaram menor grau de intumescimento, quando

comparado aos hidrogéis dos copolimeros de P(NIPAAm-co-AAc) puros.

Tabela 3. Grau de intumescimento para os hidrogéis de P(NIPAAm-co-AAc)
sintetizado com 3% de MBAAm, sem PVA e com PVA (0 C/D), em fun¢do do
teor de reagente utilizado durante a sintese (%m/v).

Po(m/v) Sem PVA  PVA,0C/D
3% MBAAmM/0 5,19/90,26 384,4 £15,0 -
3% MBAAm/1,5 6,52/90,26 - 165,4+10,2
3% MBAAm/O (B) 9,74/90,26 57,1£6,2 -
3% MBAAm/3 12,12/87,88 - 27,940,6

A redugdo no grau de intumescimento estd diretamente relacionada com o
aumento de massa de reagentes em relacio a massa total de dgua utilizada
durante a sintese, contribuindo para formag¢ao de redes mais densas que possuem

com isso menor capacidade de expansdo. Esta relacdo pode ser claramente

54



observada quando comparamos os hidrogéis de P(NIPAAm-co-AAc)
sintetizados com 3% de agente reticulante nas mesmas condi¢des porém com
diferentes percentagem (m/v) em que o incremento do teor de reagentes
utilizados na sintese em relagdo ao volume de solvente (dgua) leva a redugao do
intumescimento (Tabela 3). A redu¢cdo do volume de dgua utilizado aumenta a
eficiéncia da polimerizacdo e reticulacdo reduzindo com isso a capacidade de

expansao da rede polimérica e, portanto seu intumescimento.
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Grau de reticulacao

Figura 21. Grau de intumescimento para os hidrogéis de P(NIPAAm-co-AAc),
sem PVA e com PVA (0, 1 e 3 C/D), em fung¢ao do grau de reticulagdo.

A influencia do incremento da massa de reagentes em relacdo a massa total de
dgua utilizada durante a sintese no grau de intumescimento também pode ser
observado se relacionarmos o grau de intumescimento dos hidrogéis de
P(NIPAAm-co-AAc) puros (sem PVA) com os semi-Interpenetrados com PVA

(0 Ciclo), uma vez que neste caso o PVA ndo estd reticulado. Neste caso, a
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reducdo do grau de intumescimento, com a formac¢do do semi-IPN, ocorre apenas
pelo incremento de massa polimérica em relacdo a massa de dgua durante a
sintese. Por outro lado para os hidrogéis submetidos a 1 e 3 ciclos de
congelamento/ descongelamento (C/D) ocorre a formacdo de uma rede de PVA
que interpenetra a rede de de P(NIPAAm-co-AAc) formada anteriormente. A
formacdo desta segunda rede reduz grandemente o intumescimento do hidrogel
uma vez que ocorre a formacao de cristalitos de PVA que atuam como reticulos
da matriz de PVA, o que ndo se observa na rede semi-Interpenetrada. Neste caso,
na rede interpenetrada (submetida aos ciclos de congelamento/descongelamento)
o grau de intumescimento ¢ reduzido ndo somente pelo aumento de massa
polimérica em relacdo a massa de dgua durante a sintese, mas também pela
formacgao de novos reticulos.

Observou-se ainda as maiores reducdes do grau de intumescimento ocorreram
quando houve a formagdo de uma rede semi-interpenetrada e interpenetrada.
Neste caso podemos dizer que o grau de intumescimento sofre menor reducdo
com o aumento dos ciclos quando comparado a reducio do intumescimento que
ocorre apenas com a presenca de PVA na matriz polimérica (semi-IPN). Esta
observacgdo torna-se mais clara se compararmos o grau de intumescimento dos
hidrogéis submetidos a 1 ciclo com 3 ciclos de congelamento/ descongelamento,
em que o aumento no numero de ciclos ndo foi capaz de reduzir
significativamente o grau de intumescimento. Este fendmeno foi atribuido ao
favorecimento do crescimento dos cristalitos formados ainda no primeiro ciclo e
ndo a formagdo de novos pontos de reticulagdo (novos cristalitos). Esta hipdtese
pode ser confirmada se compararmos a redu¢ao no grau de intumescimento que
ocorre com o incremento do teor de reticulante (MBAAm) na sintese de todos os

hidrogéis de P(NIPAAm-co-AAc) puros (Figura 21). Neste caso, quando ocorre
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aumento da concentracio de MBAAm ocorre a formagdo de reticulos efetivos
que restringem grandemente a expansao e flexibilidade da rede polimérica.

A forma como as cadeias de PVA estdo distribuidas na matriz polimérica
também pode ter afetado diretamente o grau de intumescimento dos hidrogéis
formados. Durante a preparacdo dos hidrogéis semi-IPNs e IPNs o PVA estava
dissolvido no meio reacional e, portanto uniformemente distribuido, entretanto
com a formacdo dos reticulos de MBAAm para a formagdo da rede de
P(NIPAAm-co-AAc) pode ter ocorrido segregacdo do PVA para o espago entre
os reticulos. Neste caso o incremento dos ciclos de C/D de 1 para 3 além de
favorecer o crescimento dos cristalitos ja formados no primeiro ciclo, frente a
formacdo de novos cristais, ndo ird afetar grandemente o grau de intumescimento
do IPN uma vez que a formacdo destes pontos de rede do PVA irdo ocorrer

preferencialmente no espaco intra reticulo da rede de P(NIPAAm-co-AAc).

Medidas de Tensdo x Deformagdo dos hidrogéis utilizando Andlise

Termo-Mecanica (TMA)

A sintese dos hidrogéis de P(NIPAAm-co-AAc) interpenetrados (1 ciclo ou 3
ciclos de congelamento descongelamento) e semi-interpenetrados com PVA (0
ciclo) foi realizada com o objetivo de se obter hidrogéis de P(NIPAAm-co-AAc)
com melhores propriedades mecanicas. Estes novos hidrogéis (contendo PVA)
mostraram-se mais flexiveis e pouco quebradicos se comparados aos
copolimeros de P(NIPAAm-co-AAc) puros e, conseqiientemente, apresentando
melhor potencial para comercializagdo como um biomaterial. Testes mecanicos
de compressao destes materiais foram realizados para comparar em médulo a

resisténcia destes materiais frente a deformacdo (resisténcia a compressao).
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Através de uma andlise geral da tabela 4 e da Figura 22 podemos observar que
os hidrogéis 2%MBAAm e 3%MBAAm foram os hidrogéis menos resistentes a
compressao. Estes hidrogéis tiveram o rompimento de suas estruturas em tensoes
menores que 15kPa. Por outro lado o incremento do grau de reticulagdo para 5 e
7% foi capaz de produzir redes poliméricas resistentes a compressao em pressoes
superiores a 15kPa, sem se romperem. A reducdo do teor de reticulagdo leva a
formacdo de redes poliméricas mais eldsticas, entretanto de baixa resisténcia a
compressdo. Por outro lado o incremento no teor de reticulagdo leva a formacao
de redes mais densas menos eldsticas e mais resistentes a compressao, no
entanto, um elevado teor de reticulante pode formar redes quebradicas. A
presenca de PVA na matriz polimérica, formando uma rede semi-IPN, fornece a
matriz maior resisténcia a compressdao. Entretanto, ao submeter as matrizes
poliméricas a ciclos de ciclos de Congelamento/Descongelamento, resultando em
uma rede interpenetrada, ocorre a formacdo de hidrogéis mais frageis,
principalmente com o incremento de 1 para 3 ciclos de C/D. Ao realizarmos os
ciclos de C/D a 4gua no interior do gel sofre congelamento e conseqiientemente
expansdo ocasionando com isto o rompimento de parte da estrutura da rede de
P(NIPAAm-co-AAc) a qual torna-se mais fragil a cada ciclo.

A relacd@o entre o teor de reticulante e o numero de ciclos de C/D pode ser
observada claramente através da Tabela 4 em que o incremento no teor de
MBAAm (de 3 para 5 e 7%), utilizado durante a sintese, levou a formacdo de
redes mais resistentes a fratura por compressdo porém, mais sensiveis ao
processo de congelamento/descongelamento. Analisando as curvas na figura 22,
podemos observar ainda para os hidrogéis reticulados com 3, 5 e 7% de
MBAAm, que nio sofreram rompimento, apresentaram histerese, ou seja, a
estrutura da rede ndo foi capaz de retornar ao estado expandido inicial. A

histerese se relaciona a perda de energia provocada pelo deslizamento
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irreversivel das cadeias poliméricas, em ciclos de compressao-descompressao, e,
quanto maior seu valor, maior a suscetibilidade do material sofrer deformagdes

irreversiveis [Calister, 2000].

Tabela 4. Tensdo a maxima deformacido (o) e deformagdo maxima (J) dos
hidrogéis submetidos a ensaios de compressao.

Sem PVA PVA 0-C/D PVA 1-C/D PVA 3-C/D

5 51,4 63,2 84.1 -
2% MBAAmM

o 12,6 8.9 8,5 -

o 75,3 - 62,1 -
3% MBAAmM

o 14,7 - 7,9 -

5 i i 67,5 i
5% MBAAmM

o ; ; 7.7 ;

S _ _ - 81,5
7% MBAAmM

. _ _ - 7,6

Em uma andlise mais detalhada das curvar de tensdoxdeformacgdo da Figura 22
para o hidrogel de P(NIPAAm-co-AAc) reticulado com 3% de MBAAm
podemos observar claramente que o hidrogel semi-interpenetrado com PVA, ou
seja, ndo submetido aos ciclos de congelamento/descongelamento foi o hidrogel
que apresentou melhor resisténcia a compressdo. Este hidrogel devido a presenga
de PVA tornou-se mais flexivel e, portanto menos quebradigo, resistindo assim a
maiores pressdes de compressdo sem se romper. Se compararmos, entretanto os
hidrogéis reticulados com 2 e 3% de MBAAm podemos ver claramente que o
hidrogel menos reticulado, mesmo semi-interpenetrado com PV A, ndo foi capaz

de resistir as mesmas pressdes de compressdo sem se romper. Neste caso, como a
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rede de P(NIPAAm-co-AAc) € frouxamente reticulada esta apresenta menor

resisténcia a compressao.
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Figura 22. Tensdo x Deformagdo para os hidrogéis do copolimero IV
submetidos a ensaios de compressao.

Através da Figura 22 podemos relacionar a influéncia do teor de reticulacao e

da percentagem (m/v) de reagente utilizada durante a sintese dos hidrogéis na

resisténcia mecanica como uma funcao do teor de dgua dos hidrogéis. Podemos

observar que os hidrogéis 5 e 7%MBAAm suportaram maiores tensdes sem

sofrer fratura quando comparados aos hidrogéis 2 e 3%MBAAm. Além do

incremento do numero de pontos de reticulagdo, os quais fornecem a malha

polimérica mais pontos de resisténcia a deformacao, ocorre reducdo do grau de

60



intumescimento, ou seja, do teor de d4gua absorvida, o que aumenta a resisténcia
a quebra uma vez que hidrogéis que possuem grau de intumescimento muito
elevado possuem também uma rede quebradica [Peppas, 2000]. Foi observado
que todos os hidrogéis de P(NIPAAm-co-AAc) sintetizados com maior
percentagem (m/v) de reagente apresentaram menor deformacdo a maiores
tensdes sem sofrerem rompimento durante o experimento de compressdo (Figura
22), em relagdo aos demais hidrogéis. Podemos ver ainda que estes hidrogéis
apresentaram menor histerese uma vez que as curvas de compressdo e
descompressdo estdo mais proximas umas das outras. Com a redugdo de dgua
durante a sintese ocorre a formag¢do de uma rede mais densa e, portanto com uma
estrutura mais esticada e rigida que € capaz de suportar maiores tensoes
apresentando assim uma menor deformacgdo. Além disso, durante a sintese um
elevado teor de dgua pode reduzir a eficiéncia da polimerizagio e reticulagdo, ou
seja, hd um maior volume livre para os mondmeros formarem pontas de cadeias
sem reticulo. Neste caso ocorre a formag¢ao de muitas pontas de cadeias que nao
se ligam e com isso a rede formada é fragil possuindo diversos pontos de quebra
onde ndo hd a formacdo de um reticulo efetivo. Neste caso tanto a reducdo de
dgua quanto a presenca de PVA aumentam a resisténcia a fratura. Entretanto,
como observado, somente a presenca de PVA no hidorgel ndo foi suficiente para

se obter uma matriz mais flexivel e menos quebradica.

Conclusoes

Foi observado que o incremento do grau de reticulagdo bem como a presenca

de PVA leva a formacdo de redes mais densas e mais resistentes a deformacao.

61



Entretanto a técnica de formar uma rede interpenetrada de PVA por
congelamento/descongelamento ndo € adequada para hidrogéis de P(NIPAAm-
co-AAc) uma vez que sofrem rompimento de sua rede durante o processo de
sintese. Além disso, foi observado que a reducdo do teor de dgua utilizado
durante a sintese € fator determinante para a obtencdo de redes com melhores

propriedades mecénicas.
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3.9. Material Suplementar 6: Influencia do PVA no grau de

intumescimento dos hidrogéis de P(NIPAAm-co-AAc)

A influéncia da presenca de PVA e dos ciclos de
congelamento/descongelamento no grau de intumescimento pode ser observada
também através da Figura 23 para os diferentes graus de reticulagdo. Neste caso
podemos ver claramente a reducdo do intumescimento em fungdo da presenca de
PVA e do incremento dos ciclos de congelamento/descongelamento. Os dados
desta figura sdo referentes aos dados da Figura 21 do manuscrito em questdao
onde se pode observar a influéncia do grau de reticulacgio no grau de
intumescimento para os hidrogéis de P(NIPAAm-co-AAc) sem PVA e com PVA

submetidos a 0, 1 e 3 ciclos de congelamento/descongelamento.
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Figura 23. Grau de intumescimento para os hidrogéis de P(NIPAAm-co-AAc),
contendo 2, 3, 5 € 7% de MBAAm, em funcdo da presenca de PVA e do numero
de ciclos de congelamento e descongelamento.
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4. Aplicacoes

O 6xido nitrico, NO, é uma molécula que atua como um mensageiro quimico
endogeno em mamiferos [Hogg, 2000] capaz de promover vasodilatacdo,
atuando como um fator de relaxamento derivado do endotélio (EDRF) [Ignarro,
1987], além de regular processos importantes como a citotoxicidade mediada
pelos macréfagos, a modulacdo da neurotransmissdo, a adesdo de plaquetas e a
agregacdo de neutréfilos [Williams, 1996, Stamler, 1992, Lipton, 1993,
Lancaster, 1996, Hughes, 1999] e cicatrizacgao.

Como NO livre pode ser inativado rapidamente por espécies reativas contidas
no plasma e no meio celular como os radicais superéxido, considera-se que o NO
endogeno € estabilizado por moléculas transportadoras que prolongam a sua
meia vida, preservando suas fungOes bioldgicas. Um conjunto grande de
evidéncias indica que os tidis (RSHs) de baixo peso molecular, encontrados no
plasma humano, sdo os principais transportadores enddgenos de NO [Gaston,
1993]. Neste processo os tidis sdo reversivelmente nitrosados formando S-
nitrosotiéis (RSNOs). Os S-nitrosotidis apresentam muitas das propriedades
bioldgicas atribuidas ao NO, como a vasodilata¢do de veias e artérias e a inibicao
da agregacdo plaquetdria. Devido a estas caracteristicas, hd um grande potencial
para o uso destes compostos como fontes exdgenas de NO para aplicacdes
biomédicas [Shishido, 2000, de oliveira, 2001A, B].

A reacdo de S-nitrosacdo de sulfidrilas (SH) pode ocorrer in vitro através da
reagdo com nitrito de sédio (NaNO,) em meio acido [Bohl, 2000, de Oliveira
2001 A]. A liberacdo espontinea de NO a partir dos RSNOs, ocorre por via

térmica com formagao do dimero RS-SR (Eq. 3).

2RSNO —  RSSR + 2NO Eq. (3)
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Métodos e sistemas de sintese de RSNOs ja foram desenvolvidos em nosso
laboratério e usados para sintetizar a S-nitrosocisteina (CisNO), a S-nitroso-N-
acelilcisteina (SNAC) e a S-nitrosoglutationa (GSNO) (Fig. 24). Estes RSNOs
sdo doadores de NO encontrados endogenamente. Apresentam agdo
vasodilatadora e um grande potencial de uso como fontes exdgenas de NO para

aplicacoes farmacéuticas [Shishido, 2003, Santos, 2001A, B].

OH ‘

ON\S =~y S o MNH\)J\ o
AN —cn, 0 0 = NH/Y
(A) (B) ©)

Figura 24. Estruturas da (A) S-nitrosocisteina, (B) S-nitroso-N-acetilcisteina e
(C) S-nitrosoglutationa.

A caracterizacdo das reagdes de liberacdo de NO a partir destes doadores em
trabalhos anteriores, nos demonstrou que além das diferencas de estabilidade
intrinseca [de Oliveira, 2002], as cinéticas de liberacao de NO a partir de RSNOs
podem também ser moduladas através da incorporacdo dos mesmos em matrizes
poliméricas liquidas, s6lidas ou na forma de hidrogéis [Shishido, 2000; Seabra,
2001] e filmes poliméricos [Seabra, 2004]. Alguns trabalhos ja demonstraram
que a agregacdo plaquetdria e a proliferacdo de células musculares lisas em
superficies revestidas com coldgeno foram inibidas apds a exposicao do sangue a
hidrogéis de poli (etileno glicol) (PEG) doadores de NO [Bohl e West, 2000].
Desta forma, a incorporacdo de doadores de NO em matrizes deste tipo, possui
um grande potencial de uso para a liberacdo controlada e localizada de NO em
aplicacdes biomédicas que incluem o tratamento de lesOes cutdneas [Smith,

1996], em especial as resultantes de infec¢des por Leishmania donovani
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(leishmaniose cutianea) [Adhuna et al., 2000] ou resultantes de queimaduras, bem
como para o recobrimento de dispositivos de implante [Mowery, 1999, 2000,
Desai, 1998].

Nesta parte do trabalho encontram-se descritos os resultados obtidos para os
hidrogéis de P(NIPAAm-co-AAc) como matrizes para aplicagdo tépica de
RSNOs para promocdo da vasolilatacio. Em uma primeira parte encontram-se
descritos a influéncia da temperatura e do grau de reticulacdo dos hidrogéis de
P(NIPAAm-co-AAc) no comportamento de absorc¢ao e difusdao de RSNOs. Além
disso, também foi avaliado o efeito vasodilatador destas matrizes contendo
RSNOs associando a resposta de vasodilagdo com a capacidade dos hidrogéis em
liberar estes doadores de NO.

Em uma segunda parte encontra-se descrito a aplicacio do hidrogel de
P(NIPAAm-co-AAc) em gastrosquises, onde foi estudado o efeito protetor do

hidrogel na reducao da inflamag¢ao em gastrosquises em modelo animal.
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Abstract

Hydrogels of poly(N-isopropylacrylamide) copolymerized with acrylic acid
[P(NIPAAm-co-AAc)] and cross-linked with N,N’-methylenebisacrylamide
were used to absorb and release the S-nitrosothiols (RSNOs), S-nitroso-N-
acetylcysteyne (SNAC) and S-nitrosoglutathione (GSNO). SNAC was observed
to be preferentially partitioned in P(NIPAAm-co-AAc) hydrogels after the
achievement of swelling equilibrium in aqueous solutions while GSNO is
partially segregated from the swelled hydrogel. Electrostatic interactions
between positively charged SNAC molecules and negatively charged groups on
the P(INIPAAm-co-AAm) chains in physiological pH conditions was assigned to
be responsible to the higher rate of absorption of SNAC relative to GSNO.
Diffusion measurements to a PBS receptor solution using a Franz-like diffusion
cell showed that RSNOs diffuse with lower rates from hydrogels compared to
their diffusion from aqueous solution. The rate of release of both RSNOs loaded
in the hydrogels was shown to be sensitive to the change in temperature and is
significantly increased with the increase from 25 to 37°C. Laser Doppler
flowmetry allowed demonstrating that SNAC is able to produce a more intense
and faster vasodilation effect than GSNO. However this effect does not last as
much as the effect produced by GSNO. These results indicate that the RSNOs-
containing P(NIPAAm-co-AAc) hydrogels can be used to control the diffusion
of RSNO in topical or transdermal applications promoting a local skin
vasodilation by choosing the appropriate RSNO and by controlling temperature
and the cross-linking degree of these hydrogels. Cross-linked P(NIPAAm-co-
AAc) hydrogel have potential to be used as a biomaterial for the treatment on

1schemic tissues.

Keywords: P(NIPAAm-co-AAc) hydrogels, porous membranes, swelling ratio,

diffusion Nitric oxide drug delivery system
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Introduction

Some intrinsic properties of synthetic cross-linked hydrogels like, ability to
absorb high amounts of water [Hoffman, 2002], softness similar to biological
tissues, a better feeling for the skin if compared to conventional ointments and
good biocompatibility patches [Peppas 2000; Bernik, 2006], have made them
promising biomaterials for several medical and pharmaceutical applications. This
range of applications have been widened by hydrogels that, in addition to these
properties, are capable of changing their swelling behavior, permeability and
mechanical properties in response to changes in pH, ionic strength and
temperature. These so-called “intelligent hydrogels” can find special applications
in solute extraction and separation (Hoi, 2000), drug delivery [Young, 2001;
Chilcoti, 1994; Hoffman, 1995; Bell, 1995; Schild, 1992; Ichikawa, 2000],
artificial organs [Verrion, 2000] and enzyme immobilization [Liu, 1993].

Hydrogels of poly(N-isopropylacrylamide) copolymerized with acrylic acid
[P(NIPAAm-co-AAc)] and cross-linked with N,N’-methylenebisacrylamide
(BIS) are thermosensitive and undergo a well-known volume-phase transition
with the increase in temperature, which leads to the shrinking of the swelled
hydrogel and to the release of large amounts of water, or solution” previously
absorbed. [Clinton, 2003; Zhang, 2002; Hoffman, 1991]. This transition
temperature is called lower critical solution temperature (LCST) and can be
modulated by changing the rate of P(NIPAAm) to AAc in the copolymer, as well
as its cross-linking degree[Shin, 2003; Schild, 1992]. This special property of
P(NIPAAm-co-AAc) hydrogels make them candidates for topical or transdermal
delivery of drugs [Blanco, 2003].

Endothelial dysfunction plays an important role in the pathogenesis of

peripheral vascular diseases such as diabetic microcirculatory disorders,
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Raynaud’s syndrome or chronic leg ulcers [Vevves, 1998; Dinh, 2005;
Greenman, 2005; Herrick, 2005]. Impaired autoregulation of blood flow is
associated to reduced levels of endothelial nitric oxide (NO) production,
therefore, the delivery of exogenous NO may represent a promising therapeutic
tool in the treatment of microangiopathy-associated diseases [Durante, 1988;
Sigaudo-Roussel, 2004]. Systemic administrations of sodium nitroprusside and
organic nitrates have been shown to prevent thrombosis development via the
inhibition of platelet activation [Sogo, 2000; Vilahur, 2000]. However, the
prolonged administration of these compounds can lead to cyanide poisoning and
nitrate tolerance, limiting their usefulness in a clinical setting [Johanning, 1995].
S-nitrosothiols (RSNOs) such as S-nitrosoglutathione (GSNO) have already been
identified as endogenous NO carriers and donors in mammals [Hogg, 2000;
Zhang, 2005]. RSNOs have been at the centre of several pharmacological studies
investigating the importance of NO in living systems and it has already been
demonstrated that they are vasodilators and inhibitors of platelet aggregation
[Ignarro, 1980; Mellion, 1983; Ricardo, 2002]. In such species, NO is covalently
bound to a sulphur atom in a C—S— NO moiety and can be released through
heterolytic or homolytic S—N bond cleavage, allowing NO to be transferred to
specific receptors such as (i) iron-containing enzymes to which it can coordinate
as a ligand (nitrosylation reactions) or (i1) thiol-containing proteins to which it
can be bound as a nitrosonium ion (NO+) in transnitrosation reactions [Zhang,
2005; Ortega, 2000]. GSNO can also decompose spontaneously through
homolytic bond cleavage, with free NO release and the formation of oxidized
glutathione [de Oliveira, 2002]. Incorporation of GSNO in nontoxic polymers
allows local delivery of NO to target areas such as the skin microcirculation,
where NO has a vasodilator effect [Seabra, 2004]. The incorporation of GSNO

into a hydrogel composed of Pluronic F127 has already been reported and its
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topical application on the skin of healthy volunteers resulted in NO-dependent
vasodilation [Seabra, 2004; Shishido, 2000].

The aim of the present study was to investigate the ability of P(NIPAAm-co-
AAc) hydrogels to absorb and release S-nitrosoglutathione (GSNO) and S-
nitroso-N-acetylcysteine (SNAC) (Figure 25) solutions using a sink and a non-
sink diffusion method. It was observed that these RSNOs-containing hydrogel
are able to reduce the RSNO rate release compared to the RSNO rate release
from PBS solution. Furthermore it was observed that, in the non-sink diffusion
method, the increase in the cross-linking degree leads to the reducing in the
RSNO rate diffusion. Moreover was evaluated the perspectives of using these
hydrogels for the controlled delivery of RSNOs in topical applications to
promote local skin vasodilation. The results showed the potential of RSNOs-

containing hydrogels to be used as a biomaterial for the treatment on ischemic

fissues.
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Materials and methods

Materials

N-Isopropylacrylamide (NIPAAm) monomer, stabilized 99% and acrylic acid
(AAc) monomer, stabilized 99.5% (Acros organics) were purified as previously
described [da Silva R, 2007]. N,N’-methylenebisacrylamide (BIS) monomer,
stabilized 99% (Acros organics) was used as a cross-linking agent, N,N,N’,N’-
tetramethylethylenediamine (TEMED), 99% (Plusone—Pharmacia Biotech), was
used as an accelerator and sodium persulfate (Na,S,0g), P.A. (Synth), was used
as initiator of polymerization. Phosphate buffer saline (PBS) pH 7.4, glutathione
(y-Glu-Cys-Glu, GSH), N-acetyl-L-cysteine (NAC), sodium nitrite, hydrochloric
acid and S&S Nylon 66-membrane filter with pore size 0.45um and diameter 25
mm were purchased from Sigma, ST. Louis MO, USA and used as received.
Gaseous nitrogen, N, was obtained from Air Liquide (Campinas, SP, Brasil).
The experiments were carried out using analytical grade water from Millipore

Milli-Q gradient filtration system.

Synthesis of P(NIPAAm-co-AAc) hydrogels

In brief, P(NIPAAm-co-AAc) hydrogels were synthesized in aqueous solutions
as previously described [da Silva R, 2007], containing 80% mol NIPAAm/mol
total monomer, 20% mol AAc/mol total monomer, and 0, 3 and 5% mol
BIS/mol (total monomer + cross-linker), named as 80-20-0, 80-20-3 and 80-20-5
respectively. The synthesis was carried out under nitrogen bubbling. Hydrogels

80-20-3 and 80-20-5 were synthesized in the presence of 43 pmol L' sodium
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persulfate solution and 2.5 mmol L' TEMED solution, while hydrogels 80-20-0
were synthesized in the presence of 0.8 mmol L' sodium persulfate solution and
25 mmol L"' TEMED solution. Hydrogels 80-20-3 and 80-20-5 were synthesized
in a squared mould 10x5x0.3 cm, as previously described [da Silva R, 2007],
while hydrogel 80-20-0 was synthesized in a reaction balloon. The hydrogels
were further purified by several washings with deionized water and freeze-dried

for 48 h.

Synthesis of GSNO and SNAC

S-nitrosoglutathione (GSNO) and S-nitroso-N-acetyl-L-cysteine (SNAC) were
synthesized by reacting equimolar GSH and NAC with sodium nitrite in acidic
aqueous solutions (HCI 0.5M, pH 1). The final solutions were stirred at room
temperature for 15 min for SNAC and 40 min for GSNO, protected from light
with aluminium foil. GSNO was precipitated with acetone, filtered under
vacuum, freeze-dried for 24 h and stored as a solid at -20 °C for further use.
SNAC solutions were prepared by dilution to 43 mmol L™ (pH 3.5) from the

concentrate solution obtained in the synthesis and used immediately.

Preparation of GSNO and SNAC-containing P(NIPAAm-co-AAc)

membranes

The dry membranes (ca. 1.0 mm thick) were cut into disks with an outer
diameter of 1 cm. As such membranes are opaque to the laser beans, a central
inner hole, with a diameter of 3 mm was opened in each dry membrane, using a

perforating tool manufactured for this purpose, for allowing the laser beans to
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probe the skin in the middle of the application area (Fig. 26). The dry perforated
membrane disks (weighing ca. 10 mg each) were loaded with RSNOs by
immersion in 3.0 mL of RSNO solution (43 mmol L) at 25° C during 1 h for
laser Doppler experiment and for 6 h absorption behavior characterization. The
amount of RSNOs absorbed was monitored at 545 nm and calculated as a
reduction in the RSNOs initial concentration. The amount of RSNOs thermally
decomposed during the absorption period was evaluated in separate experiments
and used to correct the values of the absorbed amounts of RSNOs. After the
loading period (1 h), the swollen membrane disks were removed from the
solution, excess solution was removed by touching the membranes with a tissue
paper and the membranes were immediately applied on the skin for the Laser

Doppler measurements.

Diffusion measurement

Sink Diffusion

A piece of hydrogel (ca. 0.3g) containing RSNOs (about 50 mmol L)
previously absorbed according to the procedure described above was immersed
in 3.0 mL of PBS solution, pH 7.4 in a 1 cm path length quartz cuvette placed in
the thermostatized sampling compartment of a diode array spectrophotometer.
RSNOs diffusion to the PBS solution were monitored at 336 nm for 12 h at 25
and 37 °C.

Non-Sink Diffusion
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Dry P(NIPAAm-co-AAc) hydrogel membranes (ca. 30 mg) previously charged
with RSNOs according to the above described procedure were used for the
diffusion measurements. A modified Franz diffusion cell was used for measuring
diffusion coefficients of SNAC and GSNO. A membrane filter with pore size
0.45 pm and diameter 25 mm (S&S Nylon 66- Membrane Filter, Aldrich) was
mounted on the diffusion cell and clamped carefully between the receptor and
donor compartment. The specially designed Franz diffusion cell has an effective
permeation area and receptor cell volume of 1 cm” and 4.2 mL. The receptor
compartment (PMMA cuvette with 1 cm path length) was filled with PBS
solution at pH 7.4. The receptor compartment of the cell was inserted in the
spectrophotometer sampling compartment and thermostatized at 25 and 37° C.
The receptor fluid was stirred continuously at 600 rpm with a magnetic stirring
flea bar. The donor compartment was loaded with P(NIPAAm-co-AAc) (ca. 0.3g
) or PBS solution (ca. 0.3 mL) containing RSNOs. RSNOs diffusion to the
receptor compartment was spectrophotometrically monitored at 336 nm for 12 h

at 25 °C.

Blood flow measurements by laser Doppler Flowmetry

Subjects: Two men (22+1 years) and four women (22%1 years) were recruited
for this study. The study was approved by the Ethics Committee of the Faculty of
Medical Sciences of the University of Campinas (736/2007). Prior to
participation each subject gave written informed consent as set by the
Declaration of Helsinki. All subjects were healthy, nonsmokers, did not have any

story of diabetes or cardiovascular disease, and did not have atopic skin disease.
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Volunteers were not permitted to consume caffeine for at least 12 hours before
the measurements.

All  measurements were performed in a thermoneutral laboratory
thermostatized at 25°C with the subjects in the supine position and the
experimental arm at heart level. A laser Doppler perfusion monitor (Transonic
Systems Inc.) with one satellite unit connected to the server was used to record
blood flow readings from two laser probes simultaneously. A round perforated
P(NIPAAm-co-AAc) membrane with outer diameter of 1 cm, containing either
GSNO, or SNAC and their respective controls (P(NIPAAm-co-AAc) membrane
alone), were applied on the ventral surface of the forearm of the subjects and
laser Doppler probes were secured to the overlying skin with adhesives. To
obtain an index of skin blood flow, red blood cell (RBC) flux was monitored
directly over the applied hydrogels. The perfusion monitor was connected to a
PC and recordings displayed continuously by Transonic Systems Inc. software.
Subjects blood pressure was measured at the beginning and at the end of the
experiment with an automated oscillometric upper arm blood pressure monitor
(Omron M7 HEM-780-E, USA). Initial rates of blood flow increase were
calculated through the linear regression of kinetic curves for the first 20 to 40
min, depending on the curve. A significant increase in skin blood flow above
baseline was defined as an increase of 10-15 flux units (mV) for at least 10 s
after the application of the hydrogels that continued to progressively increase.
Thus, any increase in flux assignable to body movement would have returned to
baseline within 10 s and would not have progressively increased. All values are

presented as mean =+ s.e.m of at least triplicates.
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Figure 26. Scheme of Laser Doppler application on the skin.

Results and discussion

Absorption measurements

Figure 27 shows the curves corresponding to the absorption of GSNO and
SNAC from solution by P(NIPAAm-co-AAc) membranes, compared to the
curves due to the thermal decomposition of the RSNOs at the same
concentration. It can be seen that SNAC is more strongly concentrated than
GSNO in the first 2 h of adsorption as can be seen from the bimodal shape of the
curves obtained with SNAC in both hydrogels than GSNO. The discontinuity at
ca. 2h in such curves indicates that after this time an apparent saturation of the

main sites of adsorption is achieved with SNAC.
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Figure 27. Kinetic curves of GSNO and SNAC degradation and absorption by
80-20-0, 80-20-3 and 80-20-5 hydrogels.

The slope of the second section of the SNAC curves is similar to the slope of
the GSNO curve along the five hours period. Thus, the second phase of slow
absorption rate of SNAC after 2h can be assigned mainly to the swelling of the
hydrogel. It must be noted that the thermal decomposition of the RSNOs during
this same period of time has already been taken into account in the curves of Fig.
27. Moreover, SNAC also displays a different dependence of absorption on the
swelling behavior that relative to GSNO. It can be seen that the extent of SNAC
absorption in hydrogel 80-20-0 and in hydrogel 80-20-3 are greater than in
hydrogel 80-20-5. This fact indicates that the SNAC absorption in hydrogel 80-
20-5 is associated with the lower swelling ratio of the hydrogel, which is a
consequence of its higher cross-linking degree. Moreover the swelling ratio of
hydrogel 80-20-0, cross-linked by entanglement is practically equal to the
swelling ratio of hydrogel 80-20-3 during the absorption process. It can also be
seen that the reduction in SNAC concentration due to decomposition is smaller

than the reduction in concentration due to decomposition in the presence of the
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swelling hydrogels while in the case of GSNO, the opposite is observed. The
decrease in SNAC concentrations during the swelling of the dry hydrogels
indicates that hydrogels 80-20-3 and 80-20-5 removed SNAC from the solution
phase more strongly than GSNO. The calculated partition coefficients, K at 25°C
for SNAC and GSNO were 3.97 and 0.95 respectively in hydrogel 80-20-0,
respectively, 2.71 and 0.74 in hydrogel 80-20-3 and 1.52 and 0.52, respectively
in hydrogel 80-20-5. These values are significantly higher for SNAC in all cases
indicating that SNAC solubility is higher in both hydrogel phases relative to the
aqueous phase while this phenomenon is not observed for GSNO. Moreover the
partition coefficients show that GSNO absorption is similar in both cross-linked
hydrogels. However, SNAC absorption is higher in hydrogel 80-20-3, which
absorbs a higher amount of water. In order to understand the difference in K
values between SNAC and GSNO, an analysis of the intermolecular electrostatic
interactions between the ionized groups of the RSNOs and P(NIPAAm-co-AAc)
chains, was performed tanking into account their resultant charges in the pH of
the solutions used in the absorption experiments. As acidic electrolytes the
average pH of SNAC and GSNO solutions is 3.5. At this pH the calculated
resultant charges of SNAC, GSNO and P(NIPAAm-co-AAc) based on the
corresponding pKa values of the carboxylic (-COOH), amino (-NH;) and amide
(-NHC=0) groups and on their relative contribution according to the relative
number of moles of each group in each molecule are reported in Table 5. These
values show that SNAC is at its isoelectric point while GSNO and P(NIPAAm-
co-AAc) hydrogel are negatively charged. Such resulting charges show that the
absorption of negative GSNO molecules is unfavoured due to the repulsion
against the negatively charged groups of the hydrogel chains. Thus, GSNO is
expected to be segregated from the hydrogel phase increasing its concentration in

the aqueous phase, as observed in Fig. 27, although part of the GSNO molecules
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must penetrate the hydrogel during its swelling with the solution. It must be
considered here that these hydrogels have a macropore morphology as already
shown (da Silva, 2007) and that GSNO segregation is expected to occur only at a
short distance from the surface of the pore walls. Thus, the partition coefficients
for GSNO, are still positive although much smaller than for SNAC. On the other
hand, the absorption of neutral SNAC molecules is expected to be favoured by
electrostatic interactions with the positively charges of the P(NIPAAm-co-AAc)
chains, leading to a more extensive partitioning of SNAC into the hydrogel

phase, as observed in Fig. 27.

Table 5. Net resulting charge from the molar contributions of -COO’, NH;" and
CONH," groups in SNAC, GSNO and P(NIPAAm-co-AAc) hydrogels.

-COO NH;* CONH," EFFECTIVE
(mol) (mol) (mol) CHARGE
SNAC 1.5x 10" 15x10° - Neutral
GSNO 3.0x10"  1.5x10" - -)
P(NIPAAm-co-AAc) 1.5x 107 - 9.4x 10° )

These results may have important consequences for biomedical applications of
RSNOs-containing P(NIPAAm-co-Aac) hydrogels, once not only the charging of
the hydrogels with RSNOs solutions through absorption will be affected by the
resulting charges involved but the charges will also affect the diffusion and rates

of release of the RSNOs from the hydrogels, as shown below.

Diffusion measurements
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The incorporation of RSNOs in Pluronic-F127 hydrogel has already been
reported (Shishido, 2003). RSNOs-containing F127 hydrogel were used in
topical applications on the skin of human healthy volunteers resulting in NO-
dependent vasodilation [Seabra, 2004 and 2007].

Figure 28 show the kinetic curves for the diffusion of SNAC and GSNO from
the RSNOs-containing P(INIPAAm-co-AAc) hydrogels to PBS solution, using a
non-Sink (N) condition (hydrogels 80-20-5 and 80-20-3) with a Franz-like
diffusion cell and in a sink (S) condition (hydrogels 80-20-5, 80-20-3 and 80-20-
0) over 12 h at 25 and 37°C, compared to the diffusion of SNAC and GSNO
from PBS solution to the same reception medium.

By comparing the concentration plateaus achieved after ca. 2h in all curves in
the sink and non-sink conditions, it can be seen that the diffusion rates of GSNO
and SNAC from the hydrogels are significantly lower than from PBS solution.
This result shows that in the non-sink condition, where the RSNOs molecules
have to cross longer distances inside the hydrogel to reach the receptor solution
in the Franz-like cell, diffusional limitations are higher as expected. In the sink
condition, where a piece of the hydrogel is immersed in the receptor solution the
surface area for diffusion is much greater and thus the rates of diffusion are
comparable to those observed from PBS solution to PBS solution. In these cases
(PBS curves) the decrease in concentration of RSNO after ca. 2h can be assigned
to the thermal decomposition of the RSNOs, which are significantly higher at 37
°C. In the non-sink condition the initial rates of diffusion of RSNOs from the
hydrogels at 37 °C are 3 to 6-fold lower than the rates measured in PBS solution.
In addition, it can be seen that the reduction in the initial rates of diffusion are
greater for the cross-linked hydrogels and increase with the increase in the cross-

linking degree.

83



e

. GSNO SNAC .

5] PBS 25°C (N) PBS L5

,ﬂi,i’i —o— @

4] 9 A Asb 25°C (N) F4

3] ﬁ 37°C (N) ﬁ%‘*ﬁ:g:g:g:g:g:g '3

2 o 37°C (N) 2

14 / i

oL : :
‘] 4l 80-20-0 80-20-0 4 '
3- 37°C (S) /E/§~§~§*§*§\§f§-§‘§‘§ 3

] e o= 37°C (S L
E 3 /Z ﬁﬂill:§~i~i—i—i—1 ©) 8 E
= 24 25°C(S) 2 g
- 1 R N S B
c —— 25°C(S) o E
S sl 5 .9
-20- il
""“' 4l 80-20-3 37°C (S 80-20-3 (4 ©
= . o
= 37°C (S) =
= M s E

25°C(S o .

8 s s FPh a2 O
o 1 P :Ségg:g:ﬁ:ﬁ:t:t—4£!:$:$1¥ ﬂgzéf%:%o:ﬁ:%:é:ﬁ:%:% O
O (] &~ 25°G(N) M 25CN) o O

5 5

80-20-5 37°C (S) 80-20-5

4] 37°C (S) r4

31 R - -3

2 +2

1. F1

04 FO

25°C(8) I I S S S B
37°C (N) 25°C(S) ICN L s &b
A A A A A oo o 8 8§
/M‘%—:%:%'é o —o—@ Mﬁ/ﬁ ¢ oo 25°C(N)
0 1 2 é 0 1 2 3

Time/h

Figure 28. Kinetic curves of GSNO and SNAC release from PBS solution to

PBS solution (PBS) and from swollen hydrogels 80-20-0, 80-20-3 and 80-20-5
to PBS solution, using a non-Sink (N) and a sink (S) release method.

It can also be seen in Figure 28 that in all cases the rates of release are higher at
37° C than at 25° C. This result can be assigned to the fact that at 25° C the
P(NIPAAm) hydrogel chains are below LCST and are highly hydrophilic.
Consequently, the hydrogels are able to store large amounts of RSNOs solutions
and display lower release ratios than at 37°C where the hydrogels are above the
LCST having underwent hydrophilic-hydrophobic transitions which lead to a

fast release of the RSNOs solutions. This fact becomes more evident in the sink
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condition where the immersion in PBS solution favors the hydrophilic-
hydrophobic transitions and the consequent increase in the rates of RSNOs
release at 37°C.

Finally, it is possible to conclude that the non-sink condition using a Franz-like
diffusion cell offers a better condition to evaluate the effect of the cross-linking
degree on the initial rates of RSNOs diffusion. In this condition it becomes clear
that a higher cross-linking degree imposes higher diffusional limitations. This
effect is more evident in hydrogel 80-20-5.

The diffusion coefficients were calculated by plotting the accumulated amounts
of RSNOs in the receptor compartment divided by unit area versus the square

root of the time according to the Higuchi model (Higuchi 1962) (Eq. 4)

Q=2C,(Dt/m)""* (4)

where Q is the total amount of RSNOs accumulated in the receptor compartment
devided by unit area, Co is the initial concentration, D is the diffusion coefficient

and t is time of measurement and are shown in the bar graph of Figure 29.
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Figure 29. Diffusion coefficient of RSNOs released from hydrogels 80-20-3
and 80-20-5 to PBS solution using a no-sink method at 25 and 37°C.
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Blood Flow measurements

The diffusion results presented in Fig. 28 allowed selecting hydrogel 80-20-5
and 80-20-3 as better options for topical application on the skin once this
formulation is expected to be lead to lower initial rates of RSNOs release and
thus to more prolonged vasodilator effects. Figure 30 shows the profile of blood
flow increase obtained in the topical application of GSNO and SNAC-containing
P(NIPAAm-co-AAc) hydrogels, compared to the control hydrogel. It can be seen
that the blood flow increased more than five times, 30 min after the application
of the GSNO-containing hydrogel. This flow was sustained up to 1 h and started
to decrease back to the base level in the next 1 h. The maximal blood flow was
sustained between 30 and 60 min post application. On the other hand SNAC-
containing P(NIPAAm-co-AAc) hydrogel lead to a much higher blood flow
increase in the first 20 min and started to decrease soon after going to values
lower than those obtained for GSNO from 30 to 120 min. These results indicate
that the differences between GSNO and SNAC actions must be related to the
intrinsic diffusion properties of these RSNOs. It is worth noting that in all cases
local erythema formation was observed after removal of the RSNO-containing
hydrogels, and vanished a few minutes after application. No adverse side effects
were observed in the tested skin area, indicating the absence of any inflammatory
of allergic reactions. No significant changes in blood pressure were detected in
any of the subjects, indicating the absence of systemic effects.

The influence of diffusion parameters on the facility of these RSNOs in
penetrating the stratum corneum and the epidermis was estimated on the bases of
their diffusion coefficients calculated through a model membrane in a Franz-like
diffusion cell and presented in Figure 29. The membrane filter with pore size

0.45 pm, used in these measurements, offers no physical barrier to the diffusion
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of the RSNOs, once the pore diameter is ca. 10 times larger than the molecular
areas or volumes of the RSNOs molecules. Thus, the membrane represents only
a barrier to polymeric matrices and the diffusion coefficients measured reflect
the free diffusion of these hydrophilic molecules through a continuous aqueous

medium.
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Figure 30. Dermal blood flow after application of RSNO-containing hydrogel
and control hydrogel (without RSNO) on the skin of human volunteers.

The use of this skin model minimized the variability in permeation of RSNOs
that would be obtained in human skin. Although it is not possible to determine
the mean path of these molecules through the skin to reach the microvasculature,
the faster vasodilation obtained with SNAC, as well as its faster return to
baselevel suggests a direct correlation with the diffusion coefficients. Moreover,
there is a direct correlation between the higher blood flow rate of SNAC with the
smaller time necessary to reach the plateau of maximal blood flow. These

correlations can be observed in the bar graphs of Fig. 31.
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As hydrophilic species, SNAC and GSNO can be assumed to diffuse through
the plasma and extracellular matrix to deliver NO to the smooth muscle cells of
the microvasculature, triggering vasodilation through the cGMP-dependent
pathway. The correlations observed indicate that the desired vasodilation effect
can be modulated by changing both the RSNO (SNAC or GSNO) or their
concentration in the donor hydrogels, and that it does not depend on the nature of
these two hydrogel matrices used. Such results open new perspectives for
treating skin microcirculation disorders with exogenous RSNOs, with ample

possibilities of topical application ranging from the use of membranes to flowing

hydrogels.
3 5% MBAAM 3% MBAAM s
™ o
NE 2 2 g
© ©
< 2
a 1 , B8
I 0
03 L0.3
= i
5 : E
g 02 02 §
3 3
L c
3 0.1 L0.1 B
3 3
i M '] i
0.0 0.0
£ 40 40
E £
2 E
8 30/ 30 3
3 £
o s
_% 204 20 E
L : =
g 10] 10 8
@ @
0 0

GSNO SNAC GSNO SNAC
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flow plateau after application of RSNO-containing hydrogel.
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Conclusions

SNAC was observed to be preferentially partitioned in P(NIPAAm-co-
AAc) hydrogels after the achievement of swelling equilibrium in aqueous
solutions while GSNO is partially segregated from the swelled hydrogel. These
results can be assigned to the resulting electrical charges in of the RSNOs
molecules and P(NIPAAm-co-AAc) chains where neutral SNAC molecules are
strongly absorbed by the negatively charged hydrogel matrix, compared to the
negatively charged GSNO molecules in the acidic condition used. Diffusion
measurements to a PBS receptor solution using a Franz-like diffusion cell
showed that RSNOs diffuse with a lower rate from hydrogels than from aqueous
solution. The rate of release of both RSNOs loaded in the hydrogels was shown
to be sensitive to the change in temperature and is significantly increased with
the increase from 25 to 37°C. These results indicate that the RSNOs-containing
P(NIPAAm-co-AAc) hydrogels can be used to control the diffusion of RSNO in
topical or transdermal applications by choosing the appropriate RSNO and by
controlling temperature and the cross-linking degree of these hydrogels. Laser
Doppler flowmetry allowed demonstrating that SNAC and GSNO have different
vasodilation profiles, with SNAC having a more intense, faster and shorter
vasodilation effect. This result is directly correlated with the measured diffusion
coefficients. P(INIPAAm-co-AAc) hydrogel membrane, used for the first time for
this application was shown to be an effective matrix for the topical delivery of

RSNOs on the skin.
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4.2. Material Suplementar 7: Valores numéricos dos coeficientes de

difusao dos RSNOs medidos em cela de Franz

Na tabela 6 estdo apresentados os valores de coeficiente de difusdo para os
RSNOs utilizando cela de Franz, sendo os valores nela apresentados os mesmos
que constam no manuscrito anterior (Figura 29). Podemos verificar que a difusdo
tanto da GSNO quanto da SNAC € de aproximadamente 30x10° cm’s™ a partir
da solucao de PBS para PBS. Entretanto podemos observar que a difusdo dos
RSNOs € grandemente reduzida quando a partir dos hidrogéis para a solucao de
PBS, independente do grau de reticulacdo do gel. Além disso, se compararmos
os graus de reticulacdo podemos ver que a difusdo dos RSNOs € menor através

do hidrogel mais reticulado comparado ao hidrogel menos reticulado.

Tabela 6. Coeficiente de difusdo (x 10° cm®s™) dos RSNOs a partir da solugio
de PBS e dos hidrogéis de P(INIPAAm-co-AAc) para solucdo de PBS a 25 and
37°C usando cela de difusdo de Franz.

PBS 3% MBAAm 5% MBAAm
® 25°C  33,1743,66 1,21+0,78 0,35+0,10
Z
8 37°C 30,50+2,42 2,17+0,08 0,85+0,03
Sc) 25°C  26,33+0,30 1,52+0,14 0,84+0,16
% 37°C  31,17+0,32 1,77%0,03 1,79+0,09
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4.3. Material Suplementar 8: Velocidades iniciais de absor¢do de

RSNOs

A figura 32 mostra os graficos de barras das velocidades iniciais de absor¢do
de solucoes de GSNO e SNAC por hidrogeis de P(NIPAAm-co-AAc)

correspondentes as curvas cinética de absor¢do da Figura 27.

G SNO SNAC

] ] By Degradacao
=357 EEo0% MBAAM 3,
©,,] EE3% MBAAmM 3
c ] C15% MBAAM ’

2,5 2,
E i T
© 2.0 2,
o 1

1,5 ; 1,
— ;

! ] :

1,0 - ; 1,
~ K g

o 1 ; g

0,5 : ; 0,
> i b H g

0,0 - s s 0,0

Figura 32. Velocidade inicial de Absor¢do de GSNO e SNAC pelos hidrogéis de
P(NIPAAm-co-AAc) sintetizado sem reticulante e com reticulante (3 ¢ 5%
MBAAm), inicialmente secos por liofilisagdo, a 25°C (acompanhamento em 545
nm).

N
o
N
(6] o ()] o
1

o

% 3
RRRRRRRA
[6,]

/ -10°m mollL"

QP
o

AKX

XX
0 %a%a%"

o

000’:’000:.00000000
bt %

ZS
X

IR
XX

2
X

022

QX
QP

XX
[6)]

RS
KRXRXK

QP
%
X

%
%
X

K

Através da Figura 32 foi possivel observar que as velocidades de absorcao da
SNAC sao maiores que a velocidade de decomposi¢do. Por outro lado a GSNO
apresenta uma maior velocidade de degradacdo em relagdo as velocidades de
absorcao. Estes resultados refor¢am a conclusdo de que a velocidade de absorcao
da GSNO € menor que a da SNAC, pelo fato da GSNO possuir carga resultante
negativa nas condi¢cdes do experimento, enquanto nestas mesmas condi¢des a

carga resultante da SNAC € positiva, sendo mais rapidamente absorvida pela
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matriz negativamente carregada do hidrogel. Observa-se também que a
velocidade de decomposi¢cdo da GSNO é menor que a da SNAC, o que estd de

acordo com resultados ja publicados (de Oliveira, et al., 2002)

Referéncia:

de Oliveira MG, Shishido SM, Seabra AB, Morgon NH. J. Phys. Chem. A
2002;106(38):8963-8970
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4.4. Material Suplementar 9: Velocidades iniciais de liberacao de
RSNOs

Através das Figuras 33 (A e B) podemos observar que o incremento do grau
de reticulacao de 3 para 5% no copolimero IV favorece uma maior velocidade de
liberagdo de GSNO e SNAC a 37°C em relacido a 25°C. Também € possivel
observar que as velocidades iniciais de difusdo da GSNO e da SNAC a partir dos
hidrogéis nas duas temperaturas utilizando a cela de Franz sdo menores quando
comparadas a difusdo a partir da solucdo de PBS ou se comparadas com o
metodo de imersdo. A maior velocidade de liberacdo de SNAC a 37 °C a partir
do copolimero sintetizado sem agente reticulante foi atribuida ao fato deste
hidrogel sofrer maior colapso liberando praticamente toda a solucdo do seu

interior, enquanto que os demais ndo colapsaram totalmente.

(A) B)
2,0 2,0
GSNO  |[J25°c SNAC GSNO C25°C SNAC
[ 37°C [ 37°C
e o154 -1520)
- -,
) )
€ IS
o 104 1.0 &
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Z Z
>° 054 Los =°
| 1. | Al
&f &v?@ &f &v?é\ & &f & &f &f & &f &v?@
$° e &° S® e Q° e o§\° e &

Figura 33. Velocidade inicial de liberagdo de RSNOs: (A) por imersao e (B)
utilizando cela de Franz.
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4.5. Material Suplementar 10: Aparéncia dos hidrogéis

A figura 34 mostra a aparéncia dos hidrogéis de P(NIPAAm-co-AAc)
reticulados com MBAAm (2%) secos e intumescidos em dgua (pH 6,4) e em
solu¢do de HCI (pH 3,5) e em PBS (pH 7,4). Observa-se claramente o efeito do
pH no grau de intumescimento. O aumento do pH de 3,5 para 7,4 leva a um
grande aumento no grau de intumescimento associado com a desprotonacdo dos
grupos carboxilato. O menor grau de intumescimento observado em pH 7,4 (em
relacdo ao pH 6,4) pode ser atribuido ao efeito de blindagem das cargas negativas

dos grupos carboxilato do AAc, pelos eletrdlitos da solucdo tampado de PBS.

"

| l!IIIE-[!.Il!I.I ‘|;|

Figura 34. Aparéncia fisica dos hidrogeis de P(NIPAAm-co-AAc) sintetizados
com 2% de MBAAm, seco, apOs o equilibrio de intumescimento em solugao de
HCI, pH 3,5, solucdo tampao de PBS, pH 7,4 e em 4gua desionizada, pH 6.,4.

A figura 35 mostra a aparéncia dos hidrogéis de P(NIPAAm-co-AAc) ndo
reticulado (Figura 35 A) e reticulado com MBAAm (5%) (Figura 35 B),
intumescidos em 4gua e em solucdo de GSNO. Observa-se que os hidrogéis

intumescidos em solu¢do de GSNO adquirem coloragdo alaranjada/avermelhada
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uniforme proveniente da GSNO e neste caso podemos dizer que a GSNO estd

uniformemente distribuida na matriz polimérica.

pH 6.4 pH 3.5
y - : (GSNO)

I LR LR RN AR

|IIIIIIIII|IIIIIIIII|IIIIIlIIIlIIIIIIEIIIIIIIIIIII|IIIIIIIIIlIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIII!IIIIIIIIIIIIIIIIIIIIIIIl!IlIIIII
1 0 1 2 3 4 5

2 3 4 5 6 7 ] 2 o0 1 12

A) (B)

Figura 35. Aparéncia dos hidrogéis de P(NIPAAm-co-AAc) sintetizado (A) sem
agente reticulante e (B) com 5% de MBAAm intumescidos em solugdo de
GSNO e PBS.
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Frances Lilian Lanhellas Gongalves', Regiane da Silva’,
Marcelo Ganzarolli de Oliveira’, Lourenco Sbragia'

'Divisdo de Cirurgia pedidtrica, Departamento de Cirurgia-Faculdade de
Ciéncias Médicas - *Instituto de Quimica - UNICAMP, Campinas, SP/Brasil

* Autor correspondente. Tel.: +55-19-3521-9588; Fax: +55-19-3521-9588.
E-mail address: sbragia@fcm.unicamp.br

99



Abstract

Gastrosquise (G) € um defeito congénito da parede abdominal de fetos que
permite a herniagdo e exposicdo permanente das alcas intestinais ao liquido
amniotico (LA) e seus componentes durante a gestacdo. A exposicao ao LA
resulta em uma serie de disfuncdes intestinais graves. Com o objetivo de reduzir
o tempo de exposi¢cdo ao LA em modelo animal usamos hidrogéis de poli(N-
isopropilacrilamida-co-acido acrilico), P(NIPAAm-co-AAc), que possuem
répido intumescimento em LA para recobrir as algas intestinais expostas ao LA
até o final da gestacdo. Para isto G foi induzida em fetos de ratas (Sprague-
Dawley) através da eviscesaracdo parcial do intestino dos fetos por um pequeno
orificio feito a direita da cicatriz umbilical no dia 18,5 de gestacdo. Os fetos
foram separados em trés grupos: gastrosquise (G), gastrosquise com as alcas de
intestino expostas recobertas com adeseivo de fibrina -Beriplast® (G + A),
gastrosquise com as alcas de intestino expostas recobertas com adeseivo de
fibrina seguido de um pequeno pedaco de hidrogel seco (G +A +H), Fetos
controle foram mantidos sem perturbacdo. No dia 21,5 de gestacdo os animais
foram retirados por cesdrea e entdo retirado com delicadeza o hidrogel. Foram
realizadas anélises morfométricas dos fetos e dos intestinos cujos resultados
mostraram que o hidrogel € capaz de promover prote¢do do intestino exposto ao
LA em gastrosquise enquanto que s6 a cobertura do intestino com o adesivo de
fibrina ndo foi suficiente para reduzir o quadro inflamatério. O hidrogel
demonstrou ser uma matriz capaz de reduzir o contato das proteinas contidas no

LA ao intestino exposto reduzindo a inflamacdo em gastrosquise.

Palavras-chaves: Gastrosquise, Hidrogel
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Introdugao

Gastrosquise (G) ¢ um defeito congénito da parede abdominal de fetos
caracterizado pelo ndo fechamento completo da parede abdominal, resultando
assim em um pequeno orificio, geralmente localizado a direita da cicatriz
umbilical, que permite a herniacdo e exposi¢do permanente das alcas intestinais
ao liquido amnidtico (LA) e seus componentes, até o fim da gestacdo [Ambrose,
1972; Aoki, 1980]. O mecanismo que leva a G € ainda desconhecido, entretanto
sabe-se que por volta da 10* semana, periodo no qual deveria ocorrer o
fechamento da parede do abdomen, as al¢cas do intestino permanecem expostas
ao LA por meio de uma fraqueza na parede abdominal, localizada a direita do
umbigo, devido a falha da migracdo das células musculares provenientes de
miotomos dorsais nesta regido o que define embriologicamente a G [Gray,
1972].

Apesar da G ndo ser popularmente conhecida, ndo se pode dizer que as
ocorréncias sdo raras, uma vez que ela ocorre em 1:5.000 a 1:10.000 nascidos
vivos [Kunz, 2005; Morrison, 1998; How, 2000]. Além disso, sabe-se que a G
acomete mais meninos que meninas numa propor¢ao aproximada de 2:1 [Saxena,
2002] e incide mais em fetos de maes com idade abaixo dos 20 anos, de baixa
condicao sdcio-econdmica, baixa escolaridade, com histéria obstétrica de abortos
anteriores € com curto intervalo de tempo entre a menarca e primeira gravidez
[Tibboel, 1986; Wilson, 2004]. Entretanto o mecanismo de formacdo do defeito
congénito abdominal para-umbilical que resulta na G ainda ser de etiologia
desconhecida [Saxena, 2002; Singh, 2003; Davis, 2005], alguns autores sugerem
que a G possa ocorrer por alteracdes genéticas (grupos familiares com padrdo de
heranga autossdmica, de expressdo varidvel), teratogénicas (radiacdo na fase de

implantacdo), e farmacos como o 4cido acetilsalicilico, a pseudoefedrina, o
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acetaminofen e o tabagismo, estariam também envolvidas na sua etiologia
[Wilson, 2004; Kunz, 2005]. Por outro lado o uso de farmacos ilicitas como
matanfetamina, cocaina e maconha (Cannabis sativa), parece nao ter risco
significativo comprovado na fisiopatologia da G [Forrester, 2006].

A G pode ser diagnosticada ainda no periodo pré-natal por meio da ultra-
sonografia [Fitzsimmons, 1988; Langer, 1990], sendo que € possivel visualizar
as alcas intestinais na cavidade amnidtica por volta da 18" semana [Vergunta,
2005]. Este diagndstico ainda no periodo gestacional € de grande importincia
para se reduzir a taxa de mortalidade dos bebés apds o nascimento. Isto porque
se pode tentar prolongar o periodo gestacional que acaba sendo mais curto
quando o feto apresenta G. As taxas de mortalidade variam de 4% a 22%
[Stringer, 1991; DI Lorenzo, 1987; Fitzsimmons, 1988] e nos casos mais
complexos a mortalidade chega a 28%, quando a G estd associada a atresia
intestinal e perfuragdo, e a quase 100% quando ocorre volvo [Wilson, 2004]. No
Brasil a mortalidade da G pode chegar até a 52% pelas baixas condi¢Oes de
atendimento perinatal [Vilela, 2001], mas em geral, com o aprimoramento das
unidades de terapia intensiva pedidtrica e neonatal, a mortalidade vem
diminuindo no mundo para taxas de 5% a 10% [Singh, 2003; Schlatter, 2003].

A exposi¢do permanente das alcas ao LA e seus componentes causa
alteracoes da morfologia e da histologia da parede intestinal que levam a
hipomotilidade intestinal e a deficiéncia na absor¢do dos nutrientes [Srinathan,
1995; Dilsiz, 1999; Santos, 2003]. A hipomotilidade e a deficiéncia absortiva
intestinal, por sua vez, obrigam a utiliza¢do de nutri¢cdo parenteral prolongada e
eleva a possibilidade de ocorrer complicacdes pds-operatérias, o que aumenta a
morbidade e o custo do tratamento médico-hospitalar [Morrison, 1998; Sydorak,

2002].
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O objetivo deste trabalho foi desenvolver uma nova estratégia para reduzir a
inflamac¢ao da G intra-itero. Com o intuito de reduzir a exposi¢ao das alcas do
intestino ao liquido amniético, neste trabalho aplicou-se um material polimérico
para recobrir as alcas do intestino. Uma vez que o material a ser utilizado para
recobrir as algas expostas do intestino deve ndo somente promover um contato
suave sobre o intestino evitando assim formagdo de lesdes, mas acima de tudo
evitar o contato das proteinas contidas no LA com as alcas intestinais o que
conseqiientemente reduz a inflamacdo, neste trabalho utilizou-se hidrogel de
P(NIPAAm-co-AAc) que quando intumescido constitui um material macio e
devido a grande quantidade de 4gua absorvida apresenta também

biocompatibilidade.

Materiais € métodos

Materiais

P(NIPAAm-co-AAc) sintetizado a partir de: N-isopropilacrilamida,
(NIPAAm) e Acido acrilico, (AAc) (Acros organics) e N,N’metileno-
bisacrilamida (MBAAm) e persulfato de so6dio (Na,S,0g), (Synth),
N,N,N’,N’tetrametiletilenodiamina (TEMED), (Plusone—Pharmacia Biotech),
agua desionizada e N, gasoso (Air Liquide).

Foram utilizados ainda, solu¢do tampdo fosfato (PBS) pH= 7,4, acido
acético, etanol e Glutaraldeido, Hematoxilina e Eosina (Sigma/Aldrich),
poliacrilamida PhastGel IEF 3-9 (Amersham Biosciences®), TCA 20%, e Nitrato
de prata, tetroxido de 6smio, cloreto de calcio (Synth), Cetamina (Ketamina® -
Pfizer do Brasil Ltda.) e Xylazina (Rompum®- Bayer do Brasil Ltda.) e adesivo

cirdrgico de fibrina (Beriplast®).
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Preparacdo de hidrogéis de P(NIPAAm-co-AAc) para o recobrimento

das alcas intestinais

Hidrogéis de P(NIPAAm-co-AAc) foram preparados de acordo com o
procedimento relatado no artigo Polymer (48(14):4114-4122 (2007)). Foram
utilizados discos de hidrogeis de ca. 1 x 1 cm de érea, e ca. 5 mg de massa,
recortados a partir de membranas de 10 x 15 cm e ca, 0,4 cm de espessura

previamente purificadas e liofilizadas.

Determinacdo do grau de intumescimento (Q)

O grau de intumescimento do hidrogel em LA foi determinado através da
imersdao de uma massa conhecida do hidrogel seco (liofilizado) em LA até total
imersdao. Foram utilizados liquidos amni6ticos dos dias 17,5, 18,5, 19,5, 20,5, e
21,5 de gestagdo. Q foi definido como a relacdio entre a massa do gel

intumescido no equilibrio a 25°C pela massa do gel seco [da Silva, 2007].

Q = m(gel intumescido)/m(gel seco) Eq. (04)

Determinacdo da carga liquida do LA através de Isoleletrofocalizagdo

(IEF)

Para a corrida foram utilizados o sistema PhastSystem e o gel homogéneo de
poliacrilamida PhastGel IEF 3-9 que possui um gradiente de pH 3-9 formado por
anfolitos estdveis carregados isoeletricamente. A IEF consiste de 3 passos: pré-
focalizacao (formacao do gradiente de pH), aplicacdo das amostras e focalizacao.

As amostras foram aplicadas no meio do gel, uma vez que se desconheciam as
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proteinas existentes na amostra e, portanto elas poderiam correr para o pdlo

negativo ou positivo do aparelho de eletroforese.

Foi aplicado no primeiro e ultimo pogos o kit de calibracao de pl (pI de 2,80 a

10,25) e nos outros seguintes foram aplicados 20 uL de LA, sendo as amostras

nas idades de gestacdo: 17,5 dias, 18,5 dias, 19,5 dias, 20,5 dias e 21,5 dias,

respectivamente.

A corrida foi realizada a 15 °C, 2,5 mA e por aproximadamente 30 minutos. As

proteinas migram condicdes previamente programadas e sem a necessidade de

tampao até o pH correspondente ao seu pl e precipitam. O gel foi revelado por

nitrato de prata, seguindo os passos na Tabela 7 abaixo.

Tabela 7. Etapas seguidas para revelacdo do gel de IEF por nitrato de prata

Etapa Solucao Tempo (min) Temperatura (°C)
1 TCA 20% 0,5 20
2 Etanol 50% + Acido 2 50

acético 10%
3 Etanol 10% + Acido 2 50
acético 5%
4 Etanol 10% + Acido 4 50
acético 5%
5 Glutaraldeido 8,3% 6 50
6 Etanol 10% + Acido 3 50
acético 5%
7 Etanol 10% + Acido 0,5 50
acético 5%
8 Agua Milli-Q 2 50
9 Agua Milli-Q 2 50
10 Nitrato de prata 0,5% 10 40
11 Agua Milli-Q 0,5 30
12 Agua Milli-Q 0,5 30
13 Revelador 0,5 30
14 Revelador 4 30
15 Acido acético 5% 5 50
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Efeito do recobrimento das algas herniadas do intestino pelo hidrogel

O procedimento in vivo teve seu projeto de pesquisa aprovado no comité de
ética experimental em animal da UNICAMP (projeto n° 1452-1). Foram
utilizadas ratas (Sprague-Dowley) pesando entre 250g-300g as quais foram
postas para acasalar e atribuido como dia zero de gestacao o dia na qual a fémea
¢ inseminada. O periodo total de gestacao € de 22 dias, durante os quais as ratas
recebem comida e 4gua abundante e sdo mantidas em ambientes com ciclos de

12 h escuro (noite)/claro (dia).

Procedimento ciriirgico

O modelo de gastrosquises utilizado foi baseado em Correia-Pinto et al., 2001.
Primeiramente as ratas foram anestesiadas no dia 18,5 de gestacdo utilizado
Cetamina 50mg/ml (175 mg/kg) associada com Xylazina 10mg/ml (2.5 mg/kg).
Todo o procedimento cirdrgico foi realizado utilizando um microscépio 6tico
com aumento de 2,5 vezes.

Foram utilizadas para todo o experimento dez fémeas de rato (Sprague-
Dowley) sendo com isto um total de 63 fetos utilizados neste estudo. Destes fetos
morreram um total de 15, restando entdo 48 fetos vivos. Os fetos vivos foram
divididos em quatro grupos de 12 fetos cada, conforme segue:

- fetos controle (Grupo C)

- fetos submetidos a Gastrosquise (Grupo G)

- fetos submetidos a Gastrosquise possuindo a al¢a do intestino recoberta
com adesivo cirdrgico de fibrina (Beriplast®) (Grupo G +A)

- fetos submetidos a Gastrosquise possuindo a al¢a do intestino recoberta
com adesivo cirdrgico de fibrina (Beriplast®) mais hidrogel (Grupo G

+A+H)
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O grupo controle é composto de fetos ndo submetidos a procedimento cirdrgico
antes do nascimento.

Durante a cirurgia os fetos das extremidades foram exlcuidos devido a
diferenca de tamanho e a mesma foi realizada nos dois cornos uterinos da rata
prenha. Os fetos utilizados foram parcialmente expostos (pernas e abddomen,
conforme Figura 36(A)) e entdo realizado uma pequena incisdo no lado direito
do abddmen dos fetos para simular a G (Fig.. 36 (B)), ou seja, expor parte das
alcas do intestino (Fig. 36 (C)) ao LA. Em seguida os fetos foram retornados
para dentro do dtero da mae para dar seqiiéncia a gestacdo até o dia 21,5 de

gestacao.

Figura 36. Procedimento cirdrgico. (A) Exposi¢cdo do feto, (B) incisdo a direita
do umbigo, (C) exposi¢do de parte do intestino, (D) aplicacdo do adesivo de
fibrina, (E) aplica¢do do hidrogel e (F) adesdo e intumescimento do hidrogel.

Os discos de hidrogéis foram aderidos as algas do intestino através do uso de

um adesivo cirurgico baseado na polimerizacdo do fibrinogénio em fibrina.

107



Inicialmente, aplicou-se 15uL de solucdo de CaCl, e trombina sobre a alga
intestinal a ser recoberta (Fig. 1D). Simultaneamente aplicou-se 15UL de solucao
de fibrinogénio e aprotinina sobre o disco de hidrogel a ser aderido a alga. O
disco de hidrogel foi imediatamente aplicado sobre a al¢a que recebeu a solugdo
de CaCl, (Fig. 1E) e mantido na drea de aplicacdo por aproximadamente 1 min
para permitir a reacao de polimerizacao da fibrina e o intumescimento parcial do
hidrogel (Fig. 1F). Em seguida o feto com a al¢a exposta e recoberta foi
novamente inserido no dtero e suturou-se a parede do ttero e a parede abdominal
da rata.

Aos 21,5 dias de gestacdo foi realizada a cesdrea para retirada dos fetos. No
caso dos fetos tratados com hidrogel, o mesmo foi retirado com o auxilio de um

bastonete de algodao embebido em soro fisioldgico a temperatura ambiente.

Andlise morfométrica

Para a andlise morfométrica foram pesados os fetos e o0s intestinos
separadamente assim como também a massa do hidrogel. Os intestinos foram
fixados para posteriormente serem analisados através de microscopia eletronica
de varredura (SEM). Para a fixacdo primeiramente os intestinos e hidrogéis
coletados foram tratados com PBS (0,1, pH7,4) por 24h, realizando trocas de
solucdo a cada 30min nas primeiras 12h. Em seguida foram imersos em tetroxido
de 6smio por 1h a temperatura ambiente e entdo novamente lavados com PBS
por 30min. Em seqiiéncia do procedimento os materiais foram desidratados, ou
seja, secos utilizando secagem a ponto critico de etanol. Apds terem sido secas as
amostras foram metalizadas com ouro para a andlise por MEV no microscépio

JEOL JSM 5800 LV.
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Outra parte dos intestinos dos quatro grupos foi fixada em formaldeido (10%) e
incluidas em parafina para serem analisadas por microscopia éptica. Os blocos
histologicos foram cortados em seccdes transversais do intestino de 5 um de
espessura. Em seguida, os cortes foram corados com Hematoxilina/Eosina para
fornecer contraste dptico as amostras as quais foram fotografadas utilizando-se
um fotomicroscopio (Nikon Eclipse E800, Téquio, Japao) com aumentos de
aproimadamente 100 e 200 vezes para o didmetro e camadas do intestino,
respectivamente. Apds as imagens terem sido digitalizadas elas foram analisadas
através do programa Image Pro Plus (Epix, Buffalo Grove, IL, USA) para a
obtencao das medidas das sec¢des transversais dos intestinos.

Todos os dados obtidos foram analisados através dos métodos ANOVA e
Tukey-Kramer, sendo adotado o nivel de significancia de 5% (p<0.05) para o

teste estatistico.

Resultados e discussao

Devido a presenca de grupamentos dcidos os hidrogéis de P(INIPAAm-co-AAc)
apresentam alto grau de intumescimento. Uma vez que os grupos AAc possuem
pKa igual a 4,25 os hidrogéis de P(NIPAAm-co-AAc) apresentam maior grau de
intumescimento quando intumescidos em pHs maiores que o pKa do AAc [da
Silva R, 2007] devido a repulsdo de carga entre os grupos carboxilatos. Neste
trabalho foi verificado o grau de intumescimento dos hidrogéis de P(NIPAAm-
co-AAc) em LA (pH= 9,0) para os diferentes dias de gestacdo dos fetos de ratos.
Verificou-se que o grau de intumescimento do hidrogel de P(NIPAAm-co-AAc)
¢ praticamente constante, em torno de 34 vezes a massa seca, durante todo o

periodo gestacional estudado (Fig. 37).
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O valor do grau de intumescimento do hidrogel no LA é de fundamental
importancia para determinar o espago ocupado pelo hidrogel junto com o feto
dentro do tutero da mae, isto porque se o gel intumescer muito pode se
desprender da al¢a do intestino ou ainda impedir os movimentos do feto. Através
do valor de Q obtido pode-se calcular a massa que o hidrogel adquiriu dentro do
utero como sendo igual a aproximadamente 170 mg uma vez que a massa do
hidrogel seco utilizado foi de aproximadamente Smg. Podemos ressaltar através
do resultado obtido que o grau de intumescimento obtido foi suficiente para
conferir um recobrimento suave (macio) as alcas do intestino sem se desprender
ou impedir os movimentos do feto que no final da gestagcdo pesa

aproximadamente 4,5g, ou seja, aproximadamente 23 vezes mais que o hidrogel
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Figura 37. Grau de intumescimento dos hidrogéis de P(NIPAAm-co-AAc) em
LA de diferentes dias gestacionais.

Verificou-se ainda, através de IEF que o LA é composto basicamente de
proteinas com carga liquida negativa. Este tipo de eletroforese de alta resolu¢ao
foi realizada com o intuito de descobrir a carga da maioria das proteinas

existentes no LA, que constituem mais da metade dos constituintes organicos
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(variando de 0,90 a 1,55 mg/mL no LA das ratas prenhas) presentes no LA,
sendo os outros constituintes carboidratos, gorduras, enzimas, hormonios,
mecOnio e urina. Na IEF as proteinas sdo separadas por um gradiente de pH até
alcancarem a posi¢do estaciondria onde a carga final € zero, ou seja, no seu ponto
1soelétrico (pl).

Através da Figura 38 podemos ver que apés a corrida as amostras, inicialmente
aplicadas no centro do gel de IEF, correram quase na sua totalidade para o pélo
positivo, sendo, portanto de carga negativa. Podemos observar ainda que apenas
uma pequena quantidade das proteinas sdo de carga positiva. A faixa de pl
predominante das proteinas presentes no LA é de 3,50 a 7,35, demonstrando que
no pH 8,5 do LA a maioria das proteinas presentes possuem carga negativa,
sendo repelidas pelo hidrogel cuja carga ¢ a mesma. O hidrogel pode absorver
outros compostos e dgua, porém as proteinas ficam retidas fora do gel, ndo
entrando em contato com o intestino fetal e neste caso o hidrogel constitui uma
excelente matriz para recobrir as alcas do intestino, pois além de conferir um
recobrimento macio que ndo cause lesdo ao Orgdo ele atua como uma barreira
fisica que impede o contato direto das proteinas inflamatérias e do meconio

contidos no LA e o intestino.

POIO (-) mu |
* ¢ pl 8,65

_ & 4 pl 735
l"""'ii'l
w ¥ 4= pl 3,50
-

(A) (B) (C) (D) (E) (F)

Local de
apncagéo"’

POIO () mum

Figura 38. Corrida de IEF. Liquido amniético dos dias (A) 17,5, (B) 18,5, (C)
19,5, (D) 20,5 e (D) 21,5 e (F) padrao de ponto isoelétrico, PI.
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Ao realizar a cesdrea observamos que os fetos controles estavam bem, ao
contrario dos fetos com G que apresentaram intestino herniado, inflamado e
edemaciado. Ao verificar os animais com aplicacao do adesivo apenas, notamos
que o 6rgao exposto continuou inflamado ao passo que aqueles com hidrogel
apresentaram inflamacdo e edema menos intenso comprovando que a protecao
do biomaterial foi eficaz.

E importante ressaltar que o hidrogel ndo adere por si s6 as alcas do intestino
sendo necessario o uso de um adesivo cirurgico. O adesivo de fibrina utilizado
da marca Beriplast® P é um composto obtido de plasma humano, a base de
fibrina, usado em procedimentos cirirgicos que constitui um sistema de
formacgao de selante de fibrina que simula a fase final do processo de coagulacdo
sanguinea, possibilitando adesdo de tecidos, suporte para sutura, hemostasia
local e selagem de cavidades corporais e espacos subaracndideos. Resultados
clinicos mostraram que o selante de fibrina tem tido bom desempenho em
procedimentos como cirurgia gastrointestinal, hepdtica, pancredtica e biliar. Em
nosso experimento, ele teve como unica func¢do colar o hidrogel a parede
intestinal mantendo um contato intimo com o 6rgdo, porém ndo serviu como
protecdo contra o LA, sendo absorvido pelo organismo. Além disso, o adesivo
permitiu a ficil remog¢do do hidrogel da parede do intestino sem causar dano a
mesma conforme podemos observar através da Figura 39.

Podemos observar através das micrografias (Fig. 39) da juncdo entre os
biomateriais (adesivo e hidrogel) e intestino que ndo houve danos a parede do
intestino e a vilosidade mesmo apds a retirada do hidrogel, o qual também teve a
sua morfologia inalterada. Podemos observar através da figura 39 que o hidrogel
aderiu ao intestino através do adesivo de fibrina (Fig. 39 (B)) e completamente
recobriu as algas expostas (Fig. 39(A)) sem sofrer rompimento (Fig. 39 (C)) de

sua estrutura. Podemos ver ainda que apds a retirada do hidrogel a morfologia da
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parede do intestino (Fig. 39 (F)) e a vilosidade sdo preservadas (Fig. 39 (D)).
Além disso, podemos verificar o hidrogel também tem sua morfologia
preservada (Figura 4E) onde podemos ver a superficie do mesmo que ficou em

contato com o intestino.

Figura 39. Microscopia eletronica de varredura das algas do intestino (A e F),
vilosidade (D) e do hidrogel com o adesivo de fibrina (B, C e D).

A Comparagdo do peso do intestino versus peso do corpo dos fetos de rato
mostrou claramente que houve redu¢do da inflama¢dao em G (Fig. 40). Podemos
ver através da Figura 5 que ndo existe diferenga significativa entre os grupos C e
G+A+H (p>0,05), ao passo que os grupos G e G+A apresentam diferenca
significativa com rela¢do aos primeiros (p<0,05), demonstrando a protecdo do
biomaterial na alca intestinal. Foi observado que a relac@o peso intestinal x peso
corporal, no qual o 6rgdo inflamado na G € mais curto e mais pesado do que o

controle, pois a constricdo do intestino pela parede abdominal causa ao 6rgdo
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dilatacdo e espessamento da mucosa, enquanto que o liquido amniético causa a
formagdo de uma camada fibrosa na superficie, edema da camada serosa e

espessamento. Ambos os efeitos sao independentes.

0,075 +
() 0,050 L
D_ 1
-~
al
0,025-
0,000- C G GA GAH
GRUPOS

* p<0.05 - diferenca significativa

Figura 40. Comparagdo da razio peso do intestino/peso corporal (PI/PC) entre
os grupos C (controle), G (gastrosquises), GA (gastrosquises mais adesivo) e
GAH (gastrosquises mais adesivo mais hidrogel).

Os resultados obtidos através da medida dos diametros intestinais também
comprovaram a protecdo que o hidrogel é capaz de promover quando hd G,
conforme podemos observar através da Figura 41. Podemos verificar claramente
que o diametro intestinal quando comparado entre os grupos mostrou diferenca
entre C e G, ao passo que o grupo tratado com o hidrogel ndo apresentou

diferenca em relacdo ao C (Fig. 41).
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(Controle)

&Teba .,

Figura 41. Microscopia 6ptica da sec¢ao transversal do intestino dos fetos para
os grupos controle, G (gastrosquises), G+A (gastrosquises mais adesivo) e
G+A+H (gastrosquises mais adesivo mais hidrogel).

A comparagdo entre a espessura da parede intestinal também pdde demonstrar
que o tratamento da G com hidrogel leva a reducdo da inflamacao, ou seja, a
espessura da parede intestinal € praticamente a mesma tanto para o feto controle
quanto para o submetido ao tratamento com hidrogel (Fig. 41). Podemos
verificar que ndo existe diferenca significativa entre os grupos submetidos a G e
G+A. Por outro lado estes grupos mostraram diferenca significativa com o
controle (p<0,01), e neste caso podemos dizer que s6 o recobrimento do
intestino com o adesivo ndo € suficiente para reducdo da inflamagdo. Entretanto
foi possivel verificar que o grupo tratado com hidrogel apresentou diferenca
significativa quando comparado aos grupos G e G+A, mas nao apresentou

diferenca significativa quando comparado ao grupo C (p>0,05).
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Conclusoes

O hidrogel P(NIPAAm-co-AAc) mostrou ainda que pode ser utilizado como
matriz para a reducdo de inflamacdao em G uma vez que retirado de cima do
o0rgdo apds a cirurgia apresenta aspecto gelatinoso, sendo de fécil remocdo a
temperatura ambiente. Com relagdo a sua protecdo ele € um biomaterial que
protege a al¢a intestinal do contato com o LA e com o mecdnio, ndo sendo
possivel a inflamag¢do e o encurtamento do 6rgdo, seu aumento de peso, de

diametro e da espessura da parede intestinal.
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5. Conclusoes Gerais

Hidrogéis de P(NIPAAm-co-AAc) sdo altamente hidrofilicos possuindo alto
grau de intumescimento o qual € diretamente dependente do teor de reticulagao.
Estes podem ser obtidos em diferentes morfologias dependendo do teor de
reticulacdo, sendo que quando reticulados com 3% de agente reticulante eles
apresentam uma morfologia esponjosa e quando reticulados com mais de 5% sua
estrutura passa a ser formada por poros tubulares. Além disso, foi verificado que
a difusdo de soluto através do hidrogel com morfologia tubular € dependente da
orientacdo dos tubos em relacdo ao fluxo da solugao, sendo que quando os poros
estdo orientados paralelamente ao fluxo a difusdo de soluto é aumenta em
ralacio aos poros estdo orientados perpendicularmente ao fluxo.

Hidrogéis de P(NIPAAm-co-AAc) sintetizados com 5% de agente reticulante
com o molde posicionado na posicao horizontal apresenta uma membrana
interna perpendicular ao eixo dos tubos. Foi observado que o vidro atua como
um catalisador da reacdo que se processa mais rapidamente a partir da superficie
do vidro mantida em maior temperatura € neste caso a membrana interna pode
mudar de posi¢do se aproximando da placa mantida a temperatura mais baixa.

Foi observado que o incremento do grau de reticulacdo bem como a presenca
de PVA leva a formacado de redes mais densas e mais resistentes a deformacao.
Entretanto a técnica de formar uma rede interpenetrada de PVA por
congelamento/descongelamento ndo é adequada para hidrogéis de P(NIPAAm-
co-AAc) uma vez que estes sofrem rompimento de sua rede durante o processo
de sintese. Além disso, foi observado que a redugdo do teor de dgua utilizado
durante a sintese € fator determinante para a obtencdo de redes com melhores

propriedades mecanicas.
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Foi observado ainda que a SNAC e a GSNO sdo preferencialmente
particionadas para os hidrogéis de P(NIPAAm-co-AAc) apds o equilibrio de
intumescimento em solugdes de RSNOs. A maior absor¢do da SNAC em relacao
a GSNO foi atribuida a interagOes eletrostdticas atrativas entre a SNAC
(positivamente carregada) e a matriz polimérica (negativamente carregada). A
difusdao dos RSNOs utilizando cela de Franz foi menor a partir dos hidogéis em
relacdo a difusdo a partir de solucdo aquosa (PBS). A razdo de liberagao de
ambos os RSNOs a partir dos hidrogéis foi dependente da temperatura
apresentando aumento significativo com o incremento da temperatura de 25 para
37°C especialmente para os hidrogéis mais reticulados. Os resultados mostraram
ainda que os hidrogéis de P(NIPAAm-co-AAc) contendo RSNOs podem
controlar a difusdo dos mesmos em aplicagcdes topicas ou transdérmicas através
da escolha do RSNO apropriado e do controle da temperatura e do grau de
reticulacdo. Além disso, os hidrogéis de P(NIPAAm-co-AAc) contendo RSNOs
podem ser utilizados para promover vasodilacdo na pele tendo potencial como
um material para tratamento de lesdes isquémicas.

O hidrogel P(NIPAAm-co-AAc) mostrou ainda que pode ser utilizado como
matriz para a reducdo de inflamagdo em gastrosquises uma vez que retirado de
cima do 6rgdo apds a cirurgia apresenta aspecto gelatinoso, sendo de fécil
remo¢do a temperatura ambiente. Com relacdo a sua protecdo ele € um
biomaterial que protege a alca intestinal do contato com o LA e com o meconio,
nao sendo possivel a inflamagdo e o encurtamento do 6rgao, seu aumento de

peso, de didmetro e da espessura da parede intestinal.
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