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RESUMO

Novos materiais desenvolvidos a partir de fontes naturais de origem renovéavel,
biocompativeis e de baixo custo vém recebendo atencdo da academia e da industria,
e duas fontes promissoras séo os cristais de celulose (NC) e as xiloglucanas (XG) de
sementes de Tamarindus indica. O objetivo desta tese se baseou no desenvolvimento
de materiais suportes a base desses polissacarideos e, de acordo com as publicacdes
geradas, a tese foi dividida em trés partes. Na primeira (1), foi realizada a adsorcéo
de XG em camadas de NC com quatro diferentes graus de sulfatacdo e de potencial
zeta [0% SOzg, isolado com HCI (C -4,8 mV); 0.42% SOs", usando uma mistura de HCI
e H2S04(C-39,6 mV); e 0,65% SO3", usando somente H2SO4 (€ -45,6 mV)]. A interacéo
foi investigada através de varias técnicas [isotermas de Langmuir, microscopia de
forca atdmica (AFM), angulo de contato, espalhamento de luz dindmico, elipsometria
e medidas por microbalanca de cristal de quartzo (QCM)]. Os experimentos de
adsorcdo em agua e por layer by layer (LbL) sugerem que o maior grau de
esterificacdo na superficie de NC (0,65% SOz3) prejudica a capacidade maxima de
adsorcdo da XG e cria camadas adsorvidas instaveis. Entretanto, para o grupo 0,42%
SOz3 néo foi verificada alteragdes significativas na adsor¢gdo da XG além de ter uma
maior estabilidade coloidal do que o grupo 0% SOs3 e de formar filmes mais estaveis,
com menor rugosidade e espessura. Mas, testes iniciais de formacéao de filmes de XG
com NC submetidos a oxidagdo com o reagente TEMPO apresentaram delaminacao
e foram descartados para a etapa de producédo de biossensores bidimensionais. Na
segunda parte (2), sensores piezoelétricos foram revestidos com filmes de NC e em
seguida foi imobilizado anticorpos monoclonais IgG especificos para 0 antigeno NS1
do virus da dengue. O revestimento do sensor foi acompanhado por AFM, QCM e
QCM-D. O sensor desenvolvido foi capaz de detectar o antigeno NS1 em amostras
de soros sanguineos simulados no intervalo de concentracéo de 0,01 a 10 pg.mL1. O
revestimento ainda proporcionou a capacidade de reconhecimento de NS1 através de
ambos os equipamentos, QCM-D e QCM, com limites de deteccédo de 0,1 pg.mL1e
0,32 ug.mL%, respectivamente. Na terceira parte (3), na tentativa de baratear o sensor
desenvolvido na metodologia do artigo anterior, foi proposta a otimizacdo do
procedimento de obtencdo de NC. Para isso, foi verificada a influéncia de pré-
tratamentos mecéanicos antes do procedimento de hidrélise da celulose. As amostras
foram segregadas em relacéo ao grau de intensidade do tratamento mecanico, sendo:
(a) agitagdo mecanica, (b) trituracéo, (c) cisalhamento por 20 passagens por moinho
e (d) cisalhamento por 40 passagens por moinho. E foram caracterizadas por reologia,
AFM, difracéo de raios-x e rendimento de NC isolados. De acordo com os resultados
obtidos, néo foi verificada diferenca significativa do pré-tratamento para producéo de
NC. Assim, sugere-se que ndo € necessario um pré-tratamento mecanico e, com isso,
o custo final da obtencdo de NC pode ser diminuido.

Palavras-chave: Xiloglucana. Nanocristais de celulose. Biossensores. Dengue. Filmes

finos. Proteina NS1



ABSTRACT

Novel materials developed from renewable and natural sources with biocompatibility
and low cost have receiving great attention from academia and industry. Two promises
sources are cellulose nanocrystals (NC) and xyloglucan (XG) from Tamarindus indica.
seeds. At present thesis, the main goal was the development of support materials
based on these two polysaccharides. In according to published papers, this thesis was
organised in three sections. The first (1), the adsorption behavior of XG on layers of
bacterial cellulose nanocrystals (BCN) with four different sulfate content and zeta
potential (¢) values [0% SOs’, using only HCI (C -4.8 mV); 0.42% SOs, using a mix of
HCl and H2S0a4 (€ -39.6 mV); and 0.65% SOs, using only H2SO4 (¢ -45.6 mV)] was
investigated. The adsorption was evaluated by several techniques (Langmuir
isotherms, atomic force microscopy, contact angle, dynamic light scattering,
ellipsometry and quartz crystal microbalance measurements). The experiments in
water suspension and layer by layer (LbL) suggest that high sulfate substitution on
BCN surface (0.65% SOz3’) impairs the original interaction with XG, resulting in lower
maximum adsorbed amount (Qmax) of XG on BCN and unstable deposited layers with
desorption. Therefore, 0.42% SOs" did not significantly impair XG adsorption, and the
greater colloidal stability than 0% SOs3 resulted in higher XG mass adsorption in water
suspension and thin films with lower roughness, thickness and without desorption.
However, initial test of XG films with NC subjected to oxidation with the TEMPO
reagent presented delamination and were discarded for the production stage of two-
dimensional biosensors. In the second section (2), piezoelectric sensors were
previously coated with thin films of bacterial cellulose nanocrystals (CN) to provide a
more sensitive and adapted interface for the attachment of monoclonal
immunoglobulin G (IgGNS1) and to favor specific detection of non-structural protein 1
(NS1) of dengue fever. The assembly of the immunochip surface was analyzed by
atomic force microscopy (AFM) and the NS1 detection was followed by quartz crystal
microbalance with (QCM-D) and without energy dissipation monitoring (QCM). The CN
surface was able to immobilize IgGNS1, as confirmed by AFM topography and phase
images along with QCM-D. The system was able to detect the NS1 protein in serum
simulated in the range of 0.01- 10 pg.mL, by both QCM and QCM-D. The limits of
detection of the two devices were 0.1 ug.mL! for QCM-D and 0.32 ug.mL* for QCM.
At last (3), in order to optimize and reduce the cost of piezoeletric immunochip, was
proposed a study to optimize the hydrolysis procedure. For this, the influence of
mechanical pretreatment before the hydrolysis procedure was verified on the pristine
cellulose submitted to four different mechanical process: (1) magnetic stirring, (2)
blender, and milled by (3) 20 and (4) 40 passages in supermasscolloider mill. All the
samples were evaluated according to yield, morphology and size (atomic force
microscopy), crystallinity (x-ray diffraction). Not all CNC differed in evaluated
characteristics suggesting that, intense mechanical pretreatment are not exclusively
required, prior to hydrolysis.

Key-words: Xyloglucan. Celulose nanocrystals. Biossensors. Dengue. Thin films. NS1
protein.
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1. INTRODUCAO

Uma das doencas que apresenta grande interesse no desenvolvimento de
dispositivos para diagndsticos rapidos, simples e de baixo custo, como biossensores,
€ a infeccdo pelo virus da dengue (DENV). O virus é transmitido pela picada de
mosquitos, sendo um dos arbovirus com maior disseminacdo no sul da Asia, Africa e
Ameéricas do Sul e Central. No inicio, a doenca resulta em uma febre moderada, a qual
pode evoluir em sintomas mais severos como hemorragias e a sindrome do choque
da dengue (baixa pressdo, hemorragias, até a morte). Pacientes que séo infectados
uma segunda vez pelo virus possuem um maior risco de desenvolver os quadros mais
severos dessa doenca. Esses sintomas, entretanto, podem ser confundidos como
uma simples gripe. Com uma populacdo susceptivel de mais de 2 bilhdes de
contrairem a infeccdo no mundo, a dengue torna-se uma maior preocupacdo pela
Organizacdo Mundial da Saude (OMS), e torna-se crescente a necessidade do
desenvolvimento de biossensores.

Entre diferentes biomarcadores que séo utilizados para realizar o diagnéstico da
dengue, a deteccdo da proteina ndo estrutural 1 do virus da dengue (NS1, Mw = 45
g/mol) esta entre uma das estratégias mais empregadas (ALCON et al., 2002,
GELANEW et al., 2015, LAPPHRA et al., 2008). O NS1 é o antigeno mais conhecido
e melhor estudado entre os biomarcadores empregados de dengue e, 0 mesmo, pode
ser encontrado no soro sanguineo humano em concentracdes de 1 a 10 pg.mL? logo
apos o primeiro dia de infeccdo (DARWISH et al., 2015). O NS1 pode ser encontrado
de duas diferentes formas: (1) expressa nha membrana celular e (2) forma livre ou
secretada na corrente sanguinea (ALCON et al.,, 2002, SAITO et al., 2015).
Adicionalmente, esse antigeno € uma proteina com estrutura altamente conservada
entre os quatro diferentes sorotipos e, a maioria dos anticorpos monoclonais
disponiveis para NS1, sdo capazes de reconhecer todos os sorotipos (PARKASH e
SHUEB, 2015).

Ainda nos dias atuais, novas pesquisas vém sendo realizadas a fim de
desenvolver novos biossensores visando o reconhecimento do antigeno NS1, atraves
de diferentes estratégias (SINAWANG et al., 2016, WONG et al., 2016, ZHANG et al.,

2015). Particularmente, uma das estratégias com grande potencial para esse fim, visa
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o desenvolvimento de biossensores piezoelétricos como, por exemplo, a utilizacédo de
microbalancas de cristal de quartzo (QCM). A QCM na pesquisa ja vem sendo utilizada
para o diagnéstico de diversas doencas, incluindo a dengue. Como vantagem, a QCM
além de ser um equipamento relativamente barato e acessivel a aquisi¢cdo de clinicas
de paises em desenvolvimento, apresenta deteccdo rapida e em tempo real (média
de 5-30 min), simples de ser operada, sem a necessidade de profissionais altamente
qualificados (BRAGAZZI et al., 2015).

Existem ainda, versbes mais robustas da QCM, capazes de monitorar a
dissipacéo de energia na superficie, sendo nomeada em literatura como microbalanca
de cristal de quartzo com monitoramento da dissipacdo de energia (QCM-D). Através
do monitoramento da dissipacdo de energia, € possivel detectar mudancas no
comportamento viscoelastico, quantificar alteragcbes de massa na superficie e/ou
mesmo calcular a espessura de camada de materiais depositados. Embora o preco
desse equipamento e a complexidade de anéalise aumentem significativamente (QCM:
~R$ 12.000,00 QCM-D: ~R$ 500.000,00), a QCM-D torna-se uma importante
ferramenta de testes pioneiros para correta validagdo de novos biossensores
piezoelétricos (BRAGAZZI et al., 2015).

Embora a técnica de QCM apresente vantagens, o uso em clinicas ainda
apresenta limitacbes como reconhecimento de moléculas indesejadas (reacdes
inespecificas) e alta necessidade de diluicdo (>100x) da amostra que apresenta a
molécula alvo. Essas limita¢cdes se devem, principalmente, a superficie utilizada. A
maioria dos sensores utilizados para QCM atualmente disponivel no mercado tem a
superficie composta por metais inertes como ouro, prata e platina. Embora ja tenha
sido demonstrado que esses sensores apresentem a capacidade de reconhecer
moléculas isoladas, eles falham ao detectar as mesmas moléculas em amostras mais
complexas, como em amostras de sangue ou urina (REIMHULT et al., 2008). Essas
superficies sem nenhuma modificacdo ou revestimento, apresentam extensa
interacdo ndo especifica com diferentes biomoléculas, o que torna quase impossivel
discriminar entre interacbes nao-especificas com as especificas. Na tentativa de
contornar esses problemas, diferentes revestimentos desses sensores sao propostos
(ORELMA et al., 2012; ORELMA et al., 2012; ZHANG; ROJAS, 2016), como por
exemplo, fornecendo uma maior quantidade de grupos ativos (ex. acidos carboxilicos
ou aminas) visando aumentar a quantidade de sondas ancoradas (enzimas,

anticorpos especificos para o biomarcador) e/ou bloquear ou diminuir intera¢cdes nao
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especificas. Por exemplo, polietileno glicol (PEG) é usualmente utilizado para revestir
essas superficies e evitar ligacdes néo preferenciais, reduzindo as perturbacfes na
frequéncia causadas e aumentando a confiabilidade de analises. Outros grupos como
polilisina-b-PEG, albumina, poliacrilamida também s&o reportados por revestir a
superficie de sensores de ouro aumentando a confianca da detec¢édo do analito alvo
(REIMHULT et al., 2008; VUORILUOTO et al., 2016).

Materiais celulésicos como nanoceluloses e nanocristais de celulose (NC) séo
promissores para 0 uso no desenvolvimento de biossensores. Suas principais
carateristicas adequadas a esse proposito sdo: baixissima toxicidade, fonte de
extracdo sustentavel, abundantes e baixo custo. Também, possuem alta razdo de
aspecto (comprimento/largura), boa estabilidade coloidal, boa adsorcdo a diferentes
superficies e capacidade de producado de superficies mais rugosas (aumento de area
superficial para imobilizacdo de moléculas sondas), sao facilmente funcionalizados e
imobilizados a outras moléculas (ex. enzimas, anticorpos, lectinas). Com essas
caracteristicas e propriedades os NC ja& vém sendo empregados para O
desenvolvimento de diferentes biossensores, pela imobilizacdo a sua superficie de
macromoléculas funcionais como: antigenos (ORELMA et al., 2012), enzimas
(BARKER et al., 1971; CHEN et al., 2012), anticorpos (GENERALOVA et al., 2009) e
particulas magnéticas (MAHMOUD et al., 2013). A interface dessas nanoparticulas
pode se tornar ainda mais atrativa para imobilizacdo de sondas, através de adsorcéo
ou reacOes de copolimerizacdo aumentando sua area superficial e a heterogeneidade
da superficie (MONTANEZ et al., 2011; PIRICH et al., 2015).

Devido ao potencial de uso dos NC no desenvolvimento de biossensores e a
experiéncia do grupo Biotecnologia em Polissacarideos (BioPol) da UFPR com
materiais celulésicos, foram propostas novas formas para desenvolver biossensores
aplicados para diagnostico de DENV. A ideia principal dessa tese, foi a
funcionalizacdo de sensores de QCM disponiveis no mercado com nanofilmes de NC
para imobilizacdo de imunoglobulinas monoclonais especificas para reconhecimento
do antigeno NS1 do virus da dengue. A correlacéo da deteccao do antigeno NS1 entre
0s equipamentos QCM e QCM-D foram avaliadas juntamente com analises de

microscopia de forca atbmica (AFM).
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2. OBJETIVO GERAL

Desenvolvimento de biodispositivos com capacidade diagnostica baseados em

nanocristais de celulose bacteriana (NC) e/ou xiloglucana de sementes de Tamarindus

indica (XG).

2.1 OBJETIVOS ESPECIFICOS

Isolamento de nanocristais de celulose (NC) a partir de diferentes pré-
tratamentos mecanicos precedidos da hidrélise da celulose com &acido
sulfdrico;

Obtencéo e caracterizacdo de NC com superficie carboxilada e sulfatada;
Caracterizacdo dos NC através de diferentes técnicas envolvendo
microscopia de forca atdmica (AFM), espectroscopia de infravermelho
com reflectancia total atenuada (ATR-FTIR) e titulacdo condutométrica;
Formacéao de nanofilmes com NC ou com NC e xiloglucana sobre cristais
piezoelétricos de microbalanca de cristal de quartzo (QCM);

Ativacdo da superficie dos NC em presenca de 1-ethyl-3-(3-
dimetilaminopropil) carbodimida (EDC) e N-hidroxisuccinimida (NHS) (em
disperséo liquida), e caracterizacdo da reacdo de formacdo de amida,
atraves de diferentes técnicas como: AFM, ATR- FTIR;

Formacdo de nanofilmes sobre cristais piezoelétricos e ativacdo por
EDC/NHS, avaliados por QCM e QCM-D;

Imobilizagdo dos anticorpos IgG anti-NS1 sobre nanofiimes de NC
ativados por EDC/NHS, acompanhados em tempo real por QCM e QCM-
D;

Avaliacdo dos nanofiimes de NC com anticorpos I1gG anti-NS1
imobilizados no reconhecimento da proteina sintética NS1 (adicionada ao
soro de pacientes negativos para dengue), acompanhada em tempo real
por QCM e QCM-D;
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3. REVISAO DE LITERATURA
3.1 CELULOSE

A celulose est4 entre os biopolimeros que se destacam tanto em abundancia,
guanto em possibilidades de utilizacdo. Sua principal fungdo em organismos
pluricelulares é estrutural. Ela é produzida por uma grande variedade de organismos
como: bactérias, algas, tunicados e vegetais superiores. Estima-se que, sua
disponibilidade total na biosfera, seja da ordem de 20 a 30.10'° t (FENGEL, 1989;
MATHEW e DUFRESNE, 2002).

Esse carboidrato € um homopolissacarideo linear constituido de unidades de
D-glucopiranose unidas por ligacao glicosidica do tipo B-(1—4). O fato da celulose, o
biopolimero mais abundante na biosfera, ser constituida por moléculas de glucose nao
é fortuito. Isso é resultante da conformacéo excepcionalmente estavel adquirida pela
D-glucose em sua forma ciclica, constituindo a D-glucopiranose. Nela, as hidroxilas do
anel hemiacetalico se encontram em posi¢cdo equatorial ao plano do anel. Uma
estabilidade adicional € dada a celulose em funcdo das hidroxilas do carbono
anomérico das glucoses também estarem em posicao equatorial, resultando em uma
ligacdo mais estavel (ligagdo ), do que se estivesse em posicédo axial (ligacéo a),
como ilustrado na FIGURA 01-A.

oH oH
© o
HO HO
HO Ho oH
OH OH
OH

a-D-glucopiranose B-D-glucopiranose

Celobiose

FIGURA 01 — REPRESENTACAO DA ESTRUTURA QUIMICA DA CELULOSE
FONTE: O Autor (2017)
(A) ISOMEROS DA D-GLUCOSE E (B) DO DIMERO DENOMINADO DE
CELOBIOSE



14

A estrutura basica desse polissacarideo consiste de duas unidades de
glucose conectadas com orientacdo de 180° entre si, denominada de celobiose (4-O-
B-D-glucopiranosil- B -D-glucopiranose, (FIGURA 01-B) (SOLOMONS, 1996).

Essa conformagé&o adotada pode ser explicada ao analisar o modelo de
biossintese de celulose (KOYAMA et al., 1997) ilustrado na FIGURA 02. Nela, duas
unidades de uridina-difosfatoglucose (UDP-glucose) sao ligadas com grande
afinidade a dois sitios ativos da enzima celulose sintase (1), posicionados a 180° um
do outro. Ao se ligarem as hidroxilas em C-5 das unidades de glucose entdo sao
ativadas por um mecanismo de catalise basica geral, promovendo a desfosforilacdo
das unidades de UDP-glucose e a formagéo da ligagao B-(1—4) (2). A B-glucana
resultante, por apresentar baixa afinidade com os sitios de ligacdo a UDP-glucose, se

desloca a uma regiao mais favoravel (3), um sitio de ligagcdo a p-glucana, podendo

assim prosseguir a sintese com novas adi¢des de celobioses.

+2 UDP-glucose

FIGURA 02 — ILUSTRACAO ESQUEMATICA DA BIOSSINTESE DA CELULOSE
FONTE: Adaptado de Koyama et al. (1997)
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Devido a conformacdo da celobiose, forcas coesivas intracadeia sao
formadas, dadas por ligacées de hidrogénio entre as hidroxilas, fazendo com que a
cadeia adote uma conformacéo linear rigida, e cujo tamanho é variado e é classificado
de acordo com o numero de unidades de anidroglucose presentes, denominado grau
de polimerizacdo (DP). O DP pode variar desde 2.400, como na planta cavalinha
(Equisetum arvense), até 15.300 na fibra de algoddo (Gossypyum) ndo tratada
(FENGEL, 1989; SJOSTROM, 1993; RAMOS, 2003). Entretanto, as cadeias de
celulose, naturalmente, ndo sdo encontradas isoladas. Devido a conformagéo linear
adotada e a posicdo espacial das hidroxilas, as cadeias conseguem interagir

fortemente entre si através de ligacdes de hidrogénio intercadeias (FIGURA 03-A).

B - e A o A e A TN
SAnm N\ =R =

FIGURA 03 - REPRESENTAQAO ESQUEMATICA DA ESTRUTURA CRISTALINA DA
CELULOSE EM VEGETAIS
FONTE: Adaptado de Ramos (2003)
A) INTERAQAO ENTRE AS CADEIAS DE CELULOSE B) FIBRAS
ELEMENTARES C) CRISTALITOS E D) MICROFIBRILAS



16

E organizando-se em blocos cristalinos (denominados fibrilas elementares) com
superficie hidrofilica e interior hidrofébico, cuja espessura varia de 2 a 6 nm (FIGURA
03-B) (RAMOS, 2003).

Essas fibrilas associam-se em cristalitos (FIGURA 03-C) cuja secéo
transversal pode chegar a 12 nm. Em vegetais superiores, tais cristalitos encontram-
se envoltos numa matriz de lignina, sendo que as hemiceluloses compatibilizam as
duas fases dessa estrutura conhecida como microfibrila (FIGURA 03-D). As
microfibrilas também apresentam regiées onde as moléculas sdo distribuidas ao
acaso (regioes amorfas) (RAMOS, 2003).

Dependendo de como as cadeias de celulose estdo orientadas entre si, essas
associacdes podem ser divididas entre quatro tipos de celulose. A celulose nativa ou
celulose | possui orientacdo paralela. A mercerizada (celulose Il) possui orientagao
antiparalela e é resultante do tratamento alcalino da celulose I. O tratamento da
celulose | com amonia liquida origina a celulose Ill. Ao submeter a celulose Ill a altas
temperaturas com glicerol origina-se a celulose IV (HAYASHI et al., 1975;
ZUGENMAIER, 2001).

Attala e Vanderhart (1984) detectaram, a partir de analises de ressonancia
magnética nuclear de carbono-13, dois sistemas de cristalinidade na celulose nativa,
uma monoclinica (celulose IB) e outra triclinica (celulose la), como ilustrados na
FIGURA 04.

o0
[e)

l4 (triclinica) Ig (monoclinica)

FIGURA 04 — MODELO DAS ALOMORFIAS DA CELULOSE |
FONTE: Adaptado de Zugenmaier (2001)
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A diferenca entre essas alomorfias é explicada pelos angulos formados entre
as ligacbes de hidrogénio das cadeias de celulose. A forma la € menos estavel
termodinamicamente, sendo mais facilmente removida em tratamentos como hidrélise
acida (HORRI, 2001).

3.1.1 Celulose bacteriana (CB)

Conhecida desde os tempos antigos pelos produtores de vinagre e cerveja na
Europa como “planta” ou “mé&e” do vinagre, a celulose bacteriana (CB) € do tipo | e
apresenta estrutura quimica idéntica a celulose vegetal. Atualmente, a CB vem
atraindo a atencao de pesquisadores quanto a sintese de biocompdésitos, devido a sua
facilidade de obtencéo, purificacdo, e por suas caracteristicas fisico-quimicas como
elevada cristalinidade, grau de polimerizacdo (de 16.000 a 20.000), entre outras
(MATHEW e DUFRESNE, 2002; LIMA et al., 2004; ERONEN et al., 2011).

Ela é produzida por cepas de bactérias do género Acetobacter sp. e aparece
na superficie dessas colénias como uma pelicula gelatinosa e translicida formada por
uma rede aleat6ria de microfibrilas com diametro inferior a 100 nm, entremeadas por
regides amorfas (FIGURA 05).

De acordo com Koizumi et al. (2008), a regidao amorfa das microfibrilas ocupa
aproximadamente 90% do seu volume, entretanto, como o volume da CB é composto
de até 99% de agua, essa regiao contribui muito pouco para sua massa.

A grande vantagem da CB é sua obtencdo de forma pura, isto é, ndo se
encontra associada a outras macromoléculas como hemiceluloses, lignina e pectina,
como ocorre na parede celular vegetal, fungos e alguns tipos de algas; ou envolta por
uma camada grossa de calcio como ocorre nos tunicados. Devido a essas impurezas,
a celulose dessas fontes necessita de tratamentos quimicos para a sua purificagcao.
Tais tratamentos podem causar danos irreversiveis em sua estrutura
(SHEYKHNAZARI et al., 2011). Em relagédo as propriedades fisico-quimicas a CB,
também, se destaca em relacé@o a outras fontes. Ela possui um elevado DP (16.000 a
20.000), alta cristalinidade (>60%), alta propor¢édo da alomorfia la (44%), alto
conteudo de agua (>99%).
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» Regido
amorfa

Regiao
_enstalina

b

FIGURA 05 — REPRESENTACAO ESQUEMATICA DA CELULOSE BACTERIANA
FONTE: Adaptado de Iguchi et al. (2000)
A) MEMBRANA DE CELULOSE BACTERIANA (CB), B) MEMBRANA DE CB
APOS SECAGEM, C) IMAGEM DE MICROSCOPIA ELETRONICA DE
VARREDURA DE MICROFIBRILAS DA CB E D) ILUSTRAQAO DA
DIFERENCA DAS REGIOES AMORFA E CRISTALINA NAS MICROFIBRILAS

Além disso, as peliculas de CB de acordo com o modulo de elasticidade
(Young) possuem valores isotropicamente distribuidos ao longo da superficie entre 16
e 18 GPa, que é extraordinariamente alto para materiais bioldégicos bidimensionais.
Essa propriedade a torna adequada para reforco de polpas de papel e outras
aplicacbes, como a confeccado de diafragmas acusticos para alto-falantes de alta
fidelidade. Considerando somente as zonas cristalinas da CB, Hsieh et al. (2008)
estimaram o modulo elastico das fibrilas de CB em 114 GPa através do espectro de
Raman, com a CB relaxada e depois submetendo-a a esfor¢os de tracao, utilizando
um desvio da banda em 1095 cm! (HSIEH et al., 2008).
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3.1.2 Propriedades mecanicas da celulose

Comparativamente, as fibrilas de celulose apresentam um moédulo de
elasticidade elevado em relagédo ao de metais como o cobre (110 GPa) e o a¢o (207
GPa). No entanto, em materiais naturais como a madeira, 0 médulo de elasticidade &
em torno de 10 GPa. Isso significa que, para aproveitar as propriedades mecéanicas
excepcionais da celulose, hd a necessidade de aumentar a cristalinidade, removendo
as zonas amorfas. Os fragmentos cristalinos isolados que apresentarem pelo menos
uma de suas dimensdes inferiores a 100 nm s&o denominados como nanocristais de
celulose (NC) (SAMIR et al., 2005).

Os NC podem ser isolados por diferentes estratégias, que visem priorizar o
ataque das regides amorfas e manter intactas as regides cristalinas (Figura 06). Essa
preferéncia existe, pois as zonas amorfas apresentam menor impedimento
estereoquimico e menores forcas coesivas de ligagdes de hidrogénio e van der Waals
do que as zonas cristalinas (BATTISTA et al., 1956; MARCHESSAULT et al., 1961).

Fibrilas de celulose (20-60 um) Regides cristalinas Regides ndo cristalinas

"o A / \__p{

i & F =
| B A A
Hyali t_ = = ) &=

Pre-tratamento mecanico

J1
\V

Nanofibrilas de celulose KC/’L‘&,»E’

11 Hidrslise

Nanocristais de celulose \‘\
- E/

FIGURA 06 — ILUSTRACAO REPRESENTANDO REGIOES CRISTALINAS E AMORFAS
DA CELULOSE (GENERICA).
FONTE: Adaptado de Rajala et al. (2015)

Fibras de celulose (1um)
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E possivel realizar o ataque a regides amorfas sob condi¢ées controladas,
como: pela acdo mecanica intensa (ABE et al., 2007), tratamento com ultrassom
(TISCHER et al.,, 2010; LI et al., 2012; WONG et al.,, 2012), hidrolise acida
(BONDESON et al., 2006) hidrélise enzimética (HAYASHI et al., 2005) e mesmo por
combinacdes dos métodos anteriores (PAAKKO et al., 2007). O rompimento da
celulose, por meios mecanicos, quimicos ou enzimaticos, ocorre preferencialmente

nas regides amorfas.

3.1.3 Isolamento de nanocristais de celulose (NC) por hidrdlise acida

Nas hidrolises acidas para o isolamento dos NC, geralmente, séo utilizados o
acido sulfurico (H2SO4 - 64% m/m) (ARAKI et al., 1999; ROMAN e WINTER, 2004;
MAEDA et al., 2007) em maior escala e, em menor proporcao, o acido cloridrico (HCI
— 4 M) (BHATTACHARYA et al., 1991; GEORGE e SIDDARAMAIAH, 2012). A
hidrolise ocorre preferencialmente nas zonas amorfas (Figura 07-A), devido a razbes
ja descritas (item 3.1.2).

O mecanismo € similar para ambos os acidos (Figura 07-B) que quimicamente
séo fortes, pois em meio aquoso se ionizam, liberando prétons, que se ligam ao
oxigénio glicosidico (caminho 1) ou ao oxigénio ciclico (caminho 2), seguido de quebra
da ligacao glicosidica pela 4gua (RANBY et al., 1949; MUKHERJEE e WOODS, 1953;
BRAUN e DORGAN, 2009; LU e HSIEH, 2010).

No caso da hidrélise com acido sulfdrico, produtos de sua ionizagdo podem
continuar reagindo (Figura 07-C), causando uma esterificacdo dos grupos hidroxilas
na superficie dos NC, resultando numa adi¢ao de carga negativa aos NC (RANBY et
al., 1949; LU; HSIEH, 2010). Essa adicao de carga gera uma suspensao mais estavel
do que a tratada com HCI, devido a repulsao eletrostatica entre os grupos carregados,
porém com estabilidade térmica inferior, sem contar a perda parcial das propriedades
nativas da celulose (RANBY et al., 1949; BECK-CANDANEDO et al., 2005; BRAUN e
DORGAN, 2009; LU e HSIEH, 2010).

Para que sejam produzidos os NC, as condi¢cdes da hidrélise (temperatura,
tempo de reacédo, concentragcao e quantidade do acido) devem ser ajustadas. Caso
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contrario, toda a celulose podera ser hidrolisada em oligossacarideos ou a celulose

nao ser hidrolisada suficiente para formar os NC.
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A hidroélise acida possui limitacdes para isolar os NC, como baixo rendimento
(x50%); e a perda da fidelidade da estrutura original feita por modificacbes como
adicBes de carga a superficie dos NC (BRAUN e DORGAN, 2009; LU e HSIEH, 2010;
KLEMM et al., 2011; GEORGE e SIDDARAMAIAH, 2012). A hidrdlise enzimatica
compensa essas limitacdes. As enzimas utilizadas (endoglucanases) se caracterizam
por agirem, geralmente, sobre as zonas amorfas, produzindo uma quebra aleatéria
das ligagdes glicosidicas B-(1—4) e pouca liberacdo de carboidratos redutores
(RAMOS et al., 1992). Embora esse tipo de hidrélise apresente vantagens sobre a
acida, como maior rendimento e especificidade, ela apresenta um maior custo, o que

ainda nado é vantajoso industrialmente.

3.1.4 Producao de nanocristais de celulose (NC)

Atualmente, a producao de NC representa um grande interesse na confeccao
de diferentes materiais diferentes aplicacbes, desde a utilizagdo de materiais de
reforco mecénico a producdo de materiais biomédicos e mesmo materiais eletronicos
(GRISHKEWICH et al., 2017). O método mais utilizado para o isolamento de NC
consiste da hidrélise 4cida da celulose por solucdo de acido sulfurico. A preferéncia
desse método se deve, principalmente, a sua simplicidade e por resultar em NC com
altissima estabilidade coloidal em solucéo, devido a esterificacdo por grupamentos
sulfatos em sua superficie (DONG et al., 2016).

Embora a utilizacdo de NC apresente um grande interesse, sua utilizacdo e
produgédo em escala industrial ainda séo limitadas devido ao custo de producéo (NC
de origem vegetal custo ~10 U$/kg). Para os NC serem integrados e utilizados no
mercado atual, existe uma necessidade da reducgéo do preco a fim de se tornarem
economicamente competitivos e comparaveis a outros produtos e nanoparticulas
(TRACHE et al., 2017).

Existem diversas otimizacdes que estado sendo realizadas com o objetivo de
diminuir o custo dos NC, visando principalmente otimizar as condi¢bes utilizadas
durante o procedimento de hidrolise, como temperatura, concentragdo de acido
utilizada, tempo reacional (BRAUN e DORGAN, 2009; LU e HSIEH, 2010; KLEMM et
al., 2011; GEORGE e SIDDARAMAIAH, 2012). Entretanto, parte da metodologia
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utilizada para o isolamento de NC, consiste de previamente submeter a celulose ao
processamento mecéanico com o objetivo de aumentar a area superficial das fibras em
contato com a solugdo acida. O processamento mecéanico, muitas vezes, é realizado

através de moinhos e sua utilizacdo pode impactar no custo final de producéao.

3.2 CELULOSE  COMO SUPORTE PARA UTILIZACOES DE
IMUNODIAGNOSTICOS

Testes imunodiagnésticos sdo testes capazes de realizar a deteccdo de
moléculas alvos (ex. antigenos, anticorpos) em amostras complexas (ex. sangue,
soro, urina), através de uma sonda (ex. anticorpos, enzimas, antigenos) que
apresente uma altissima afinidade com a molécula a fim de ser detectada (JOHNSON
e KRAUSS, 2017). A sonda, geralmente, é imobilizada em um suporte solido ou
mesmo em micro ou nanoparticulas. Devido as propriedades fisico-quimicas das
amostras complexas, suportes com biocompatibilidade sao requeridos.
Tradicionalmente, devido a facilidade de producdo em maior escala, polimeros
sintéticos (de origem petrolifera) sdo utilizados. Recentemente, com o avanco da
tecnologia, materiais de fonte renovavel, como celulose nativa, estdo mais préximos
de serem utilizado em escala (JOHNSON e KRAUSS, 2017).

3.3 FILMES CELULOSICOS NO USO DE DIAGNOSTICO

A celulose nativa (celulose natural sem modificacbes) apresenta diversas
propriedades fisico-quimicas interessantes no desenvolvimento de suportes para
diagnéstico como, por exemplo, apresentar superficie hidrofilica, alto médulo de
elasticidade (> 20 GPa), alta estabilidade, alta biocompatibilidade, baixo custo e
abundancia (producéo de ~700 bilhdes de toneladas por ano) (MOON et al., 2011).

A sua primeira utilizacdo descrita na literatura se da no final da década de
cinquenta por FREE et al. (1957), no qual os autores desenvolveram o primeiro
suporte para diagnostico, onde era possivel verificar através da atividade da enzima

glucose-oxidase imobilizada a presenca de glucose em amostras de urina. A utilizacao
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da celulose no desenvolvimento de testes de imunocromatografia por capilaridade foi
demonstrada mais tarde primeiramente por Zuk et al. (1985), no qual era possivel
verificar a deteccdo do antigeno pela adicdo de um substrato adicional. Tornando o
procedimento ainda mais barato, mais tarde foi realizada o desenvolvimento de testes
diagnoésticos a base de celulose pela imobilizacdo de moléculas sonda através de
jatos de tinta por impressoras comuns (BRUZEWICZ et al., 2008).

Embora ja tenha sido demonstrado a longa data o potencial da celulose nativa
para utilizacdo no desenvolvimento de testes imunodiagnosticos, conhecimentos
especificos como, interacdo de superficie, reacbes de imobilizacbes de sonda, e
caracterizacdo da superficie das amostras ainda € escasso. Uma vez que existe um
maior entendimento sobre essas caracteristicas mencionadas acima, novos suportes
podem ser desenvolvidos a fim de melhorar a capacidade de utilizagdo desses testes.

Atualmente, vem sendo dada uma maior atencdo a celulose na forma
nanofibrilar e os NC. Esse interesse se deve principalmente as dimensdes em escala
nanometrica, o que permite a ampliacdo da aplicagdo como, por exemplo, a
construgdo de nanofilmes com maior homogeneidade. Como a celulose nativa, a
celulose nanofibrilar e os NC apresentam facilidade de modificacdo quimica, podendo
ser adicionados grupos funcionais para serem adaptados a diferentes aplicacfes (ex:
adicdo de grupamentos R-COOH, NHs*) (MAJOINEN et al., 2014).

Na presente tese foram realizados, testes de formacdo de nanofilmes a base
de xiloglucana (XG) e NC.

3.4  XILOGLUCANA (XG)

As xiloglucanas (XG) sao polissacarideos que podem ser encontrados em
fontes vegetais (por ex. Tamarindus indica, Hymenaea courbaril). Apresentam fungéo
estrutural e de reserva na parede celular e no endosperma de sementes de plantas
mono e dicotiledbneas (HAYASHI et al., 1987), constituindo até 25% em massa
(HEINZE, 2005).

Devido as suas propriedades reologicas e por apresentarem baixa toxicidade,
as XG tém um grande potencial de uso nas industrias alimenticias (BHATTACHARYA
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et al., 1991; MAEDA et al., 2007), farmacéutica, médica e cosmética, entre outras
(BURGALASSI et al., 1996; ITOH et al., 2008).

Sua estrutura consiste em uma cadeia principal de glucopiranoses conectadas
por ligagdes B-(1—4) com ramificacdes em C-6 por a-D-xilopiranose. Dependendo da
origem da fonte de XG ela ainda pode apresentar mais substituicdes no C-2 da xilose
por B-D-galactopiranose (Figura 08), ou ainda uma terceira substituicdo no C-2 da
galactose por B-D-fucopiranose (MCNEIL et al., 1984; FRY, 1989; HAYASHI, 1989),
ou outras combinacbes gerando estruturas mais complexas (YORK et al., 1996;
HANTUS et al., 1997; JIA et al., 2003; FREITAS et al., 2005)..

m /%‘ 0

FIGURA 08 — REPRESENTACAO ESQUEMATICA DA XILOGLUCANA DE SEMENTES DE
TAMARINDO
FONTE: Adaptado de Eronen et al. (2011)
UNIDADES DE GLUCOSE (A), XILOSE (B) E GALACTOSE (C)

As ramificacdes presentes, nesse polissacarideo, contribuem para sua solubilidade e
controlam potencialmente a sua flexibilidade conformacional (O'NEILL et al., 1989;
HAYASHI et al., 1994; FREITAS et al., 2011).

As XG de reserva na parede celular vegetal se acumulam predominantemente
nos tecidos dos cotilédones de algumas espécies de vegetais como tamarindo
(Tamarindus indica) (KOOIMAN, 1960), jatoba (Hymenaea courbaril) (KOOIMAN,
1960; LIMA et al., 1993; LIMA et al., 1995; FREITAS et al., 2005; FREITAS et al.,
2011), jojoba (Simmond siachinensis) (HANTUS et al., 1997), jatoba mirin (Guilbortia
hymenefolia) (LUCYSZYN et al, 2011), e copaiba (Copaifera langsdorfii)
(BUCKERIDGE et al.,, 1992; STUPP et al.,, 2008). Entretanto, a principal fonte

explorada comercialmente é a de sementes de tamarindo, que é muito utilizada em



26

alimentos em paises como o Japdo (MICHAEL e REID, 2006) sendo, também, a mais

estudada.

Xiloglucana de Tamarindus indica

O Tamarindus indica é popularmente conhecido como tamarindo e é

classificado botanicamente de acordo com a Figura 09.

Reino: Plantae

Divisao: Magnoliophyta
Classe: Magnoliopsida
Ordem: Fabales
Familia: Fabaceae
Género: Tamarindus
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FIGURA 09 — CLASSIFICACAO BOTANICA DE Tamarindus indica E ILUSTRACAO DAS
PARTES DAS PLANTAS
FONTE: Raintree (2012)
A) ARVORE E TRONCO. B) FLORES, C) FLORES, D) VAGENS

Tem origem das savanas africanas, embora seja mais cultivada atualmente
na india, as XGs das sementes dessa planta sdo utilizadas, principalmente, nas
indUstrias téxteis e alimenticias, e ainda como adesivo e agente emulsificante, em
cosméticos, para preparar emulsdes de Oleos essenciais, cremes de barbear e
dentifricios, em produtos farmacéuticos, como ligantes em comprimidos e drageas,
em inseticidas, para emulsificar principios ativos e 6leos minerais. Por possuir muitas
propriedades similares as pectinas, € usada em tratamento de colite, diarreia,

disenteria e outras desordens intestinais (RAO, 1973).
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3.5 INTERACAO ENTRE XILOGLUCANA E CELULOSE

E sugerido, em literatura, que a interagdo irreversivel em meio aquoso sob
condicbes normais de temperatura e pressado entre XG e celulose, se deve a um
grande numero de ligacdes de hidrogénio entre esses polissacarideos, dada pela
similaridade da composi¢ao das unidades glucosidicas (LIMA e BUCKERIDGE, 2001).
De fato, novos modelos moleculares suportaram essa hip6tese, embora alguns
estudos tenham divergido se a interacdo intercadeia era mediada pelo anel das
unidades de glucose ou pelo empilhamento de ligagbes de hidrogénio
(FINKENSTADT et al.,, 1995; MICHAEL e REID, 2006). Alguns autores usando
modelos computacionais e testes de adsorcao sugeriram que a presenca de unidades
de fucose na XG determina a sua conformacéao planar e que essa propriedade estaria
relacionada com a afinidade dela com a celulose. Substituices por galactomananas
em altas quantidades, também, demonstraram alterar essa interacdo (FINKENSTADT
et al., 1995; SHIRAKAWA et al., 1998; JEAN et al., 2009; KUMMERER et al., 2011;
ZHANG et al., 2011).

Lima, Loh e Buckeridge (2004) testaram a adsorcdo de diferentes
oligossacarideos de XGs (com e sem fucose) com diferentes massas molares em
celulose microcristalina (semelhante aos NC, porém com tamanhos a partir de 1 um)
demonstrando que a capacidade de interacdo depende ndo somente das unidades
das cadeias laterais, mas, também, da massa molar da XG. Sendo que, quanto menor
a massa molar da XG, maior foi a interagcdo com a celulose microcristalina. Cerclier et
al. (2010) em testes de adsorcdo de XG em NC por automontagem (Layer by Layer —
LBL), demonstraram que a adsorcdo de XG ocorre melhor em concentracdes
elevadas (>1mg.mL?), devido a forma entrelacada que esse polimero se encontra,

porém ocasionando camadas muito heterogéneas e menos estaveis (Figura 10).
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REGIME DILUIDO

Adsorcao de XG Adsorgao de NC

FIGURA 10 — ESQUEMA DE ADSORCAO DE XILOGLUCANA (XG) EM NANOCRISTAIS DE
CELULOSE (NC)
DIFERENCA DA CONCENTRACAO DE XG NA ESTABILIZACAO ENTRE AS
CAMADAS DEPOSITADAS EM A) REGIME DILUIDO E B) REGIME
ENTRELACADO
FONTE: Cerclier et al. (2010)

Bionanocompositos na forma de filmes com microfibrilas de membrana de
celulose bacteriana Umida e processada por agitacdo mecéanica, com a incorporacao
de xiloglucana de tamarindo (XGT) foram desenvolvidos por de Souza et al. (2013)
observando-se uma boa homogeneidade e melhoria do mdédulo de Young e das
propriedades térmicas com a incorporacao de 10% de XGT.

3.6 PRINCIPIOS BASICOS DE BIOSSENSORES

Biossensores sao dispositivos minituarizados, compostos basicamente de uma
biomolécula sonda (ex. anticorpos, enzimas, antigenos, lectinas) capazes detectar
com altissima seletividade e afinidade moléculas alvos (ex. antigenos, sequéncias
geneéticas, anticorpos) caracteristicas da presenca de um microorganismo, patologias,
contaminacgdes. Para fins préaticos, a sonda é imobilizada em um suporte e a detecgéo
geralmente é acompanhada através de um equipamento que monitora a ligacdo da
sonda com a molécula alvo, podendo o resultado ser quantitativo ou qualitativo (Figura

11). Os biossensores ainda podem ter um elemento adicional o transdutor, que
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consiste de um suporte adicional no qual a detec¢cdo da molécula alvo € monitorada
indiretamente.

— — Elementos de um biossensor _!. _ =
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FIGURA 11 — ELEMENTOS BASICOS DE UM BIOSSENSOR.
FONTE: Adaptado de Grieshaber et al. (2008)

Tipos de biossensores

Dependendo da sonda utilizada no desenvolvimento do biossensor, os mesmos
podem ser classificados em diferentes categorias (JOHNSON e KRAUSS, 2017):

* Enzimaticos: utilizam enzimas como sondas (ex. glucose oxidase para aferir
concentracdo de glucose sanguinea) no qual o resultado é verificado pela acdo da
enzima no substrato;

* Imunobiossensores: utilizam antigenos ou anticorpos como sondas, no qual o
resultado é verificado pela deteccdo da ligacdo antigeno-anticorpo (ex. deteccdo de
proteina ndo-estrutural 1 (NS1) por anticorpo);

 Celulares: utilizam microorganismos como sondas, no qual o resultado é
verificado pela acdo dos microorganismos sob analitos investigados ou mesmo da

alteracdo dos mesmo sobre a sonda;
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Dependendo da estratégia pela qual o transdutor reconhece a molécula alvo,
0s biossensores ainda podem ser classificados em:

* Eletroquimicos: a deteccdo se da por mudancas eletroquimicas avaliadas por
potenciometria, amperometria e condutometria;

- Opticos: a deteccdo se da por mudancas nas propriedades Opticas das
substancias, como: absorcdo, indice de refracdo, fluorescéncia, fosforescéncia,
refletividade e comprimento de onda ou mesmo alteragdo no comportamento coloidal
de particulas (ex. aglutinacao, precipitacao, floculacao);

« Calorimétricos: a deteccéo se da através do monitoramento de trocas de calor
(ex. reacdes enzimaticas exotérmicas acompanhadas de termosensores);

* Acusticos ou piezoelétricos: a deteccao se da por mudancas nos valores de
frequéncia de cristais anisotrépicos (ex. quartzo) que apresentam propriedades
piezoeléctricas. O equipamento mais estudado e conhecido como biossensor acustico
€ a microbalanca de cristal de quartzo (QCM), foco desta tese, e que sera explicado

em maiores detalhes a sequir.

Sondas: Anticorpos

As imunoglobulinas (lgs) ou anticorpos, sdo glicoproteinas apresentando
morfologia em forma de Y, composta de uma ou mais unidades. Existem ao todo,
cinco principais classes de Igs: IgG, IgA, IgM, IgD e IgE, discriminadas entre si de
acordo com suas propriedades imunolégicas e fisico-quimicas. As IgG, IgD e IgE sdo
formadas por quadro cadeias polipepticas e IgA por duas e IgM geralmente por cinco.
(JEFFERIS, 2009). Nessa tese, foram utilizadas Igs da classe 1gG.

As 1gG, como todas as proteinas, apresentam uma estrutura primaria
(compostas por sequéncia de aminoacidos), estrutura secundaria (formada pelo
enovelamento das cadeias polipeptidicas em a-helice ou p-folha), estrutura terciaria
(estrutura tridimensional) e estrutura quaternaria (estrutura tridimensional formada por
varias cadeias polipeptidicas). Sua estrutura tridimensional em morfologia de Y é
composta pela unido através de pontes dissulfeto e interagdes ndo-covalentes entre
duas cadeias polipeptidicas pesadas idénticas (Mw: 50.000 g/mol cada) e duas
cadeias leves (Mw: 25.000 g/mol cada) (BRADEN e POLJAK, 1995). As regides amino
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terminais das cadeias polipeptidicas apresentam maior variagdo na composicao dos
aminoacidos e as mesmas sao denominadas como regides variaveis, onde as outras
regides apresentam menor variagao e sao denominadas como regides constantes. A
composicdo de aminoacidos presente na regido varidvel € a que determina a
seletividade dos IgG com seu antigeno (PEAKMAN et al., 2009). O ponto especifico
do antigeno que interage diretamente com a regido variavel do anticorpo é
denominado de epitopo. A ligagdo antigeno-anticorpo, embora muito forte, € reversivel
principalmente em pH baixo (entre 2-3 dependendo do anticorpo) e forte forga iGnica
(PEAKMAN et al., 2009).

Imobilizacao de anticorpos em filmes celulésicos

Ligacbes covalentes sdo realizadas, principalmente, através de grupos
nucleofilicos e eletrofilicos. Um grupo nucledfilo consiste de um atomo que contém um
par de elétrons desemparelhados ou um excesso de elétrons livres disponiveis para
doar um par de elétrons para um grupo eletrofilico (RITCHIE, 1972). A ordem relativa
de nucleofilicidade da maioria dos grupos de biomateriais pode ser representada por:
R-S™ > R-NH2> R-COO™ = R-O™ >> -OH (RITCHIE, 1972).

A superficie de materiais celulésicos contém grandes quantidades de grupos -
OH, os quais podem ser explorados para realizar a imobilizacdo de proteinas.
Entretanto, as proteinas apresentam em sua superficie uma grande quantidade de
grupos R-NHz (BORDO; ARGOS, 1991). A imobilizacdo covalente de proteinas na
superficie celulésica através de seus grupos -OH pode ser realizada através de um
tratamento por diferentes reacfes quimicas, como por carbonildiimidazol (STOLLNER
et al., 2002), epoxi (YOU et al., 1995) e oxidacéo por periodato (VAN LEEMPUTTEN
e HORISBERGER, 1974). Entretanto, todos esses tratamentos citados necessitam de
um ultimo passo de ativacdo em um solvente ndo polar. Esse problema pode ser
contornado ao realizar a imobilizacdo por grupos R-COO- (AROLA et al., 2012).
Porém, a ligacdo covalente de R-COO™ ndo ocorre espontaneamente em agua, devido
a baixa nucleofilicidade desses grupos em agua (HERMANSON, 2008).

Para realizar a imobilizacdo de moléculas proteicas a grupos R-COO" sao

geralmente utilizadas estratégias a fim de ativa-los, como a reacao pelos reagentes 1-



32

etil-3-(3-dimetilaminopropil) carbodiimida (EDC) (GRABAREK e GERGELY, 1990). O
EDC reage com os grupos R-COO" e adiciona um grupo intermediario O-acilureia, que
é facilmente substituido por um ataque nucleofilico de uma molécula contendo um
grupo R-NH:z (Figura 12).

Molécula contendo grupos ~ Ylolécula contendo grupo
JR-COO R-I\HZ Cfl
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FIGURA 12 — ESQUEMA DE ATIVACAO POR SOLUCAO DE EDC+NHS DA SUPERFICIE
COM INTERFACE R-COO- PARA IMOBILIZACAO COVALENTE DE
MOLECULAS COM INTERFACE R-NHz2. CAMINHOS ALTERNATIVOS DA
REACAO (SEM ADICAO DE NHS) SEM A UTILIZACAO DE NHS ESTAO

ILUSTRADOS.
FONTE: Adaptado de Orelma (2012).

Porém, o grupo O-acilisoureia formado é instavel e sofre hidrolise rapidamente
em meio aquoso, sendo liberado no meio antes de sofrer o ataque nucleofilico por R-
NHz (RITCHIE, 1972). Assim, a hidrélise da O-acilisouréia pode ser prevenida
adicionando a reacéo o reagente N-hidroxilsuccinimida (NHS), o qual substitui o grupo
por um grupo amina reativo de éster de NHS (PALAZON et al., 2014). Esse grupo de
éster de NHS é mais estavel em meio aquoso e gera maiores rendimentos na
imobilizagéo de moléculas proteicas. Recentemente, Palazon et al. (2014) realizaram
uma nova otimizacdo de imobilizacdo de moléculas contendo grupos R-NH2 em
superficies com grupos R-COOr, através da reacdo de ativagdo por EDC+NHS. Foi

determinado que o meio de EDC+NHS, em pH < 5, é crucial para determinar o maior
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rendimento da reacdo, e a utilizacdo de um meio tampdo como acetato de soédio

(NaOAc) é recomendavel para essa reacao.

3.7 DENGUE

Os virus da dengue (DENV) sdo arborvirus, classificados no género Flavivirus.
Sédo divididos em quatro principais tipos: DENV-1, DENV-2, DENV-3 e DENV-4,
numeracédo dada pelo nimero de antigenos que os virus tém em comum (DARWISH
et al., 2015). Uma pessoa € infectada por DENV por picadas de mosquitos do género
Aedes, o0 qual picou uma pessoa ou animal infectado. Uma pessoa que é infectada
por um tipo de dengue adquire imunidade somente ao tipo infectado, e apresenta uma
imunidade cruzada de curta duragéo contra outro sorotipo (DARWISH et al., 2015). A
infeccdo por dengue é classificada pela Organiza¢cdo Mundial da Saude (2016) em
dengue (D), dengue hemorragica (DH) e sindrome do choque da dengue (DSH),
sendo DH e DSH dado a complicagBes mais severas por reinfec¢des por outros tipos
virais (DARWISH et al., 2015).

Estruturalmente, os DENV apresentam envelope viral com morfologia esférica
(50 nm de didmetro) e possuem uma Unica sequéncia de RNA de aproximadamente
11.000 nucleotideos com apenas uma janela de leitura. A sequéncia na célula
infectada é traduzida em uma Unica poliproteina precursora que € composta da
seguinte sequéncia NH2-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH.
Inicialmente, procedimentos proteoliticos pds e co-traducionais geraram trés proteinas
estruturais que compde o virus (C, prM e E). O nucleocapsideo que envelopa o RNA
viral é formado pela proteina C e €, em seguida, envelopado por uma bicamada
lipidica, e pelas proteinas prM e proteina E. O restante das proteinas, sdo proteinas
nao estruturais e sdo essenciais para a replicagcdo, montagem e protecao contra o
sistema imunoldgico. As proteinas NS2A a NS5 séo produzidas no citoplasma para
auxiliar na sintese do RNA viral. A proteina NS1, entretanto, é sintetizada no reticulo
endoplasmatico, e sua fungéo ainda é foco de debate, embora seja conhecido que
pequenas mutacdes nessa proteina levem a inibicdo da sintese do RNA viral, sendo

uma proteina altamente conservada entre os quatro sorotipos (DARWISH et al., 2015).
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Diagnostico de dengue utilizando métodos convencionais e biossensores

Atualmente, os principais métodos disponiveis para o diagndstico da infeccdo
pelo DENV séo o isolamento viral, a deteccéo por técnica de ELISA de IgM e IgG, a
reacdo em cadeia da polimerase em tempo real (RT-PCR) e a imunocromatografia
(PARKASH e SHUEB, 2015). Embora essas técnicas apresentem excelente preciséo,
as limitacbes como alto custo, necessidade de mao de obra altamente qualificada e
elevado tempo de analise, o diagnéstico de pacientes em estagio inicial pés-infeccéo
ainda representa um desafio (PARKASH e SHUEB, 2015). Assim, o desenvolvimento
de métodos mais baratos e portateis como biossensores e testes rapidos sao uma
prioridade para paises afetados. Uma breve linha de tempo referente aos diferentes

meétodos propostos para o diagndstico da dengue esta ilustrada a seguir (Figura 13).

‘ LINHA DE TEMPO DE DESENVOLVIMENTO DE TECNOLOGIAS J

Desenvolvimento de biosensores
Cultura e isolamento viral ‘ PCR foi desenvolvido } “label-free” (QCM, SPR, EIS) para
Desenvolvimento das técnicas deteccdo de patégenos microbianos e
Microarranjo IFA e moléculas bioldticas
: Proposta de sistema
expressdo genética langado ) = o
microfluidicos

ELISA foi estabelecido I ‘
i

identificou perfil da passo foi 1

ELISA foi aplicado para
deteccdo de anticorpos

Isolamento viral

|

da dengue Microarranjo
detectou e identificou i -
‘ PCR usado para serotipagem z Biosensores
virus da dengue “label free”
LFA rapido foi usado (QCM, SPR, EIS)
para diagnosticar A 4
infeccdo por dengue Sistemas microfuidicos
para deteccdo por RNA

‘ APLICACAO DE TECNOLOGIAS DESENVOLVIDAS PARA DENGUE

FIGURA 13 — CRONOLOGIA DA HISTORIA SOBRE O DIAGNOSTICO DA DENGUE.
ABREVIACOES: ELISA: ENSAIO IMUNOABSORVENTE DE ENZIMA-
LIGADA, DO INGLES ENZYME-LINKED IMMUNOSORBENT ASSAY; PCR:
REACAO EM CADEIA DA POLIMERASE, DO INGLES POLYMERASE CHAIN
REACTION; LFA: ENSAIO DE FLUXO LATERAL, DO INGLES LATERAL
FLOW ASSAY; SPR: RESSONANCIA PLASMONICA DE SUPERFICIE, DO
INGLES SURFACE PLASMON RESONANCE; EIS: ESPECTROSCOPIA DE
IMPENDANCIA ELETROQUIMICA, DO INGLES ELECTROCHEMICAL
IMPEDANCE SPECTROSCOPY. QCM: MICROBALANCA DE CRISTAL DE
QUARTZO, DO INGLES QUARTZ CRYSTAL MICROBALANCE
FONTE: Adaptado de Zhang et al. (2015).



35

Existem diferentes marcadores que podem ser utilizados para a deteccao do
DENV. Entre eles, esta a proteina NS1 que vem sendo utilizada principalmente como
uma promissora estratégia para deteccdo da dengue. Por ser altamente conservada
e presente nos 4 sorotipos da dengue, a deteccdo da NS1 pode ser utilizada para o
diagnoéstico de todos os sorotipos. Além disso, a NS1 pode ser empregada para o
diagndstico desde o primeiro dia de infeccdo, em primeira e mesmo em uma segunda
infeccdo. Diferentes técnicas para imobilizacdo de sondas contra o NS1 em diferentes
superficies estdo atualmente em desenvolvimento e estudo. Ainda existe uma grande
necessidade de melhorar a superficie desses suportes, com a introducdo de
grupamentos funcionais que possam facilitar a imobilizacdo dessas sondas ou
aumentar a area superficial para um melhor reconhecimento (PARKASH e SHUEB,
2015). Assim, tendo como objetivo facilitar o diagnéstico precoce de DENV, torna-se

imprescindivel o desenvolvimento de novos biossensores.

Biossensores piezoelétricos para dengue

A ideia da utilizacdo da técnica de QCM para diagnostico de dengue nédo € algo
novo. Su et al. (2003) demonstraram, inicialmente, a utilizacdo de simples QCM para
deteccdo dos antigenos NS1. Nesse estudo verificaram que esse imunossensor foi
capaz de ampliar em 100 vezes a sensibilidade da técnica em relacdo aos métodos
classicos de deteccdo como o ELISA em um tempo reduzido de aproximadamente
trinta minutos de ensaio.

Mais tarde, outro grupo de pesquisadores de forma similar, imobilizaram
anticorpos especificos para reconhecimento dos antigenos da proteina E e NS1 de
dengue (WU et al., 2005). Entretanto, nesse estudo, conseguiram verificar a deteccao
nao somente com antigenos purificados, mas também em amostras reais. Em
tentativas de resolverem problemas de interferéncias causadas por amostras
complexas como 0 soro sanguineo humano, realizaram um pré-tratamento do soro
com colunas de gel de azul de cibacron 3GA, com a finalidade de remover
parcialmente albumina do soro. Com essa estratégia, conseguiram reduzir a
necessidade de diluicdo do soro em dez vezes, comparativamente sem a utilizacao

do pré-tratamento. Mais tarde, foi utilizada uma nova técnica de desenvolvimento de
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biossensores, com receptores artificiais moldados em forma de filme com altissima
especificidade de reconhecimento ao antigeno NS1 (DIAS et al.,, 2013). Nessa
superficie foi possivel detectar o NS1 sem a necessidade de diluicdo do soro
sanguineo, com um limite de deteccdo entre 1 a 10 pug.mL™*. A sonda artificial € uma
alternativa a imobilizacdo de anticorpos, entretanto com maior custo. Em outro estudo,
foi avaliada a imobilizacdo de duas diferentes sondas a base oligonucleotideos em
superficie de ouro. Uma das sondas apresentava funcdo de amplificacdo de bases
oligonucleotideos especificas de dengue e a outra sonda realizava a deteccao através
de oscilacédo na frequéncia no QCM (RAI et al., 2012).

A utilizacdo de QCM como biossensor para diagndstico ainda esta em
desenvolvimento, apresentando problemas, principalmente, em relagdo a
especificidade e seletividade em amostras complexas. Mas, essa técnica representa

vantagens como baixissimo custo, facil operacéo, rapida deteccéo e portabilidade.

3.8 PRINCIPAIS TECNICAS PARA CARACTERIZAR BIOPOLIMEROS E/OU
BIOSSENSORES

Microbalanca de cristal de quartzo

O efeito piezoelétrico de alguns materiais, descoberto no inicio do século 19,
onde os fisicos Jacques Curie e Pierre Currie verificaram que cristais anisotropicos e
sem um centro de simetria possuem a capacidade de formar um dipolo elétrico através
de forcas mecanicas. Esse efeito, conhecido como piezeletricidade também é valido
para o estimulo reverso, onde os cristais podem apresentar oscilagdo mecanica
repetitiva através da aplicacdo de voltagem oscilatéria ao material. O ciclo de
oscilacéo repetitivo foi, inicialmente, empregado para o desenvolvimento de reldgios
de altissima precisdo para navegacdo maritima. Entretanto, a oscilacdo gerada era
extremamente sensivel a estimulos externos, o qual mesmo massas na ordem de
ng.cm2 modificavam a frequéncia. Foi verificado, que era possivel calcular
indiretamente a massa depositada na superficie dos cristais piezoelétricos, e, ja no

inicio do século 20, esse efeito comegou a ser utilizado em diferentes aplicagbes
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tecnoldgicas (ex. interacdo entre moléculas, construcdo de filmes em nivel molecular,
biossensores) (JOHANNSMANN, 2015).

Entre os diferentes equipamentos que podem ser utilizados para construgao de
biossensores piezoelétricos, as microbalancas de cristal de quartzo (QCM) séo as
mais utilizadas devido a seu baixo custo, pois pode ser produzida em escala industrial
e ser acessivel a aquisicdo (JOHANNSMANN, 2015).

A técnica de QCM permite acompanhar mudancas de adsorcdo/dessor¢cao de
massa em tempo real com altissima sensibilidade (ng.cm?) e, no caso do QCM-D,
obter informacdes a respeito de propriedades viscoelasticas da superficie dos filmes
(Figura 14).

retransmissao do pulso

- )

monitoramento
de perturbacoes

na frequéncia (Af @ Cklsml-wele_c"‘io Fonte de energia
em Hz) e y \ 0

dissipacio de /

energia

(AD em E-6).

*QCM (frequéncia)
*QCM-D (frequéncia e dissipacio de
energia . _—

FIGURA 14 — PRINCIPIO BASICO DE FUNCIONAMENTO DE MICROBALANCA DE
CRISTAL DE QUARTZO COM (QCM-D) E SEM MONITORAMENTO DE
DISSIPACAO DE ENERGIA (QCM).
FONTE: Adaptado de Johannsmann (2015).

O procedimento de medida se baseia em monitorar mudancas na oscilagéo de
frequéncia de ressonancia (Af em Hz) de um cristal de quartzo piezoelétrico e, no caso
do QCM-D, na perturbagéo da dissipagdo de energia (AD em E-¢) (JOHANNSMANN,
2015). As alteracdes nesses dois valores (Af e AD) estdo em fungéo do aumento e
diminuicdo de massa adsorvida e mudancas nas propriedades viscoelasticas sobre a
superficie do cristal, respectivamente (Figura 15).

A massa adsorvida na superficie (Am), para camadas rigidas é proporcional a
perturbacdes na frequéncia de ressonancia do cristal, de acordo com a equacéo de
Sauerbrey (SAUERBREY, 1959):
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Onde, C € uma constante relacionada a sensibilidade do dispositivo (17,7 ng.
Hz! para um cristal de quartzo de 5 MHz), e n é o nimero do harménico. Entretanto,
essa equacao sO é valida para camadas distribuidas homogeneamente sobre a

superficie e se a camada adsorvida € pequena comparada a massa do cristal.
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FIGURA 15 — EXEMPLIFICACAO DE MUDANCAS NOS VALORES DA FREQUENCIA E NA
DISSIPACAO DE ENERGIA EM FUNCAO DAS MUDANCAS DE MASSAS.
(A) PERTURBACOES NA FREQUENCIA DE RESSONANCIA DO CRISTAL
(AF) EM FUNCAO DE ALTERACAO DE MASSA SOBRE A SUPERFICIE. (B)
PERTURBAGCAO NA FREQUENCIA DE RESSONANCIA DO CRISTAL APOS
RETIRAR A VOLTAGEM, OU PERTURBACAO NA DISSIPACAO DE
ENERGIA (AD) EM MATERIAIS COM DIFERENTES VISCOELASTICIDADES.
FONTE: Adaptado de Johannsmann (2015).

Para camadas que demonstram comportamentos viscoelasticos, a equacao de
Sauerbrey (SAUERBREY, 1959) pode gerar valores de massa superestimados. A
dissipagéo de energia se baseia no perfil de decaimento em funcdo do tempo da
frequéncia de ressonancia apOs realizar um breve desligamento do gerador
piezoelétrico do equipamento. Materiais com alta viscoelasticidade terdo uma maior
dissipacdo de energia comparativamente a materiais mais rigidos. A dissipacédo de

energia pode ser calculada a partir da seguinte equacao:

E;;
D = diss
2m Earmaz
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Onde, Ediss € a energia dissipada durante um ciclo de oscilagdo e Eamaz € a
energia total armazenada pelo sistema.

Para a determinacéo real de massas adsorvidas em sistema viscoelasticos o
modelo de Johansmann pode ser utilizado, o qual basicamente é uma extenséo da
equacdo de Sauerbrey (SAUERBREY, 1959) onde o0s coeficientes de

viscoelasticidades sao incluidos:

f3p3d3

3

1
8f~ —f, ——— (fpd +](f)

T/ Pqtq

Onde, of é a perturbacéao na frequéncia, fo € a frequéncia fundamente do cristal

)

piezoelétrico em ar, f é a frequéncia de ressonancia em contato com o meio liquido, d
€ a espessura do filme, J(f) € o comprimento de cisalhamento e p é a densidade do
fluido. pq Hg S@0 a densidade e o médulo de cisalhamento do quartzo, respectivamente.
Se a massa equivalente (m*) é introduzida na equacgédo, é possivel simplifica-la em

uma equacao mais pratica:

m*z_\/P—quﬁ_f

2, f

Assim € possivel obter:

f2pd?
3

m = (1 +](

A verdadeira massa (mo) pode ser calculada assumindo que J(f) é
independente da frequéncia. Dessa forma, mo pode ser obtida através de um gréafico

do intercepto de m* versus o quadrado da frequéncia de ressonancia (f2).
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Microscopia de forca atbmica

A técnica de microscopia de forca atdmica (AFM, do inglés atomic force
microscopy) € uma técnica na qual através de interacdes (forcas atrativas e repulsivas
como Van der Walls, ibnicas, pontes de hidrogénio), as distancias muito curtas (0,2 a
10 nm) entre a ponta de uma sonda muito fina (feita geralmente por silicio com um
diametro inferior a 10 nm) com a superficie de um material, é possivel obter dados de
areas nanomeétricas que incluem a topografia, a morfologia, e a homogeneidade de
composicao dessa superficie. O AFM foi inventado por Calvin Quate e Cristoph Gerber
em 1986 e se baseia no mesmo principio da técnica de microscopia de tunelamento
(desenvolvida no mesmo ano e premiada pelo prémio Nobel em Fisica), embora a
técnica de microscopia de tunelamento seja limitada somente para materiais bons
condutores (ou semi) de eletricidade (BINNIG e ROHRER, 1987).

A sonda é suportada por um cantilever flexivel, e, na anélise, a ponta da sonda
toca a superficie e o0 AFM registra as interacdes fracas entre a superficie do material

e a sonda. Essas forcas podem ser descritas pela lei de Hooke (RYCHLEWSKI, 1984):

F=-kx

Onde F é forca, k € a constante de mola do cantilever e x é a deflec¢cao gerada
durante a varredura da superficie.

Os componentes basicos do equipamento AFM consistem de uma sonda, um
cantilever, um escéaner, um laser (A = 635,5 nm), um processador de informacdes e

um fotodetector (Figura 16).
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FIGURA 16 —- COMPONENTES BASICOS DO MICROSCOPIO DE FORCA ATOMICA.
FONTE: Dan et al. (2014).

Interagdes entre a ponta-amostra geram oscilagdes horizontais e verticais no
cantilever que sdo acompanhadas em tempo real através do reflexo do laser sobre a
superficie do cantilever no fotodiodo. Existem diferentes formas de realizar “imagens”
da superficie de uma amostra desejada. Esses modos podem fornecer diferentes
informacdes da superficie e sdo dependentes da distancia que a sonda fica da mesma,
durante a andlise. Ha trés principais modos, o modo contato (distancia menor que 0,5
nm), modo contato intermitente (distancia entre 0,5 a 2 nm) e modo nao contato

(distancia entre 0,1 a 10 nm) (Figura 17 E Figura 18).
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Amortecimento pelo filme fluido
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FIGURA 17 - ESQUEMA DE FORCAS PREDOMINANTES ENTRE A PONTA DO
MICROSCOPIO DE FORCA ATOMICA E A SUPERFICIE DA AMOSTRA
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FIGURA 18 — FORCAS E MODOS DE IMAGEM DE MICROSCOPIA DE FORCA ATOMICA
BASEADOS NA DISTANCIA PONTA/AMOSTRA.

FONTE: Fernandes et al. (2011).
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No modo contato (regime repulsivo) se o valor da constante de mola do
cantilever for menor do que da superficie ele ird oscilar. Nesse caso, a forca exercida
sobre a ponta sera repulsiva (Figura 19). A imagem entdo é obtida indiretamente
atraveés das deflexdes geradas no cantilever. Embora o modo contato apresente
algumas vantagens por serem varreduras rapidas, as forcas exercidas sobre a

amostra (se for amostra macia) podem danificar a superficie (OLIVEIRA et al., 2010).

cantilever

caminho da varredura

FIGURA 19 — MODO CONTATO DE VARREDURA POR MICROSCOPIO DE FORCA
ATOMICA.
FONTE: Adaptado de Oliveira et al. (2010).

O modo contato intermitente (Figura 20) é parecido com o modo contato, porém
nesse modo o cantilever é submetido a uma frequéncia de ressonancia constante e a
topografia de imagem é formada através de alteracdes na frequéncia e deflexdo do
laser no fotodiodo. Devido a uma maior distancia que a ponta fica da amostra,
deflexdes horizontais do cantilever sdo menos sensiveis, gerando um alargamento
lateral da imagem real.

O modo contato é, geralmente, utilizado para amostras com estruturas frageis
(polimeros, filmes finos), que podem ser danificadas pela ponta da sonda. Esse modo
apresenta ainda duas outras subdivisdes das imagens obtidas pela varredura. As
imagens de amplitude (ou altura), imagem obtida pelo ajuste verticais da oscila¢cdo do
cantilever; e as imagens de fase, relacionadas a alteragcbes na frequéncia de
ressonancia do cantilever ao varrer a superficie, que estdo relacionadas a

composicdo, homogeneidade, adesao e friccdo da superficie analisada.



44

cantilever

Caminho da varredura

Superficie

FIGURA 20 — MODO CONTATO INTERMITENTE DE VARREDURA POR MICROSCOPIO
DE FORCA ATOMICA.
FONTE: Adaptado de Oliveira et al. (2010).

O modo nao contato (regime atrativo) € baseado no principio que a ponta da
sonda néo toca a superficie da amostra, mas devido a forcas atrativas ele oscila sobre

a superficie (

Figura 21).

— cantilever

caminho da varredura

WY

Superficie

FIGURA 21 — MODO NAO CONTATO DE VARREDURA POR MICROSCOPIO DE FORCA ATOMICA.
FONTE: Adaptado de Oliveira et al. (2010).
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Esse modo é o que menos exerce forcas sobre a superficie, aumenta a vida (til
da sonda e causa menores danos a superficie. Entretanto, varreduras realizadas por
esse modo, devido a maior distancia ponta-amostra sdo menos sensiveis, gerando
imagens com menor resolucdo. Além disso, esse modo é sensivel a quaisquer
contaminantes na superficie (camadas de hidratacdo por H20) e é preferivel sua
realizacdo em atmosfera a vacuo (OLIVEIRA et al., 2010).

Além das imagens utilizadas com base na deconvolugdo do cantilever é
possivel, ainda, obter informagdes relacionadas a viscoelasticidade da superficie da
amostra, assim como mudancas em sua composi¢cdo. A ponta ira interagir
diferentemente em superficies com diferentes composicées, que gerara perturbacées
na frequéncia de ressonancia do cantilever. Através do monitoramento das
perturbacdes na frequéncia & possivel estimar o grau de viscoelasticidade da
superficie, através do angulo de fase formado pela diferenca da resposta na oscilacao
do cantilever com a amostra (Figura 22) (SCOTT; BHUSHAN, 2003).

Durante a varredura de uma superficie pela técnica de AFM, através deflexdo
do cantilever, é possivel obter medidas em relacdo a altura e largura de uma
superficie. Aproveitando-se da capacidade de medir a altura de uma superficie, alguns
pesquisadores conseguiram realizar a medida da espessura de nanofilmes
depositados sobre uma amostra (OLIVEIRA et al., 2010).

Cantilever em ar livre

Resposta do cantilever
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— / |— Material elastico
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Material viscoelastico

FIGURA 22 — DETERMINACAO DE PROPRIEDADES VISCOELASTICAS ATRAVES DE
PERTURBACOES NA OSCILACAO DO CANTILEVER COM A AMOSTRA
(ANGULO DE FASE) PELA TECNICA DE MICROSCOPIA DE FORCA
ATOMICA.
FONTE: Adaptado de Scott e Bhushan (2003).
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Realizando um corte retilineo sobre um nanofilme (Figura 23-A), e medindo a

diferenca de altura entre a regido removida e a superficie do nanofilme (Figura 23-B),

€ possivel obter dados da espessura depositada sobre um substrato (Figura 23-C).
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FIGURA 23 — MEDIDA DE ESPESSURA DE UM NANOFILME ATRAVES DE MEDIDAS DE
VARREDURAS POR MICROSCOPIO DE FORCA ATOMICA. (A) CORTE
REALIZADO SOBRE A SUPERFICIE, (B) (C) MEDIDA DE ALTURA ENTRE A
REGIAO REMOVIDA E A REGIAO INTACTA.
FONTE: Pirich et al. (2015)

A ponta da sonda do AFM, geralmente, é composta por silicio, e as forcas
exercidas entre amostra-ponta sdo causadas pelas interacdes desse material com a
superficie desejada. Em aplicacbes mais sofisticadas, a ponta pode ser funcionalizada
com outras moléculas que apresentem uma alta especificidade e seletividade para
uma outra molécula como, por exemplo, a imobilizacdo de anticorpos sob a superficie
da sonda. Nesse exemplo, a sonda apresentara uma interacdo maior contra um
antigeno especifico (ex. especificos para diagnéstico de alguma doenca, ou de
materiais toxicos em alimentos ou no meio ambiente). A explora¢do de uma superficie
em busca pelo antigeno pode ser acompanhada em tempo real através de valores de
espectroscopia de AFM, e apresentar alta sensibilidade na detec¢cédo e necessitar de

pequenas quantidades de amostra (MAREAU, 2011).

Elipsometria
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Na técnica de elipsometria (AZZAM; BASHARA, 1987) € medida a mudanca do
estado de polarizacdo da luz apds a reflexdo de uma superficie isotropica. Com essas
mudancas, com um elipsémetro, € possivel calcular mudangas na superficie refletora,
como o crescimento de filmes com espessura na escala que pode chegar a angstrons,
dependendo da quantidade de angulos e comprimentos de onda utilizado. O
elipsébmetro é composto basicamente de uma fonte de luz, um polarizador e um

fotodetector da reflexao (Figura 24).

Fonte de Luz
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FIGURA 24 — DEMONSTRACAO DE COMPONENTES BASICOS DE UM ELIPSOMETRO.
FONTE: ADAPTADO DE Ostroff et al. (1998)

Apos a reflexdo da luz polarizada com a superficie isotrOpica ocorre um
deslocamento de fase dos componentes paralelo e perpendicular do plano de
incidéncia. A intensidade da reflexdo é dependente das propriedades 6pticas do
material de base, da espessura e do indice de refracao dos filmes sobre a superficie
do material (OSTROFF et al.,1998).

O aferimento do deslocamento de fase (A) e da amplitude da radiagéao (y) €
feito em relacdo a radiacdo incidente. Os parametros de A e @ sao dependentes do
comprimento de onda da radiagao (A), do angulo de incidéncia (®), da espessura (d)
e do indice de refracdo (n) de um filme isotrépico e refletor. A equacéo que descreve

essa relacdo, que é a fundamental da elipsometria esta ilustrada a seguir:

tane® = f(n,d Ped)
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Pela equacdo acima, da relacdo de Drude e Fresnel, de calculos interativos e das
matrizes de Jones (AZZAM; BASHARA, 1987) é possivel os célculos dos valores de
da espessura (d) e do indice de refracdo (n). Em casos que a espessura dos filmes
possuem valores de ~1 nm ou o contraste Optico néo é suficiente para que os valores
de n,d sejam calculados independentes um do outro, ainda é possivel calcular a
espessura do filme utilizando-se o indice de refracao fixo, utilizando dados de literatura

ou do fabricante.

Difracdo de Raios-X

O fendbmeno de difracdo é definido como o espalhamento da radiacdo
eletromagnética obtido por centros de espalhamento com um arranjo periodico,
apresentando essa, espacamentos com mesma ordem de magnitude do comprimento
de onda da radiac¢do incidente (SMITH, 1981). Um difratbmetro de raios-X € composto
basicamente de uma fonte de emissao de raios-X e um detector giratério em graus

em relacdo a radiacao incidente (Figura 25).

Raio-X incidente
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FIGURA 25 — REPRESENTACAO ESQUEMATICA DE UM DIFRATOMETRO NA
GEOMETRIA BRAGG-BRENTANO.
FONTE: Smith (1981)

Em especifico a radiacao eletromagnética de comprimento de onda de raios-X,
apos ser difratada em uma amostra solida, ela interfere de maneira construtiva e
difrata pela rede cristalina do material.

Avaliando o perfil de difracdo em diferentes angulos de observacgéao, € possivel
obter algumas informagdes do material como: arranjo atbmico e geometria Inter
atdbmica (Figura 26). Essas informacdes podem ser utilizadas para calcular de forma
guantitativa informacgdes a respeito da cristalinidade de materiais, como tamanho dos
cristalitos e/ou indice de cristalinidade do material.

Em meados de 1960, o perfil de difracdo de raio-X para polimeros foi
intensamente estudado, em trabalhos em destaque de Ruland, Farrow e Wakellin
(WLOCHOWICZ; JEZIORNY, 1972). Trabalhos de Ruland resultaram na base de
calculo para interpretar os resultados obtidos pelo difratbmetro de polimeros e foi a
base para o desenvolvimento para determinar de forma quantitativa os valores de

cristalinidade.

—& - - & & L .——+—

FIGURA 26 — ESQUEMA BASICO DA DIFRAGAO DE RAIOS-X EM UM MATERIAL COM
PLANOS CRISTALINO
FONTE: Smith (1981)

Através da relacdo entre as areas dos picos cristalinos e do halo amorfo obtidos

é possivel calcular o indice total de cristalinidade (%C):
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I

%e = G

=) - 100

Onde, Ic é a integracéo dos picos de difracdo; la € a integracéo do halo amorfo;
e K é uma constante de proporcionalidade caracteristica de cada polimero.

Em especifico para celulose Segal et al. (1959) desenvolveram outro método
para o célculo do percentual das regides cristalinas da celulose (%C). O método leva
como base a diferenca da intensidade entre o pico de maior intensidade (Ic + a) e o

pico de menor intensidade (Ic + a) de acordo com equacéao:

[.+a—1;

%c:(
I[.+a

>.100

Potencial zeta

O comportamento de coloides ou nanoparticulas em suspensdo, além das
forcas de van-der Waals, € influenciado por interacdes estéricas e eletrostaticas em
sua superficie. O resultado da somatéria de todas as forcas exercidas sobre essas
particulas, van-der Waals (negativa — atrativa) repulsdo eletrostatica (positiva —
repulsiva), determinard a estabilidade das mesmas em suspensao, de acordo com a
teoria da estabilidade de coloides pelas forcas de van der Waals e as elétricas, mais
conhecida como teoria de DLVO, em referéncia a Derjaguin-Landau e Verwey-
Overbeek, que desenvolverem de forma independente a teoria nos anos 40
(OHSHIMA, 2010).

Além do efeito das forcas repulsivas e atrativas, as particulas sao influenciadas
pela dupla camada formada por ions que a revestem (OHSHIMA, 2010). A primeira
camada é composta por ions que se ligam fortemente a superficie das particulas,
chamada camada de Stern e ao redor dessa camada, a camada difusa, € composta
por ions fracamente atraidos pela camada Stern, que apresentam maior mobilidade
(Figura 27).
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FIGURA 27 — DEMONSTRACAO DA LOCALIZACAO DA DUPLA CAMADA ELETRICA,
CONTENDO CAMADA DE STERN, CAMADA DIFUSA E O PLANO DE
CISALHAMENTO, NO QUAL E AFERIDO O POTENCIAL ELETRICO
(POTENCIAL ZETA)

FONTE: Adaptado de Malvern (2017).

As duas camadas movem-se como se fossem parte da particula em solucéo e
do potencial elétrico formado no plano hidrodindmico. O potencial elétrico (mV),
localizado no plano de cisalhamento entre a camada difusa e a camada de Stern, é
definido como potencial zeta ({) e seus valores estao relacionados principalmente a
estabilidade de coloides e nanoparticulas em solucédo, sendo definido genericamente
um potencial de £ 20 mV para as particulas apresentarem estabilidade minima. Além
disso, é possivel obter-se outras informacdes importantes, como interacées com
outros ions e macromoléculas adicionadas (OHSHIMA, 2010).

Existem varios métodos que podem ser empregados para medir o potencial
zeta, sendo os mais utilizados: eletroforese, potencial de fluxo e instalagbes
ultrassonicas. Na presente tese, foram utilizados os métodos eletroforético por efeito

doppler a laser (artigo 1) e de potencial de fluxo (artigos 2 e 3).
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3.8.1.1 Potencial zeta por método eletroforético por efeito doppler a laser

O método eletroforese por efeito doppler a laser, basicamente, consiste em
aplicar-se uma diferenca de potencial elétrico ao meio liquido e acompanhar o
movimento eletroforético de particulas coloidais carregadas (positivamente ou
negativamente) utilizando um feixe incidente de luz polarizada, e monitorar o

espalhamento de luz das mesmas (Figura 28).

Particula

=,

| Frequéncia de deslocamento !
i do espalhamento de luz na
i migragéo elétrica

FIGURA 28 — ESQUEMA DE METODO DE ELETROFORESE POR FEIXE DE LUZ
POLARIZADA
FONTE: Adaptado de Malvern (2017).

O monitoramento da frequéncia de deslocamento de espalhamento de luz laser
espalhada durante o movimento das particulas causa um efeito doppler, no qual é

possivel calcular o movimento eletroforético aparente pela seguinte equacao.

sen(g)

Av = 2V.n. (T)

Onde, Av € a quantidade do efeito doppler, V € o movimento eletroforético, n €

o indice de refracdo, 6 € o angulo de luz espalhado e A € o comprimento de onda da
laser incidente. O movimento eletroforético real pode ser calculado descontando a
velocidade da eletroosmose. Assim, é possivel calcular-se o movimento eletroforético

(U) pela razédo entre o campo elétrico (E) expressao:
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Partindo-se da premissa que as particulas irdo se mover juntamente com a
dupla camada elétrica em direcdo a carga oposta € possivel calcular o potencial zeta

(¢) pela seguinte equacao:
=41
¢ n(s)

Onde n é a viscosidade do meio e € é a constante dielétrica do meio
3.8.1.2 Potencial zeta por método de potencial de fluxo

O método de potencial de fluxo, semelhantemente ao método de eletroforese,
consiste em aplicar-se uma diferenca de potencial elétrico ao meio, adicionalmente
um fluxo constante € empregado. Entretanto, o potencial zeta nesse caso em
particular, ndo estd relacionado diretamente ao potencial elétrico do plano de
cisalhamento de particulas individuais, mas sim ao potencial elétrico do plano de
cisalhamento do filme, composto de particulas, adsorvido na superficie da porta
amostra. De maneira semelhante, filmes adsorvidos a superficie de materiais
compostos de politetrafluoretileno, formardo uma dupla camada elétrica, semelhante
a observada em particulas individuais. Sob a inducdo de um fluxo constante em
condicdes controladas, é possivel realizar o movimento da camada difusa ao longo da
superficie do filme (Figura 29).

O potencial zeta, através do método de fluxo, pode ser calculado pela seguinte

equacao:
SP =k Av — 7P

Onde, SP é o potencial de fluxo, k € uma constante do equipamento, Av é a velocidade

do fluido e ZP € o potencial zeta.
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Criando potencial zeta por aplicagio de um fluxo constante

Contraions
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FIGURA 29 — ILUSTRAGCAO DE FORMAC;AO DE DUPLA CAMADA ELETRICA SOBRE
FILMES PELA APLICACAO DE UM FLUXO CONSTANTE.
FONTE: Adaptado de Stabino (2017)

Comparativamente a outros métodos Opticos, como o eletroforético, 0 método
de potencial de fluxo apresenta diversas vantagens, como resumidos na TABELA 01,

a sequir:
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TABELA 01 — COMPARACAO DO METODO DE POTENCIAL DE FLUXO EM
RELACAO A METODOS OPTICOS PARA OBTENCAO DO POTENCIAL ZETA.

Potencial Métodos

de fluxo Opticos
Taxa de tamanho de 0,3 nm a Sim N&o
300 um
Particulas grandes e Sim N&o
sedimentares <300um
Carga total e densidade de Sim N&o
carga (absoluta)
Amostras translicidas e opacas Sim N&o
Presenca de bolhas na amostra Sim N&o
Intervalo de temperatura de 0 a Sim N&o

90°C
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4. ARTIGO 1:

4.1 BACTERIAL CELLULOSE NANOCRYSTALS: IMPACT OF THE
SULFATE CONTENT ON THE ADSORPTION WITH XYLOGLUCAN

Cellulose (2015) 22:1773-1787 Fator de impacto: 3,19 Qualis — CB Il: B1

Cleverton Luiz Pirich12, Rilton Alves de Freitas!, Marco Aurelio Woehl!, Guilherme

Fadel Picheth?, Denise F.S. Petri® and Maria Rita Sierakowskil*

ABSTRACT

Cellulose crystals produced from cellulose hydrolysis with sulfuric acid carry sulfate
groups on the surface and are mainly used to study interactions with xyloglucan,
mimetize cell wall enzymatic processes (e.g., to produce biofuels) and develop novel
biocomposites (e.g., paper industry, biomedical devices). In this work, the adsorption
behavior of a commercial XG from Tamarindus indica seeds on layers of bacterial
cellulose nanocrystals (BCN) with sulfate content and zeta potential ({) values of 0%
SOgs, using only HCI (C -4.8 mV); 0.42% SOs', using a mix of HCl and H2SO4 (¢ -39.6
mV); and 0.65% SOs", using only H2SO4 (¢ -45.6 mV), was investigated by several
techniques (Langmuir isotherms, atomic force microscopy, contact angle, dynamic
light scattering, ellipsometry and quartz crystal microbalance measurements). The
adsorption experiments in water suspension and layer by layer (LbL) suggest that high
sulfate substitution on BCN surface (0.65% SOs3’) impairs the original interaction with
XG, resulting in lower maximum adsorbed amount (Qmax) of XG on BCN and
unstable deposited layers with desorption. Therefore, 0.42% SO3" did not significantly
impair XG adsorption, and the greater colloidal stability than 0% SOz resulted in higher
XG mass adsorption in water suspension and thin films with lower roughness,
thickness and without desorption. This is the first report of the effect of sulfur content
on BCN surface related to XG adsorption. The results presented here might be useful
for the development of more stable cellulose-xyloglucan based biocomposites, which
can extend and enhance applicability of BCN as reinforcement or even lead to

discovery of novel functions.

Keywords: coating, bacterial cellulose nanocrystals, xyloglucan, sulfate, thin films.
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Introduction

The development of environmentally friendly and sustainable materials is of
great interest for industrial and scientific applications due to the use of materials from
renewable sources. Among the potential candidates for biomedical devices, the
combined use of cellulose and xyloglucan (XG) has great advantages due to their low
toxicity, abundance in nature, easy chemical functionalization, good mechanical
performance and strong chemical interaction (SHIRAKAWA et al., 1998; ZHOU et al.,
2007; KARAASLAN et al., 2011; KUMMERER et al., 2011). The high affinity between
cellulose and XG is mainly due to the high content of hydrogen bonds between the
similar backbone structures of these polysaccharides (D-anhydroglucopyranose
chains bonded through B-(1—4) linkages) and hydrophobic interactions (MORRIS et
al., 2004). Additionally, XG backbone is partially substituted with a-D-Xyl side-chains
at the O-6 atoms and, depending on the source, the side-chains can be composed of
B-D-Gal-1,2-a-D-Xyl, a-L-Fuc-1,2-B-D-Gal-1,2-a-D-Xyl (MCNEIL et al., 1984; FRY,
1989; HAYASHI, 1989; CARPITA; GIBEAUT, 1993), or more complex chains (YORK
et al., 1996; HANTUS et al., 1997; JIA et al., 2003; FREITAS et al., 2005).

In nature, cellulose and XG are found in plant cell walls associated in a
supramolecular structure, which is the main factor promoting resistance and
viscoelasticity in woods (MELLEROWICZ et al., 2008). In order to simulate and
enhance those properties, is preferred to using only the crystal domains of cellulose
than intact cellulose (composed both of amorphous and crystalline zones). When
isolated, the crystals exhibit increased crystallinity index (up to 10%) and elasticity
(Young’s modulus up t0100 GPa) in comparison to intact cellulose (IGUCHI et al.,
2000; HSIEH et al., 2008). Indeed, several authors have reported that the interaction
between cellulose crystals and XG improves colloidal and thermal stability, extensibility
and Young’s modulus of the resultant biocomposite (WHITNEY et al., 1999; LIMA et
al., 2004; JEAN et al., 2009; CERCLIER et al., 2010; LOPEZ et al., 2010; ERONEN et
al.,, 2011; SOUZA et al., 2013). Furthermore, XG subunits like galactose can be
selectively modified to obtain substances with new applications, such as substrates for
peptide-immobilization, anticoagulant and antithrombotic agents (DOLISKA et al.,
2012; PARIKKA et al., 2012).

The crystalline domains of cellulose can be isolated by several chemical,

mechanical and/or enzymatic treatments, to generate materials with distinct properties
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(dimensions, morphology, crystallinity and surface chemical substitution), which in turn
can affect XG adsorption (FILSON et al., 2009; KALASHNIKOVA et al., 2011;
MARTINEZ-SANZ et al., 2011). Sulfuric acid hydrolysis is the most common technique
because it creates cellulose crystals that are dispersible in water due to the small
number of sulfate ester groups introduced on its surface during hydrolysis (RANBY et
al., 1949).

The use of sulfuric acid is due to simplicity, lower cost and, notably, obtainment
of particles with high colloidal stability. In such reaction, the hydronium ions penetrate
the cellulose’s amorphous domains, promoting the hydrolytic cleavage of the glycosidic
bonds and releasing individual crystallites. In this process, sulfate groups are randomly
distributed on the cellulose surface (MARCHESSAULT et al., 1959; DONG et al.,
1998). Under optimized conditions, crystals with controlled polydispersity and high
amounts of sulfate groups can be obtained (BONDESON et al., 2006; MARTINEZ-
SANZ et al., 2011; LIN; DUFRESNE, 2014).

Besides the improvement of colloidal stability through sulfate esterification on
cellulose crystals, the sulfate introduction results in products with poor thermal stability
(maximum degradation temperature (Tmax) of 250 °C), which prevents using these
crystals to make products through several melt processing techniques, such as
injection molding, twin-screw compounding and extrusion (BONDESON et al., 2006;
BEN AZOUZ et al., 2011).

LOPEZ et al. (2010) demonstrated that very low sulfate content (< 0.033 %) on
the cellulose crystals surface shows no significant impact on XG adsorption, although
sulfated cellulose crystals exhibited slightly lower adsorption when compared to
desulfated. However, in order to obtain cellulose crystals with minimum colloidal
stability and/or a narrow size distribution, several authors have used sulfuric hydrolysis
under more drastic conditions (longer time, higher temperatures or acid concentration),
yielding up to 0.2% of sulfate content (BONDESON et al., 2006; MARTINEZ-SANZ et
al., 2011; LIN; DUFRESNE, 2014). Moreover, other properties of cellulose crystals
(e.g., size distribution, morphology and crystallinity) can significantly alter the
adsorption to XG (ZHAO et al., 2014). Even adsorption conditions like polymer critical
concentration or production by spin-coating, solvent-casting and spraying techniques
could engender different adsorption forces, e.g. centrifugal force (CERCLIER et al.,
2010).
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In this study, the influence of sulfate esterification levels on cellulose crystals of
bacterial cellulose (BCN) was evaluated and related with the XG adsorption in solution.
We also investigated, in the same manner, the development of a self-assembly system
composed of single or multiple layers, deposited by the layer-by-layer (LbL) technique
(ILER, 1966). To the best of our knowledge, there are no studies that have evaluated
the impact of high sulfate content (>0.1 %) on BCN surface in respect to XG adsorption.
The results presented here can be important for the development of novel
biocomposites based on these two biopolymers. Especially in aqueous systems, where
sulfate groups play an important role for colloidal stability due to the electrostatic
repulsion, the results could enable more efficient self-assembly BCN-XG particles,
which could be applied in different areas, such as improvement of cellulose surface
capability to immobilize biomolecules and biossensor build-up and for emulsion

stabilization (e.g., Pickering emulsions).
Materials and Methods

Materials

Pieces of dried bacterial cellulose (BC) sheets were kindly provided by
Membracel® Produtos Tecnoldgicos Ltda. (Almirante Tamandaré, Parand, Brazil).
Xyloglucan (XG) from T. indica seeds (Balasanka Mills, India) was purified and
characterized according to the method described by JO et al. (2010), where the
average molar mass (Mw) was determined as 653,000 g.mol-(value corresponds to
molecularly dispersed chains instead of aggregates), Glc:Xyl:Gal ratios were 2.8:2.3:1
and critical concentration value was 1.38 mg.mL*. H2SO4 (95-98% w/w - Sigma
Aldrich®) and HCI (37% w/w - Merck) were used for BC hydrolysis to obtain BCN.
Polyethyleneimine (PEI) (Polymin® SNA) was used as the anchoring substrate in the
LbL assays. Ultrapure water (18.2 MQ, Millipore Milli-Q purification system) was used
to prepare aqueous BC and BCN suspensions and XG and PEI solutions.
Pretreatment of bacterial cellulose

Pieces of dried bacterial cellulose sheets were suspended in water using a
mechanical mixer (Philips-Walita, 400 W) and were then ground in a Supermass colloid
mill (Masuko Sangyo MKCAG6-2). After mechanical treatment, each sample (1 mg.mL"

1) was submitted to ultrasound in an ice bath for 60 min using an ultrasonic processor
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(Sonics VCX 750 at 20 kHz). Thus one drop of CHCIs per 250 mL was added to the
suspension for storage and kept at 4 °C until use (KALASHNIKOVA et al., 2011) .
Obtaining bacterial cellulose nanocrystals (BCN)

The pretreated cellulose suspension was submitted to acid hydrolysis under
three different conditions (all 8 mg.mL™). For the sulfate-free sample (BCN-HCI), HCI
(4 mol.LY) was used at 80 °C for 120 min. (YU et al., 2013); for the moderate sulfate
content sample (BCN-HCI/H2SO4), a mixture composed of H20:H2SO4:HCI in a
proportion of 6:2.5:1.5 (v/v) was used at 60 °C for 120 min (adapted from ZHANG et
al. (2007)); and for the high sulfate content sample (BCN-H2S04), H2SO4 (5.2 mol.L™?)
was used at 50 °C for 120 min. (MARTINEZ-SANZ et al., 2011). All the suspensions
were rinsed with ultrapure water using repeated centrifuge cycles of 10 min at 10,000
g (Sigma 4K15), i.e., the supernatant was removed from the sediment and replaced by
fresh ultrapure water and mixed. The centrifuge step was stopped at pH >4, when the
supernatant became turbid. The supernatant was dialyzed against ultrapure water to
remove any remaining free acid until the collecting medium water reached the same
conductivity as the ultrapure water. Afterward, the dispersions were sonicated
(Ultracleaner 1650A) for 10 minutes and stored at 4 °C with one drop of CHCIs per 250
mL (KALASHNIKOVA et al., 2011).

Sulfur content of the BCN samples

Elemental analysis of sulfur on the lyophilized BCN powder samples (10 mg)
was performed by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) using a Spectro spectroscope (Spectro Analytical Instruments GmbH, Germany).
The atomic emission intensity of sulfur in each sample (10mg, in triplicate), after
concentrated nitric acid digestion, was detected (wavelength of 180.7 nm) and the
sulfate content measured was related to total mass.

X-ray powder diffraction (XRPD) analysis

For the BC and BCN samples suspended in water, the solvents were exchanged
with tert-butanol using a stepwise gradient to minimize recrystallization and change of
the crystallinity index of the cellulose chains (RAMOS et al., 1993; WOEHL et al.,
2010). The last washing step was performed with pure tert-butanol. The fiber
suspension of each sample was centrifuged for 10 min at 10,000 g, and the recovered
fibers were lyophilized in a bench-top freeze-drier (Thermo Electron Corporation). The
XRPD experiments were performed in a Shimadzu XRD 6000 diffractometer operating
at 40 kV and 30 mA with Cu Ka radiation (A = 0.15418 nm). The lyophilized samples
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were positioned on an aluminum sample holder, and measurements were taken to
estimate the crystallinity, as described previously by CHEN et al. (2007). Data were
collected in reflectance mode in the 10-40° 26-range with 0.5°/min. The diffractograms
were fitted with the Gaussian model (Fityk 0.8.0). The crystallinity index (Crl, %) was
calculated using the following method, as described by HERMANS (1946):

Crl (%) = 100 %t (Eq. 1)

where Ac corresponds to the total crystalline area and At is the total area
(amorphous and crystalline) under the diffractograms.
The peaks were also used to estimate the apparent crystal size (ACS), using

Scherrer’s formula according to the following equation:

094

ACS = WM coss (Eqg. 2)

where A is the X-ray wavelength expressed in nm, FWHM is the peak width at
half the maximum height and 8 is the diffraction angle expressed in radians. The form
factor (0.9) is valid for spherical particles, which does not pose a problem because the
results were used only for comparative purposes. To verify the curve resolution
program routine and indexation of diffractograms, they were compared with crystal
information file (.cif) for different cellulose polymorphs from supplementary material of
FRENCH (2014), using the Mercury software (version 3.3). The d spaces between the

crystal planes were determined using Bragg'’s law:
nA=2dsin® (Eq. 3)

where, n is an integral number (1, 2, 3...), and d represents the intersegment
spacing between two polymer chains
Langmuir isotherm analysis of XG adsorption on BCN

The Langmuir isotherm model was applied to adsorptions according to
HAYASHI et al. (1994) and LOPEZ et al. (2010) for native polymeric T. indica XG to
cellulose. Were prepared different incubations, fixing the BCN concentration in solution
at 1 mg.mL* and varying the XG concentration from O to 500 ug.mL* (a different
concentration for each incubation experiment). In order to avoid aggregation between
BCN particles, all BCN solutions were previously sonicated for 10 min, before adding
XG. After incubation with continuous head-over-tail mixing at 25 °C for 30 min, the

blends were centrifuged for 30 min at 13,000 g (Sigma 4K15), and the amount of XG
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unbound to BCN present in the supernatant was quantified by the I2/KI colorimetric
method (KOOIMAN, 1960). The centrifugation was necessary to precipitate all BCN
and BCN bound to XG, whereas unbound XG remained free in solution (adapted from
LIMA; BUCKERIDGE (2001)). The adsorption of XG onto BCN was evaluated following

the Langmuir model:
Q. =T kc. (Eq.4)

where Ce is the amount of XG unbound to BCN quantified in the supernatant
after centrifugation, Qe is the mass (ug) of XG adsorbed per pg of cellulose, and Qmax
and K are the maximum adsorption capacity and the adsorption energy, respectively.
The experimental binding isotherm data were analyzed by the linearized form

of the Langmuir model:

C 1 1
- — +
Qe Qmax K Qmax

.Ce (Eq. 5)

The graph of Ce/Qe vs. Ce provided a linear coefficient 1/Qmax and an angular
coefficient 1/Qmax K.

Dynamic light scattering (DLS) analysis of polysaccharides

The colloidal behavior of BCN particles as time dependent were determine in
solution through average apparent hydrodynamic diameters using a nano DLS laser
light-scattering apparatus from Brookhaven Instruments (Holtsville, New York) at a
fixed angle of 90°. In order to avoid aggregation, and evaluate the colloidal stability in
real time all BCN samples were sonicated for 10 min, before injection. Thus, the
measurement at 632.8 nm was obtained using a 15 mW solid-state He—Ne laser. The
sample results were evaluated by the DLS software (Brookhaven Instruments). All
measurements were performed at 25 °C in triplicate. The values of the intensity
autocorrelation function between the light scattering intensity were correlated with the
Stokes-Einstein equation:

KgT

Dp = ——
h 3tnD

(Eq. 6)

where Dn is the hydrodynamic diameter, kp is the Boltzmann constant, T is the
absolute temperature, n is the viscosity and D is the diffusion coefficient (BERNE;
PECORA, 2000).



63

The Stokes—Einstein equation can be applied only for non-interacting
spherically shaped particles. The Dn of BCN is not expected to be equal either to length
or width of actual particles. It only correlates the average effective particle movement
within a liquid. For this reason, Dn stands for the average apparent hydrodynamic
diameters (Dnapp), Which can be used to a comparative way to evaluate the colloidal
stability.

Zeta potential analysis

The zeta potential () values were measured with a Zetasizer Nano ZS (Malvern
Instruments) based on the LDV technique (Laser Doppler Velocimetry). A DTS 1060c
bucket (clear disposable zeta-cell) was utilized at 25 °C. The instrument measures
electrophoretic light scattering of a 35 mW solid state laser beam at a 660 nm
wavelength. The BCN solutions were prepared at concentrations of 1 mg.mL. All
samples were stabilized inside the device for 30 seconds, and 100 measurements
were collected with confidence intervals of 95%.

Atomic force microscopy

Aqueous dispersions of BCN and of BCN coated with XG were diluted to 125
ug.mL? and spin-coated on a freshly cleaved mica surface and imaged in air by the
tapping mode, as described below, to measure the variation in the dimensions of the
isolated BCN upon XG adsorption.

The AFM images were obtained with an Agilent 5500 microscope (Agilent
Technologies, Santa Clara, CA, USA) using Mikromasch NSC14 silicon tips
(Mikromasch USA, San Jose, CA, USA) with a nominal spring constant of 5.7 N.m™
and a resonance frequency of ~100 kHz. The scanning areas were 2.0 um x 2.0 um,
4.0 um x 4.0 um and 8.0 um x 8.0 um. The images were acquired using Pico Image
software (Agilent Technologies, Santa Clara, CA, USA) and were processed with the
Gwyddion software (Czech Metrology Institute). The dimensions of BCN and of BCN
coated with XG were compared using Student’s t test by assuming a significant
difference if p < 0.01. Absolute width measurements by AFM are not reliable due to
broadening caused by tip convolution, which does not pose a problem here because
the results were used only for comparison to evaluate the adsorption. The apparent
width of the CNCs is larger than the actual value because of AFM tip convolution
(YANG et al., 2001); and the height is not affected by tip broadening, so it can be used
as a parameter to estimate the XG coating thickness.
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The adsorptions of XG on BCN by the LbL technique were determined by the
dipping deposition method with a rinsing step between each polymer deposition step.
The substrate surface was produced as described next. PEI (1 mg.mL) was spin-
coated (2 min at 3,000 rpm) on the freshly cleaved mica surface. Under the same
conditions, BCN and XG solutions (1 mg.mL') were deposited alternately. AFM
images of the PEI, BCN and XG layers were subsequently obtained in a liquid cell with
ultrapure water in tapping mode with an oscillation frequency of ~100 kHz.

For the determination of the film thickness scratches were done on the film
surface using a clean sharp blade and the residues were removed under a stream of
N2 (BLACHECHEN et al., 2012). Then the peak-to-valley distances were measured
by means of Gwyddion software, as shown in the supplementary material (SM4 and
SM5).

Adsorption of XG on BCN analyzed in a real time by a quartz crystal microbalance

The adsorption of the XG on BCN was verified through QCM (SRS, Stanford
research systems). AT-cut platinum crystal quartz of 5 MHz coated with titanium was
cleaned in a piranha solution composed of H20:NH4:H202 (7:1:1, v:v) for 30 min at
75°C in order to produce a anionic TiO2 surface and rinsed with deionized water and
vacuum dried in an oven. The substrate surface was produced on a SiO2 quartz surface
by depositing 1 mL of polycationic PEI solution (1 mg.mL"1) by 15 min followed by spin
coating (40 s — 10 000 rpm) because was previously show that PEI is well-suited to
obtain a uniform coating and, thus, favors subsequent multilayer buildup
(KOLASINSKA; WARSZYNSKI, 2005; JEAN et al., 2008) followed by a similar process
for the all BCN samples layer (1 mg.mL?). Real-time QCM experiments were
performed in a flow cell (SRS) connected to a syringe pump with a 100 pL.mL* flow
rate. The BCN and XG solutions (1 mg.mL™') were injected separately, and the sample
on the substrate was immediately rinsed with ultrapure water between each deposition
of the biopolymer solutions.

Layer by layer deposition and ellipsometry

The alternated deposition of BCN and XG onto PEI coated Si wafers (1 cm X
1cm) was done following the LbL technique. The Si wafers were immersed in a mixture
of NH3 (25% in volume),H202 (30% in volume), and distilled water in the volume ratio
of 1:1:5 and at the temperature of 70 °C during 20 min. Afterward, the wafers were
washed with distilled water and dried by a stream of N2. The Si wafers were modified

by depositing 1 mL of polycationic PEI solution (1 mg.mL"1) by 15 min followed by spin



65

coating (40 s — 10 000 rpm) (KOLASINSKA; WARSZYNSKI, 2005; JEAN et al., 2008)
followed by a similar process for the all BCN samples layer (1 mg.mL™). The next
layers were deposited by dipping in a XG or BCN solutions (1 mg.mL?) for 15 min, with
rinsed process with ultrapure water between each deposition.

Ellipsometric measurements were performed in air using a vertical computer-
controlled DRE-ELO2 ellipsometer (Ratzeburg, Germany) (KOSAKA et al., 2005). The
angle of incidence was set at 70.0° and the wavelength, A, of the He—Ne laser was
632.8 nm. A multilayer model composed of the substrate, the unknown layer and the
surrounding medium was used for data interpretation. The thickness, dx and the
refractive index, nx, of the unknown layer were calculated from the ellipsometric angles,
A and W, using the fundamental ellipsometric equation and iterative calculations with
Jones matrices (AZZAM; BASHARA, 1987):

el tan | = % = (ny, dy, A ) (Eq. 7)

where Rp and Rs are the overall reflection coefficients for the parallel and
perpendicular waves, respectively. These coefficients are functions of the angle of
incidence, ¢; the wavelength, A; the radiation; and the refractive index and thickness
of each layer of the model, which are nx and dx, respectively.

From the ellipsometric angles, A and W and a multilayer model composed of
silicon, silicon dioxide, the polysaccharide layer and air, it was possible to determine
only the thickness of the polysaccharide layer. The thickness of the silicon dioxide
layers was determined in air by assuming a refractive index of 3.88—0.018i and an
infinite thickness for silicon (PALIK, 1985). The refractive index for the surrounding
medium (air) was taken as 1.00. Because the native silicon dioxide layer was notably
thin, its refractive index was taken to be 1.462 (PALIK, 1985). The mean thickness of
the native silicon dioxide layer was 2.0 + 0.2 nm. After determining the thickness of the
silicon dioxide layer, the mean thicknesses of the adsorbed PEI, BCN and XG layers
were determined in air by ellipsometry, considering the refractive index of PEI as 1.46
(IZQUIERDO et al., 2005), BCN as 1.60 (NOGI; YANO, 2008) and XG as 1.50 (JO,
2009).

Contact angle and surface free energy calculations

Contact angle (CA) measurements (DataPhysics OCA 15 Plus tensiometer,

Filderstadt, Germany) were performed for spin-coated films on silicon wafers, using

the sessile drop method with MilliQ water droplets of 3 pL. All measurements were
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conducted at 25 °C. The CA calculations were performed with SCA 20 DataPhysics
software (Filderstadt, Germany). Each CA value was the average of at least three

drops of liquid per surface.
Results and discussion

Characterization of bacterial cellulose pulp and xyloglucan

The dried BC membrane pieces were initially dispersed in ultrapure water,
milled and submitted to ultrasound treatment, resulting in a BC fiber pulp suspension.
These processes were necessary to increase the surface area and enable effective
acid hydrolysis. AFM topographic images (SM1) revealed particle size distributions
ranging from 1 to 10 uym in diameter of the fibers.
Obtainment and characterization of bacterial cellulose nanocrystals

Bacterial cellulose nanocrystals (BCN) were obtained from pulp by three distinct
processes: acid hydrolysis by HCI, H2SO4 and mixed HCI/H2SOa. All products obtained
presented similar crystallinity, morphology and size distribution. According to
compared diffraction patterns obtained from crystal information file (.cif) for different
cellulose polymorphys (FRENCH (2014), the patterns were indexed according to
cellulose la indexation as described by (SUGIYAMA et al., 1991). The peaks used for
crystallinity calculations were assigned to (1 0 0), (0 1 0) ( 112) and (1 1 0)
crystallographic planes, corresponding to diffraction angles of 14.4-, 16.7-, 20.5° and
22.7-, respectively (Fig. 1). Although the strong uniplanarity in 1 1 2 plane is due to the
fact that the cellulose ribbons are preferentially oriented parallel to the film surface
during drying (ELAZZOUZI-HAFRAOQOUI et al., 2007). So they were used for
calculations only for comparative purposes and not pose a problem. The contribution
of the peak at 37.7° of 28 was attributed to the aluminum sample holder and was not
used for calculations of crystallinity. As expected, the pretreatment (mill and
ultrasound) and the hydrolysis of BC caused no alteration in the crystallinity
polymorphy (la) as observed in the XRD pattern. But, without changes in the intensity
of crystalline peaks and d-spaces (WADA et al., 1997; CASTRO et al., 2011; FRENCH,
2014) (Table 1). All BCN samples presented crystalline index (Crl) on average 10%
larger than that observed for BC, in agreement to the results obtained by MARTINEZ-
SANZ et al. (2011). Such increase in Crl corresponds to the decrease in the cellulose

amorphous region after hydrolysis. As shown by the apparent crystalline size (ACS)
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values determined for BCN samples, the hydrolysis processes were specific to the
amorphous regions, as revealed by no significant statistical difference in the crystal
sizes after the process. AFM topographic images (SM2 to SM4) exhibited the typical
whisker aspect ratio with similar size dimensions (BATTISTA, 1950; ARAKI et al.,
1998; SOUZA LIMA; BORSALI, 2004).
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Fig. 1. X-ray diffractograms obtained for the BC and BCN samples.
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Table 1: Zeta (£) potential, sulfur content and x-ray diffraction analysis of pretreated bacterial cellulose pulp
(BC) and cellulose nanocrystals (BCN) obtained by different processes (HCI, H,SO4 and HCI/H2SO4).

Sample z S Crl 100 010 110

(-mV) (%, wiw) (%) ACS/d ACS/d
ACS /d
(nm) (nm)
(nm)

BC n.d n.d 72.3 5.63/0.60 7.49/0.53 5.83/0.39
BCN-HCI 4.8 0 83.2 5.41/0.60 7.21/0.53 5.42/0.39
BCN-H2S04 45.7 0.65 81.8 5.50/0.60 7.33/0.53 5.22/0.39
BCN-HCI/H2S04 39.6 0.42 82.4 5.54/0.60 7.94/0.53 5.32/0.39

¢ : zeta potential;

S: sulfur content

Crl: crystallinity index

n.d: not determined.

ACS: apparent crystalline size. See XRPD method.

d: interplanar distances.

In contrast, the hydrolytic processes produced BCN with different sulfate
contents in the range of 0 to 0.65% (Table 1). Despite the relatively low sulfate degree
produced by this process when compared with the cellulose total mass, those values
represent large functionalization concerning the material’s surface, as already
described by LIN; DUFRESNE (2014). Indeed, these little sulfate content difference
between BCN resulted in distinct colloidal behaviors. As expected the HCI reaction
generated BCN isolated by HCI (devoid of sulfate groups), which was characterized by
zeta-potential near zero. Such low zeta potential value caused poor colloidal stability.
As evidenced in Fig. 2, mean particle size started increasing due to aggregation. In
such situation, the low electrostatic repulsion is overcome by hydrogen bonds and
attractive van der Waals forces (MARCHESSAULT et al., 1959; ARAKI et al., 1998;
JO et al., 2010; WINTER et al., 2010). On the other hand, BC samples hydrolyzed by
H2SO4 or HCI/H2SO4 exhibited zeta-potential values of -46 mV and -40 mV,
respectively, due to the introduction of sulfate groups on the surface. In this case, the
mean particle size during dynamic light scattering analyses did not change (Fig. 2)
because the electrostatic repulsion among the SOs groups on BCN avoided
aggregation and caused high colloidal stability. The relation of sulfate content, zeta
potential and colloidal stability is according to sulfated cellulose nanocrystals described
by LIN; DUFRESNE (2014), and WINTER et al. (2010), in which cellulose nanocrystals
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require at least + 25 mV of charge to achieve effective electrostatic repulsion within
particles, and above this value, due to colloidal stability, increases do not cause a
substantial difference.

Among all characteristics determined for BCN particles, the crystalline index
(Crl) and apparent crystal size (ACS) values and the morphological features were
similar in all of them, except for the contents of SO3” groups on the particles. Therefore,
from here on they will be renamed 0% SO3" (BCN-HCI), 0.42% SOz (BCN-HCI/H2S04)
and 0.65% SOz (BCN-H2S0a4), to facilitate reading.

Influence of BCN sulfate content on xyloglucan adsorption

In order to investigate the adsorption behavior of XG on BCN samples, XG
solutions were prepared in the diluted range or below its critical concentration (<1.38
mg.mL™) (JO et al., 2010). In the more concentrated range, XG aggregation leads to
chain entanglement, resulting in a more disordered and unstable layer adsorbed onto
BCN, as previously observed by CERCLIER et al. (2010).

Thus, the BCN samples with different amounts of sulfate groups produced by a
single modification step were used as supports for the XG adsorption isotherms,
following eq. 4. It is complicated to compare XG adsorption to BCN particles with
distinct colloidal behavior because 0% SOs™ aggregation results in larger BCN particles
with lower surface area than sulfated groups (as seen previously by dynamic light
scattering). Thus, in order to analyze XG adsorption on dispersed BCN patrticles, all
groups were submitted to brief sonication (see dynamic light scattering analysis in
materials and methods section). The Langmuir model was chosen because it is
typically applied to adsorption of XG to cellulose nanocrystals (HAYASHI et al., 1994;
ZYKWINSKA et al., 2008; LOPEZ et al., 2010; GU; CATCHMARK, 2013) and the
statistical measurement of R? approached 1, indicating good fitting results. Results
supported by Lima and Buckeridge (2001) demonstrated adsorption equilibrium
between no sulfated cellulose microcrystals and XG is achieved after just 5 reach to
equilibrium at only 5 min XG adsorption. In order to test this for the present cellulose
nanocrystals, the effect of adsorption time on Qe values was analyzed with a fix XG
and BCN concentration in function of time. Fig. 3A shows the effect of adsorption time
on Qe values for XG at 500 yg mL* and BCN at 1 mg mL. Regardless the BCN type,
adsorption equilibrium was achieved after just 5 minutes, corroborating the XG-
cellulose adsorption behavior observed by Lima and Buckeridge (2001). Desorption

processes were negligible, corroborating previous findings that XG adsorption to
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cellulose is a quasi-irreversible process (SHIRAKAWA et al., 1998; LIMA;
BUCKERIDGE, 2001; LIMA et al., 2004; ZHOU et al., 2007; KARAASLAN et al., 2011;
KUMMERER et al., 2011).
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Fig. 3: (A) Amount of XG unbound to BCN quantified in the supernatant (Ce) after
centrifugation as a function of time. (B) Adsorbed amount of XG per pg of cellulose
(Qe) as a function of Ce. (C) Linearized form of (B). (D) Schematic representation of
XG adsorption on BCN with 0% SOs, 0.42% SOz and 0.65% SOs.

Adsorption isotherms were determined for XG on BCN (1 mg.mL) with
incubation period of 30 minutes, as shown in Fig. 3B. It was only possible to evaluate
adsorption using XG concentrations above of 200 ug.mL™. Below this concentration,
no XG chains could be detected in the supernatant (Qe), indicating that all XG chains
were adsorbed on the BCN surface. On the other hand, between 200 to 500 pug.mL™,
it was possible to achieve different adsorption profiles (Fig. 3B.). The experimental data
were fitted to eq. 5 (Fig 3C.), yielding the fit parameters adsorption constant (K) and

maximum adsorbed amount (Qmax), as presented in Table 2.
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Table 2. Fitting parameters of Langmuir isotherm determined for the adsorption of xyloglucan (XG) on
bacterial cellulose nanoparticles (BCN) 0% SO3", 0.42% SOz and 0.65 % SOz". Mean nanoparticle

height determined by atomic microscopic force measurements.

Sample Qmax K **rrHeight
(Lgxc.Mmgscn™) mg.mL? (nm)

0% -- -- 8.98+1.7
+XG 235+6 0.119+£0.04 14.2+2.1
0.65% - - 0.21+£26
+XG 211+ 2 0.032 £0.01 15.2+2.1
0.42% - - 89+22
+XG 275+ 6 0.0304 + 0.006 13.9+29

ik (n< 0.01)

The initial results suggest that the introduction of sulfate groups on the BCN
surface could influence the Qmax. Based on analysis of these results with the BCN
colloidal behavior, the lower Qmax value (0% SOs" instead of 0.42% SO3) is probably
due the aggregation between the non-sulfated BCN particles. On the other hand, the
0.65% SOs3 even though not showing aggregation of the particles, presented the lowest
Qmax, the OSOs"introduction probably interferes in the original interaction between OH
groups of the native glycosidic backbones. Based on these results, we can speculate
that 0% SOs had lower Qmax (than 0.42%S0s3") because these BCN particles adsorb
with each other and also with XG, as opposed to sulfated BCN, in which the particles
have electrostatic repulsion, resulting in preferred adsorption to XG.

Therefore, the introduction of OSOs on the BCN surface appears to benefit the
XG adsorption only by increasing the BCN surface area available to interact with XG.
Despite the colloidal stability and Qmax, the higher K value of the 0% SOssuggests that
introduction of OSO3" diminishes the affinity to XG, corroborating the hypothesis that
OSOs introduction improves Qmax due only to the better colloidal stability of sulfated
BCN particles. These findings corroborate the idea that the interaction between
cellulose and XG is mainly due to the high content of hydrogen bonds (OH-OH)
between the similar backbone structures of these polysaccharides (MORRIS et al.,
2004). A schematic representation of the probable effects of the BCN sulfur content on

adsorption to XG is presented in Fig 3D.
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BCN colloidal behavior in water

W%504) (42550, 65550,
Representative surface
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%50, 042550, (LEERE0,)

Fig. 3 Schematic representation of XG adsorption on BCN-HCI, BCN-HCI/H2S04 and
BCN-H2SOa. In the picture, the BCN are represented by blue rectangles and XG is
represented by red lines. The upper one demonstrates the colloidal behavior of BCN
in water (at the bottom of the picture there is a representation of the BCN surface
related to the sulfate content), and the lower one after XG adsorption. After XG
adsorption, the BCN-HCI results in lower XG mass due to the lower surface area of
aggregated BCN particles. On the other hand, the BNC-HCI/H2SO4 and BCN-H2S0O4
adsorbed XG on dispersed BCN particles (with higher surface area due to the
electrostatic repulsion of SOs~ groups). However, the BCN-H2SO4 presented lower
XG adsorbed, probably due to the high sulfate content (0.65 %S0O3").

There were no detected significantly differences in the morphology of BCN
coated with XG (data not show). All BCN samples revealed increased size after
adsorption (width of 16.6 £ 1.2 nm and height of 5.4 £ 0.4 nm), suggesting, together
with morphology analysis, that XG adopted the BCN-like conformation by monolayer
coating (Table 2). This conformation is in agreement with several studies about XG-
cellulose interactions (TAYLOR; ATKINS, 1985; OGAWA et al., 1990; LEVY et al.,
1991; WHITNEY et al., 1995; SOUZA et al., 2013). Therefore, the dimensions were
measured only for isolated particles, since it is difficult to evaluate aggregated particles
in solution from those aggregated during the drying process.

In order to exclude the problem of aggregation in solution, thin layers of BCN
were deposited onto a layer of polyethyleneimine (PEI). This layer is well suited to

obtain a uniform coating and thus favors subsequent multilayer buildup
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(KOLASINSKA; WARSZYNSKI, 2005; JEAN et al., 2008)) by spin coating. Indeed, this
anchoring layer had roughness of 0.7 £ 3 nm and thickness of 1.5 £ 0.4 nm for all
substrate samples. The roughness (8.1 £ 2 nm) and thickness of the first BCN film
deposited did not differ significantly between the groups (Figure 4). The BCN layer
deposited on PEI was (10 £ 3) nm thick and changed the surface wettability. The PEI
layer presented contact angle of 69 + 1° and, as expected, the sulfated BCN layers
presented a low contact angle (22.0+ 0.4°) due to the high hydrophilic OSOs" charged
surface, whereas the 0% SOgs layer presented 43.0+ 0.9° due to the absence of
charges. The pronounced roughness increase after BCN deposition (0.7 to 9.8)
suggested a porous surface for all BCN groups. The next depositions were made by

alternative XG and BCN suspensions in constant flux.
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Fig. 4 a Evolution of thickness (by ellipsometry) and b (Af) (by quartz crystal
microbalance), of alternated layers of bacterial cellulose nanocrystals (BCN) and
xyloglucan (XG).

The first deposited XG layer changed the contact angle to 42+ 1° for 0.42% SOsz
and 0.65% SOs and to 34.0+ 0.7° for 0% SOs clearly showing the XG coverage. The
QCM data presented an increase in mass deposition (-Af) but only slight increase in
thickness for all BCN samples. This is probably due to the fact that the XG fills pores
of the first BCN layer. The 0% SOs" surface presented the highest XG mass deposition
and thickness increase, followed by 0.42% SOgs’, corroborating the previous results
seen in the water suspension, suggesting that introduction of OSOs" disturbs the
original cellulose-XG interaction.

The second deposited BCN layer presented highly irregular coverage for 0%

SOs with a higher mass deposition and a macroscopically observable irregular
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deposition (see SM4). The films’ thickness in this case were evaluated also by atomic
force microscopy (see the section on atomic force microscopy in the material and
methods for more details) in order to confirm the large increase in thickness by
ellipsometry (BLACHECHEN et al., 2012). Although this measurement is not as
accurate as ellipsometry, the height difference between the film surface and substrate
after film scratching (peak-to-valley distance) provides an estimative of the thickness.
The means of peak-to-valley were up to 200 nm (see SM5). The high thickness and
irregular film deposition is due to 0% SOs leakage of the electrostatic repulsion
surface. The BCN 0% SOs suspension already contained aggregated particles before
adsorbance on the surface, as shown by the dynamic light scattering profiles.
Furthermore, a 0% SOs covered surface is attractive for continuous adsorption of other
BCN particles or aggregates in a constant flux of BCN suspension. These results are
in accordance with WINTER et al. (2010), whose demonstrated that BCN 0% SOs
aggregation results in irregular film deposition and high thickness. Thus, the next layers
of 0% SO3 BCN cannot indicate a reliable comparative effect of surface interaction and
were excluded from the next analysis.

In contrast, the sulfated BCN presented similar thin layer coverage, as
confirmed by the thickness values measured by ellipsometry and QCM data. The
sulfated BCN had high colloidal stability in water and were deposit on the surface with
more homogeneity, as already demonstrated by JEAN et al., 2009 and WINTER et al.
(2010). Furthermore, the resulting surfaces covered by 0.42% SOs™ and 0.65% SOs
presented electrostatic repulsion and avoid more BCN particles adsorption, as seen
by reached a plateau on QCM (data not show) when was considered complete
covered. On the other hand, the 0%SOs3" presented constant increase adsorption.

The second deposited XG layer on the 0.65% SOgs layer after 5 min of XG
flushing followed by water washing resulted in desorption, as revealed by the decay of
the resonance frequency (-Af) on QCM and decay of the thickness of the previous BCN
layer measured by ellipsometry. Further attempts to cover with more XG solution
resulted in more decay of -Af, indicating new desorption process. On the contrary, the
0.42% SOs3 presented an increase in thickness similar to first XG layer for 0.42% SO3
, with no desorption process. Additional alternate depositions of BCN and XG
presented similar increase in thickness and mass quantity. Comparing the LbL
deposition involving 0.42% SOs and 0.65% SOsg', the latter yielded less stable layers

due to the increase of surface sulfate content.
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The high affinity between cellulose and XG has a well-known quasi-irreversible
adsorption at room temperature (25 °C). This is mainly due to the high content of
hydrogen bonds (cellulose-OH-OH-XG). Our results demonstrate for the first time that
apparent introduction of sulfate groups on the surface of BCN can reduce adsorption
of XG. However, through better control of the reaction conditions during isolation of the
BCN, it is possible to isolate BCN with a lower degree of OSOg3", without significantly
impairing the original adsorption with XG, preserving the advantages of high colloidal
stability of the particles caused by the introduction of sulfate groups. Besides the
extensive applicability of the individual particles (biossensors, enzyme supports), they
might be used to coat (with single or multiple layers) different molecular architectures
and surfaces (e.g., foams, micro bubbles, Pickering emulsions, biomedical devices),
to reinforce thermoplastics (BLACHECHEN et al., 2013) and to promote a barrier to

control release (e.g., drug release, hydrogels).

CONCLUSIONS

Sulfate esterification reaction during the isolation of cellulose crystals, by use of
H2SO4, modifies the adsorption between cellulose nanocrystals and XG in aqueous
media. Using three distinct sulfate contents on cellulose nanocrystal surfaces (0, 0.42
and 0.65%), we demonstrated that 0.42% prevents particle aggregation and also does
not significantly impair the adsorption to XG. Besides this, the 0.42% concentration
produces better coverage composed of more homogeneous and intercalated layers of
cellulose nanocrystals and XG (without desorption) than concentrations of 0% and
0.65%. Although the results presented here demonstrate clear adsorption difference
caused by OSOs" esterification, more investigation is necessary to clarify what causes

this different interaction between the BCN and XG interfaces.
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Supplementary Material

SM1- Bacterial cellulose morphology after milling and ultrasound treatment.




SM2- Bacterial cellulose nanocrystals isolated by HCI.
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SM3- Bacterial cellulose nanocrystals isolated by a mix of HCl and H2SOa.
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SM4- Bacterial cellulose nanocrystals isolated by H2SOa.
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SM5- Optical microscopy image of scanned area of deposition (peak-to-valley) related
to the second layer of bacterial cellulose nanocrystals isolated by HCI solution. The

image shows the scratch produced by a clean sharp blade.
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SM6- Determination of film thickness by means of AFM. In this example, BCN (isolated

by HCI solution) film was scratched and the peak-to-valley distance corresponded to

the film thickness (scan area 2 um x 2 um)

ren
1501
-200
250 D
300
350 ' o ——

00 01 02 03 04 05 06 07 08 09 10 14 12 13 14 15 15 17 18 18  pm



82

Table 1-SM. Change in the resonance frequency (Af), thickness and mean roughness
(rms) determined for each deposited layer.

Deposition Layer Af (Hz) Thickness rms
(nm) (nm)

- PEI 0 15+04 0.7 «
0.3

1st BCN-HCI 0 10.1 51+1.3

1st XG -320 13.4 9.7+ 1.8
2 BCN-HCI -1450 200 32+
15.3

1st BCN- 0 11.5 8.7 =
HCI/H2S0Oa4 1.9

1st XG -290 15.0 71 £
0.9

2nd BCN- -380 24.5 8.1 =
HCI/H2SO4 2.1

2nd XG -393 26.3 6.7 £
14

e BCN- -430 35.2 91 +
HCI/H2SO4 3.1

e XG -451 38.1 73 £
1.9

1st BCN-H2SOs4 0 9.1 79
1.8

1st XG -230 14.2 6.8 £
1.2

2 BCN-H2SOs4  -290 18.1 7.7 £
2.2

2 XG -190 16.1 7.1 %

3.2
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4.1 ARTIGO 2:

PIEZOELECTRIC IMMUNOCHIP COATED WITH THIN FILMS OF BACTERIAL
CELLULOSE NANOCRYSTALS FOR DENGUE DETECTION

Biossensors and Bioelectronics 92 (2017) 47-53 — Fator de impacto
7,78 Qualis Al (CBII)

Cleverton Luiz Pirich?2, Rilton Alves de Freitas?, Roberto M. Torresi?, Guilherme

Fadel Picheth?, Maria Rita Sierakowskil?"

Atomic Force
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Abstract

Low-cost piezoelectric devices, such as simple frequency monitoring quartz
crystal microbalance (QCM) devices, have good clinical utility as fast diagnostic

tools for the detection of several diseases. However, unspecific antigen
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recognition, poor molecular probe adsorption and the need for sample dilution
are still common drawbacks that hinder their use in routine diagnosis. In this work,
piezoelectric sensors were previously coated with thin films of bacterial cellulose
nanocrystals (CN) to provide a more sensitive and adapted interface for the
attachment of monoclonal immunoglobulin G (IgGNS1) and to favor specific
detection of non-structural protein 1 (NS1) of dengue fever. The assembly of the
immunochip surface was analyzed by atomic force microscopy (AFM) and the
NS1 detection was followed by quartz crystal microbalance with (QCM-D) and
without energy dissipation monitoring (QCM). The CN surface was able to
immobilize 2.30 + 0.5 mg.m? of IgGNS1, as confirmed by AFM topography and
phase images along with QCM-D. The system was able to detect the NS1 protein
in serum with only 10-fold dilution in the range of 0.01- 10 pg.mL* by both QCM
and QCM-D. The limits of detection of the two devices were 0.1 ug.mL* for QCM-
D and 0.32 yg.mL™* for QCM. As a result, QCM-D and QCM apparatuses can be
used to follow NS1 recognition and have good potential for more sensitive, fast

and/or less expensive diagnostic assays for dengue.

Keywords: Dengue; biossensors; quartz crystal microbalance; NS1 protein;

cellulose nanocrystals.

Introduction

Dengue fever affects over half of the world’s population, causing
thousands of deaths every year in urban and semi-urban areas (ANTUNES et al.,
2015; WHO, 2016). This disease is endemic and widespread in subtropical and
tropical countries, with higher dissemination rates in South Asia, Africa and South

and Central America (DECKER, 2012). The dengue virus (DENV) belongs to the
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Flavivirus genus along with members responsible for yellow fever, Zika fever and
West Nile fever, all transmitted by arthropods (KUHN et al., 2002). In particular,
DENV is transmitted by Aedes sp mosquitoes and four distinct serotypes are
present (DENV |, II, lll and 1V), all capable of causing dengue fever. After infection
with any of the DENV serotypes, the patient acquires long-term immunity, but
against only one specific serotype (GUBLER, 2006).
The general symptoms of the disease are fever and severe joint pain, though
more drastic ones can occur (e.g., shock syndrome) in a second infection caused
by distinct DENV serotypes (KUHN et al., 2002). Unfortunately, the correct
diagnosis still represents a problem since the symptoms are nonspecific and can
be easily confused with other diseases, such as the simple flu (BHATT et al.,
2013). The currently available diagnostic tools are viral isolation, detection of
immunoglobulins by ELISA produced against DENV and the detection of virus
molecules (e.g., RNA or DNA) by RT-gPCR. Although these techniques display
high accuracy in dengue diagnosis, they are time-consuming, expensive and
require highly trained personnel for correct execution (PARKASH; SHUEB,
2015).

According to the World Health Organization (WHO), 3.9 billion people in
128 countries are at risk of infection, so the development of faster, cheaper and
more accurate diagnostic tools is necessary (WHO, 2016). Among the several
biomarker methods utilized in dengue diagnosis, the detection of non-structural
protein 1 (NS1) of DENV is one of the most employed strategies (ALCON et al.,
2002; LAPPHRA et al., 2008; GELANEW et al., 2015). The NS1 antigen is the
best known and studied biomarker of dengue and is present in the blood serum

at 1-10 ug.mL* on the first day after infection (DARWISH et al., 2015). Once



86

infected, the host cell expresses the virus’s NS1 protein (Mw = 45 kDa) and
secretes it into the bloodstream (ALCON et al., 2002; SAITO et al.,, 2015).
Furthermore, this antigen is highly conserved among the four serotypes, and
many anti-NS1 monoclonal antibodies are currently able to distinguish the
serotypes in a single test (PARKASH; SHUEB, 2015).

Recent efforts have been made to perform NS1 recognition through
portable, low-cost and accurate biossensors (ZHANG et al., 2015; SINAWANG
et al., 2016; WONG et al., 2016). In particular, piezoelectric biossensors such as
quartz crystal microbalance (QCM) sensors offer all of these technical
advantages and combine fast analytical procedure with real-time monitoring of
biomarker detection, allowing quantitative screening (ng/cm?2) of adsorption
phenomena (BRAGAZZI et al., 2015). More sophisticated QCM analysis is able
to follow several overtones, screen energy dissipation (QCM-D) and play an
important role in the development and biossensor validation (BRAGAZZI et al.,
2015).

However, DENV diagnosis in complex samples requires the prevention of
non-specific interactions along the sensor’s surface, a usual drawback found in
current QCM analysis. In fact, several studies describe further surface
modifications of QCM sensors have been reported, such as improved sensitivity
and reduced interference in NS1 recognition of serum samples after coating the
sensor’s surface with cibacron blue to remove serum albumin and IgG (WU et al.,
2005; CECCHETTO et al., 2015). Distinct coating techniques can also provide
more sensitivity and reduce sample interaction, such as improved roughness
(more antibodies attach per unit of area) or greater surface area (CHENG et al.,

2012).
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An attractive and functional material for biossensor coating is cellulose

nanocrystals (CN). These can be isolated from pristine cellulose (extremely
abundant, renewable and biocompatible) by several different treatments (e.g.,
chemical, enzymatic or mechanical), resulting in nanoparticles with needle shape
(e.g., length: 200-1000 nm and width: 5-20 nm) and improved mechanical
properties (>70% crystalline index and >100 mPa Young's modulus), providing a
versatile surface to attach biomolecules (MARIANO et al., 2014).
CN have also been described as forming thin nanofilms with different roughness
and organization degrees on piezoelectric sensors by spin-coating techniques,
providing a simple and fast way to functionalize these surfaces with different
molecules. Furthermore, such films have been reported to exhibit piezoelectric
properties comparable to piezoelectric sensors such as quartz (CSOKA et al.,
2012; RAJALA et al., 2015).

In this paper, we propose the functionalization of existing piezoelectric
sensors available in the market with thin films of CN to anchor monoclonal
immunoglobulin against NS1 dengue antigen. The system was evaluated as a
biossensor to recognize NS1 antigen in real time by piezoelectric disturbance.
The correlation results between QCM with (QCM-D) and without (QCM)
dissipation monitoring were evaluated along with surface analyses by atomic
force microscopic (AFM) imaging. We found that thin films of CN present a more
suitable platform to perform dengue diagnosis, with lower blood serum dilution
than so far reported for piezoelectric sensors. The NS1 antigen was effectively
recognized by the proposed platform without the requirement of dissipation
monitoring, which can thereby open potential application to design cheaper and

simpler piezoelectric devices for clinical diagnostics.
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Materials and Methods

Materials

Bacterial cellulose was provided by Membracel® and converted into pulp by
mechanical treatment (PIRICH et al., 2015). Ammonium persulfate, acetic acid,
sodium acetate, dihydrogen phosphate, hydrogen phosphate, ethanolamine
chlorate, n-hydroxysuccinimide, n-ethyl-n"-(3-dimethylaminopropyl) carbodiimide
hydrochloride, and bovine serum albumin (BSA) were purchased from Sigma
Aldrich®. The monoclonal immunoglobulin anti-NS1 (IgGNS1) and NS1 antigen
were purchased from ABD Serotec®. All solutions and dispersions were prepared
with ultra-purified water (18.2 MQ.cm2, Millipore Milli-Q purification system). The
pHs of phosphate buffer saline (PBS) and sodium acetate (NaOAC) buffers were
adjusted to 7.4 and 4.5, respectively. Blood serum of healthy patients was
collected to simulate testing with the addition of purified NS1 antigen in the
concentrations of 0, 0.01, 0.1, 1.0 and 10.0 pg.mL. The serum samples were

diluted with PBS, according to necessity.

Methods

Cellulose hydrolysis

Dispersions of pulp sheets of bacterial cellulose (20 mg.mL!) were ground in a
Supermasscolloider mill (Masuko Sangyo MKCA®6-2), 20 times at the lowest
distance between the discs (~1 pum). The milled cellulose was added to a heated
ammonium persulfate solution (1 mol.L%, 60 + 1 °C) during 120 min. The resulting

dispersion was transferred to a cold ultrapure water bath (4 °C) for quenching.
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Next, the suspension was centrifuged (4,600 x g for 15 min) and the supernatant
was discarded. The sediment was redispersed in ultrapure water and centrifuged
again (repeated 2x). Then, the sediment was redispersed in ultrapure water and
submitted to dialysis (dialysis tubing with a molecular weight cutoff of 12-14 kDa)
against ultrapure water, until the pH remained neutral for at least 12 hours. The
resulting suspensions were then sonicated for 10 min and centrifuged at 4,600 x
g for 15 min, to remove large particles. In this step, the sediment was discarded
and the supernatant was collected. The resulting dispersion was stored at 4 °C

with CHCls (20 pl.mL-%).

Conductivity titration

Conductivity titration was employed to determine the oxidation degree (OD) on
the surface of the isolated CN. The carboxyl groups of CN dispersion (2.6 mg.mL"
1) were converted to acidic form with hydrochloric acid to a final concentration of
0.01 mol.Lt. Then, the dispersion was titrated with constant addition of NaOH
solution (0.1 mol.L!) and the conductivity changes were monitored. The OD was

calculated by the following equation:

OD =162 (V, = V;) ¢ [w — 36(V, — V;)c] ! (eq. 1)

where, V1 and V2 are the amounts of NaOH (L), ¢ is the NaOH concentration
(mol.L ), and w is the weight of the CN (g), 162 corresponds to glucose molecular
weight and 36 is the difference of anydroglucose molecular weight and glucuronic

acid sodium salt moiety.
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ATR-FTIR spectroscopy
Infrared spectroscopy was used to confirm the oxidation of CN by ammonium
persulfate. The spectra were recorded with a Vertex 70 FTIR spectrometer
(Bruker Co., Billerica, USA) equipped with an attenuated total reflectance (ATR)
accessory. All spectra were obtained using freeze-dried CN in acidic form (pH

2.0), with 16 scans and resolution of 4 cm in the range of 400 — 4,000 cm™.

Immunochip surface assembly

5 MHz AT-cut quartz crystals coated with gold were cleaned at 70 °C with a
heated piranha solution composed of H20:NH4:H202 (7:1:1, v:v:v) for 30 min and
rinsed with deionized water and vacuum dried in an oven. Next, the piezoelectric
discs were mounted on a homemade spin-coating device and 100 pL of
polyethylenimine solution (2 mg.mL"!) was added to its surface. The solution was
kept static for 10 min for adsorption. Afterward, the piezoelectric disc was
accelerated to 300 rpm for 30 s. This procedure was repeated once more using
100 pL of CN dispersion (1 mg.mL™1). All crystals are kept in an oven at 80 °C for
8 h for water removal.

The immunochips covered by CN films were placed on a QCM or QCM-D cell-
flux. The reaction steps and interface modifications were the same for both
devices. All the injections were performed in the cell flux with a flow rate of 100
uL.mint. The first step consisted of NaOAc buffer injection for frequency
stabilization. Then, a solution of EDC and NHS (0.1 mol.L* and 0.4 mol.L?,
respectively) was added for 30 min, followed by injection of NaOAc buffer for 15
min. PBS buffer injection was employed to wash the surface for at least 15 min.
Once the frequency was stabilized, 100 pL of IgG-NS1 (100 pg.mL 1) was added

for 60 min, followed by PBS buffer for 15 min. After that, a solution of
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ethanolamine chlorite (0.1 mol.Lt) was injected for 15 min, also followed by PBS
buffer for 15 min. Then, an albumin solution (100 pL.mL) was injected for 10
min, also followed by PBS buffer. Finally, NS1 antigen was injected in four
different concentrations (0.01, 0.1, 1.0 and 10 pg.mL™Y), followed by PBS

buffer.All experiments were perfomed in triplicate.

QCM without energy dissipation monitoring

Changes in the frequency of the immunochips during the assembly process and
antigen recognition were assessed by QCM (SRS, Stanford research systems).
Real-time QCM experiments were performed in a flow cell (SRS) connected to a
peristaltic pump with a 100 pL.mint constant flow rate. This technique, without

energy dissipation monitoring, was simple and termed QCM.

QCM with energy dissipation monitoring

Interaction and analyses of the activation of the CN thin films were carried out
using a QCM-D E4 instrument (Biolin Scientific AB, Gothenburg, Sweden) with
controlled flow. All measurements were performed using a constant 100 pL.min-
! flow rate, at 25 °C. The measured frequency shift obtained in QCM-D
experiments was fitted to the Johannsmann model (JOHANNSMANN et al.,
1992) to quantify changes in mass of the QCM-D sensors carrying the then CN
films. The iterative process in the model used the third, fifth, and seventh
frequency overtones of the QCM-D crystal. The data points were fitted with the
four-parameter logistic equation (Equation 1) (FINDLAY; DILLARD, 2007). The
limit of detection (LOD) was calculated according to the concentration given by
the interpolation of the blank signal plus three times the standard deviation

(WANG et al., 2017).
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y = Ag + i (Ea. 2)

1+(x/X)P

Where A, and A, are the zero and infinite concentration responses,
respectively, p is the slope factor, x is the NS1 concentration and x, is the inflection

point.

Atomic force microscopy

Agueous dispersions of CN were diluted to 125 pug.mL? and spin-coated on a
freshly cleaved mica surface. The dimensions and the root mean square values
for surface roughness of the isolated CN and the immunochip surface assembly
were determined by means of atomic force microscopic (AFM) images. Allimages
were obtained in air in the intermittent contact mode with an Agilent 5500
microscope (Agilent Technologies, Santa Clara, CA, USA), using Mikromasch
NSC14 silicon tips (Mikromasch USA, San Jose, CA, USA) with a nominal spring
constant of 5.7 N m'! and a resonance frequency of *100 kHz. The scanning
areas were 2.0 um x 2.0 ym, 4.0 pum x 4.0 pum and 8.0 um x 8.0 um. The images
were acquired using the Pico Image software (Agilent Technologies, Santa Clara,
CA, USA) and processed with the Gwyddion software (Czech Metrology

Institute).

Results and discussion
Isolation and characterization of cellulose nanocrystals

The binding of biomolecules (e.g., enzymes, antibodies) to cellulosic
surfaces usually requires an oxidation process followed by activation steps, such

as EDC/NHS and epoxidation, to provide available functional groups for optimal
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binding efficiency. In particular, CN oxidation is usually done by an additional step
after the hydrolysis process, treating CN with a 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) solution (HABIBI et al.,, 2006). Recently, LAM et al.
(2013) treated pristine cellulose with a heated ammonium persulfate solution,
obtaining oxidized CN with only one reaction step. Therefore, this process was
employed to obtain pre functionalized CN with lower cost and greater production
facility.

By applying that process, the CN products were characterized regarding
morphology, size, surface charge and available functional groups. Initially, AFM
topographies revealed dimensions in the range of 5.0 = 2.0 nm in width and 200-
600 nm in length, thus confirming the CN isolation (Erro! Fonte de referéncia n&o
encontrada.-A). Moreover, the CN FTIR spectra revealed strong absorption
bands near 3340-3338 cm%, related to the -OH groups, and between 2900-1640
cm?, assigned to —CH stretching vibrations (Erro! Fonte de referéncia néo
encontrada.-B). The oxidation procedure was confirmed by the presence of an
intense signal at 1729 cm?, corresponding to the stretching vibration of -COOH
groups (FOLLAIN et al., 2010; LAM et al., 2013). The total surface charge was

quantified by conductivity titration and exhibited an oxidation degree of 0.187 g,

as shown in Figure 1-C.
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Figure 1: A) AFM topography image of CN, B) FTIR spectra of CN in acidic form

(freeze-dried at pH 4) and C) conductivity titration profile of CN.

Immunochip assembly

Efficient and selective antigen recognition is a key factor for QCM-based
diagnostic tools. Since the current systems lack interactivity between the surface
and the target molecule, poor responses and intense signal interference are
usually observed when analyzing complex biological samples. Although standard
chip surfaces (e.g., gold) are already employed to recognize isolated molecules,
they fail to detect targeted compounds in the blood serum or urine (REIMHULT
et al., 2008). To overcome this limitation, the QCM sensors were covered with
CN with the aim of increasing the interface reactivity to antibodies (ORELMA et
al., 2012; ORELMA et al., 2012). Therefore, all cellulosic model surfaces were
developed on piezoelectric sensors with a gold interface. However, as previously
described by JEAN et al., 2009, gold surfaces are well known to hinder stable CN
adsorption. Thus, a previous coating step employing polyethylenimine (PEI) on
the piezoelectric sensors was necessary to guarantee the formation well
anchored CN films. The sequential deposition of PEI and CN films was confirmed
by topography and phase AFM images (Figure 2).

The topography images represent a 3D distribution (X, y and z axis, in nm)
of the scanned surface generated by the cantilever horizontal and vertical
movements followed by laser reflection in a photodiode sensor. In parallel, the
cantilever frequency oscillation during the scan produces images based on phase
angle variation. Such profile is a function of the viscoelastic properties relative to

the surface behavior, distinguishing soft and hard regions. As a result, in a non-
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uniform surface, the phase angle distribution can be used to discern differences
in sample composition (SCOTT; BHUSHAN, 2003).

After each film deposition, the AFM scans displayed clear PEI and CN film
formation on the piezoelectric sensor, demonstrated by morphological changes,
roughness variation - piezoelectric sensor: 3.5 + 0.4 nm, PEI: 2.4 + 0.5 nm and
CN: 8.4 £ 2.4 nm — and phase angle distribution - gold: 20 + 5°, PEI: 55 + 2° and

CN: 145 + 20°.

+CN(C)
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Figure 2: AFM topography (top) and phase (bottom) images of piezoelectric

sensor surfaces: (A) gold, (B) PEI film and (C) CN film.

Once the cellulosic model surface was established on top of the
piezoelectric sensors, they were transferred to a QCM-D cell flux. Scheme 1 is a
schematic representation of the entire surface modifying steps. Initially, a solution

of NaOAc buffer was infused during 8 h to stabilize the frequency because the
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cellulosic fibers undergo a constant swelling process, which causes high

frequency and dissipation disturbance (KITTLE et al., 2011).
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Scheme 1: Schematic representation of sequential immunochip assembly. (1)
First the CN film is activated by an injection of EDC/NHS solution, (2) the IgGNS1
solution is injected for immobilization, (3) ethanolamine chloride solution is
injected for removal of residual NHS groups, (4) unspecific regions are blocked
by injection of albumin solution, and finally (5) the system is tested to recognize

the NS1 antigens.

To give the cellulose interface more reactivity towards IgG immobilization,
a solution composed of EDC/NHS was injected into the system (Figure 3A — step
1). During this step, the EDC reacts with the CN’s carboxyl groups by nucleophilic
addition and it is subsequently substituted by NHS groups, which are able to
provide higher IgG anchoring yield (ORELMA et al., 2012). A steep frequency
decay — ~50 Hz — and dissipation increase — ~12x10° — were observed after
EDC/NHS reaction. The surface was washed with NaOAc buffer at pH 5.0,
resulting in 1.84 mg.cm? of NHS activation. AFM images revealed that the CN

remained attached to the sensor’s surface while maintaining the characteristic



97

morphology and roughness profile, though a clear shift in the phase angle

distribution suggested the formation of a distinct interface (Figure 3B).
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Figure 3: (A) Real-time immunochip assembly followed by QCM-D (5™ overtone).
The steps are related to each sequential injection: (1) EDC/NHS, (2) IgGNS1, (3)
ethanolamine chloride (ETA) and (4) albumin. (B) AFM topography and phase
images of the interface obtained after (A) EDC/NHS activation and (B) IgGNS1

immobilization.

Since biological samples require physiological pH to maintain normal
activity, the system was washed with PBS buffer at pH 7.4 until the frequency
and dissipation values were stabilized. After that, a solution of IgGNS1 was
continuously injected (Figure 3A — step 2). In this step, the IgGNS1 amine
groups react with the n-hydroxysuccinimide groups of the CN films by nucleophilic
substitution, generating a covalent bond between the amine and carboxyl groups.
During this process, the frequency decayed — ~15 Hz — and the dissipation
increased — ~6 x 10° — indicating an effective IgGNS1 immobilization. The total
IgGNS1 mass was 2.30 + 0.5 mg.m2, two-fold higher compared to other IgG of

similar molecular weights (~50 kDa) deposited on cellulosic substrates
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(CARRIGAN et al., 2005; ORELMA et al., 2012). This process was also confirmed
by AFM images (Figure 3B): in this step, the AFM scans were performed in liquid
media using PBS buffer to avoid possible denaturation. The CN films showed
increased roughness and altered morphology, with globular structures randomly
distributed along the surface — diameter 55.5 + 15.4 nm and height 18.4 + 2 nm.
These globular structures also presented a different phase angle distribution
compared to the CN films — CN: 145 + 2.0° and IgGNS1 immobilized: 160 + 20.0".
The film images were compared in PBS buffer and the globular structures
appeared only in the CN films after IgGNS1 immobilization. Therefore, possible
salt precipitation was discarded.

However, the remaining NHS groups might still be available on the surface
and interfere with NS1 antigen recognition. These groups retain the ability to
immobilize any molecule that possesses amine groups in its composition, such
as free proteins present in a serum sample. To avoid this problem, a solution of
ethanolamine chloride (ETA) was injected to react with NHS groups by
nucleophilic substitution, blocking the reactive NHS groups to any unspecific
coupling (Figure 3A — step 3). This step was followed by a frequency increase —
35 Hz — and a dissipation decrease — 6 x 10%. As the ethanolamine groups
present a higher mass than NHS, the ethanolamine interact less with the PBS
buffer, leading to a decrease in the solvent layer thickness and an increase of the
frequency values. Similar behavior as observed by ORELMA et al. (2012).

Although the NHS are no longer available for cross-reaction with sample
interference, the remaining hydroxyl and carboxyl groups on the cellulosic
surface might provoke the same effect and lead to false NS1 biorecognition.

Therefore, an albumin solution was injected to adsorb and avoid unspecific
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protein anchoring (Figure 3A — step 4). The QCM-D profile was followed by
frequency decay and energy dissipation. On the other hand, after PBS washing,
the frequency and energy dissipation almost returned to their original values,
indicating partial desorption of the albumin adsorbed in excess.

Once the immunochip assembly was complete, the biorecognition with the
NS1 antigen diluted in PBS was performed utilizing distinct concentrations, from
0.01 until 10.0 pg.mL2. This dilution range was employed to provide sensitive
NS1 detection even after dilution of the blood serum, a required (10# fold diluted)
previous step used to reduce unspecific binding between the immunochip and
the sample’s proteins.

Figure 4A presents distinct assays performed with several concentrations
of purified NS1 antigen diluted in PBS buffer. Only 100 pL of each solution was
used and the volume was submitted to recirculation. All samples were submitted
to normalization according to the moment of NS1 injection to facilitate further
comparisons. After the injection, clear and abrupt frequency and dissipation
disturbance was observed for all dilutions. The antigen-antibody interactivity
presented similar adsorption kinetics, with dependence on both incubation period
and NS1 concentration for the range of 0.01 to 0.1 pg.mLt. Only the most
concentrated sample, 10 pg.mL?, exhibited steep frequency and dissipation
shifts, illustrating that all available antibody binding regions were rapidly
saturated. The final values of frequency and dissipation were used to calculate
the final adsorbed mass: 15, 23, 40, 75, 100 and 260 mg.m=2 for the
concentrations of 0.01, 0.05, 0.1, 1.0, 5.0 and 10 pg.mL™, respectively. The
response to blood serum samples contaminated with purified NS1 presented a

similar trend — 12.5, 4.8, 73.5 and 113 mg.m= for 0.1, 1.0, 5.0 and 10 pg.mL,
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respectively — though they required 10-fold dilution to be effectively detected by
the system, probably due to unspecific protein binding (Figure 4B). The results
presented in Figure 4A-B were combined into Figure 4C, which exhibits the
frequency shift according to NS1 concentration (Figure 4C). All parameters

obtained by curve fitting are described in Table 1.
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Figure 4: Frequency shift profile followed by QCM-D (5™ overtone) during NS1
antigen recognition by the IgGNS1 immobilized on cellulosic surface. A) NS1 in
PBS, B) NS1 in blood serum (diluted 10-fold in PBS) and C) NS1 frequency shift,
in PBS and serum, according to employed dilutions (n. =3)

Table 1: Limit of detection (LOD), slope factor and coefficient of determination (r?)

obtained by logistic curve fitting of NS1 detection performed in QCM-D and QCM.

QCM-D QCM
Parameter PBS Serum PBS Serum
LOD (ug.mL™) 0.002 0.10 0.03 0.32
Slope factor 0.58+0.1 0.63+0.2 1.22 +0.27 0.86 £0.19
r2 0.992 0.991 0.994 0.997

After the NS1 adsorption assay, the immunochips were removed from the

cell flux and were thoroughly analyzed by AFM imaging. The roughness profile
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showed no significant change and only the contrast images displayed a
viscoelastic profile distinction — IgGNS1 immobilized: 5.2 + 1.0°, after NS1 138 +
5.0° — suggesting, along with the QCM-D results, effective NS1 binding to the
surface.

The use of QCM as a biossensor device still presents several limitations,
most of all related to the noise during the analysis, a common challenge for its
application as a diagnostic tool. Undiluted and complex samples (e.g., serum
blood, urine) interact strongly with the current generation of immunochip surfaces
(e.g., gold interface), causing nonspecific adsorption that blocks active binding
sites for target molecules and generates false positive results (VUORILUOTO et
al., 2016). WU et al. (2005) addressed this issue by performing surface coverage
of piezoelectric sensors with pretreatment by cibacron blue 3GA gel-heat. After
the coverage, the authors reported a lower surface interaction with non-specific
proteins of the serum blood, therefore minimizing the need of high (100-fold)
sample dilution. In fact, a previous study required more than 1000-fold dilution to
avoid unspecific adsorption (WU et al., 2005).

In this work, the immunochip composed of IgGNS1 immobilized on films
of CN were able to detect NS1 in serum blood diluted 10-fold only, therefore
representing an important advance in the diagnostic potential of piezoelectric
biossensors. Besides the advantage of using CN (e.qg., low cost, plentiful supply,
biocompatibility and easy functionalization), the carboxyl groups at the CN
interface provide an easy way to chemically modify and anchor bioactive
molecules (ZHANG; ROJAS, 2016). Additionally, the coverage of the CN films

showed an increase in the roughness and exhibited the formation of a porous
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surface (Figure 2), which may augment the available area to immobilize a higher
quantity of IgGNS1.

Therefore, the results obtained by QCM-D presented good sensitivity of
the immunochip for bio recognition of NS1, although the QCM-D device is not yet
ready for use in clinical practice due to its cost and inaccessibility to the diagnostic
routine. Nonetheless, QCM devoid of dissipation monitoring (QCM) is cheaper,
portable and might constitute a good candidate for this purpose. Although such
simpler devices have the ability to follow the frequency of a piezoelectric sensor
in real-time, they possess lower sensitivity and can only monitor fundamental
frequency (1 harmonic). Hence, once the system is assembled and validated in
a QCM-D, a similar response might be obtained and translated into a relevant
diagnostic tool QCM. Such devices are simpler to operate and do not require
trained personnel. Therefore, immunochips for QCM analysis were assembled
exactly in the same conditions as QCM-D and the response was followed only by
frequency shift (Figure 5A).

Then the immunochips were submitted to the bio recognition test with NS1
in PBS buffer with different concentrations (0.01, 0.05, 0.1, 1.0, 5.0 and 10.0
ug.mL 1) (Figure 5B). The QCM was able to detect concentrations from 0.03
ug.mLtin PBS according to the LOD presented in Table 1. As a result, the values
obtained by QCM might be correlated with QCM-D and therefore have interesting
potential for use in the clinical diagnosis of dengue. Finally, the immunochips
were submitted to testing with NS1 in serum blood (Figure 5C). As previously
observed in the QCM-D assays, the sensors were unable to distinguish the serum
samples without dilution. When the serum was diluted 10-fold with PBS buffer,

the QCM exhibited similar behavior of NS1 adsorption, with dependence on



103

concentration, and LOD of 0.32 pg.mL™* was obtained (Table 1). The serum blood

interference in the frequency was significantly higher in QCM.
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Figura 5: QCM assembly of immunochip (A), and NS1 frequency shift, in PBS

and serum, according to employed dilutions (n=3) (B).

Comparatively, QCM has been shown to have the same sensitivity range
as ELISA, as described by WU et al. (2005). Moreover, the average time for
dengue diagnosis by ELISA is around 5 hours, against only 30 minutes when
performed by QCM (Su, 2003). As the levels of NS1 in the bloodstream of
patients during the acute phase of the disease oscillates from 0.5 to 2 pg.mLt,
our biossensor is fully capable of detecting NS1 down to 0.31 pug.mL™? in the
serum either by QCM or QCM-D (ALCON et al., 2002). As a result, QCM is able
to provide a very sensitive and fast diagnosis of the disease, a crucial requirement

to enable early treatment and avoid the manifestation of severe symptoms.

Conclusion

In this study, we demonstrated the advantages offered by coating piezoelectric

sensors with CN films. The proposed interface increased the total IgGNS1
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immobilized mass by two-fold compared to cellulosic surfaces (CARRIGAN et al.,
2005; ORELMA et al., 2012) and reduced the need of serum dilution for NS1
detection to 10-fold (usually up to 100-fold is required) (WU et al., 2005).
Furthermore, the NS1 detection in the serum (LOD of 0.1 ug.mL- for QCM-D and
0.32 pyg.mL" for QCM) is compatible with the antigen concentration observed in
the blood during the acute phase of dengue (0.5 — 2 pg.mL?). With the
comparative results between these two devices, we suggest that after proper
validation of the immunochips by QCM-D and AFM, they can be effectively used

in qualitative form in clinical diagnosis of dengue with greater confidence.
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Abstract

The interest in cellulose nanocrystals at industrial scale is recently growing up,
nevertheless, the actual price lacks is not commercially competitive. In order to
change this scenario, several efforts have been made to optimize the reaction
conditions. On the other hand, the effects of the pretreatment of starting material
is rarely studied. In this work, we evaluated the impact of the mechanical process
of pristine cellulose to obtain cellulose nanocrystals (CNC). Firstly, the pristine
cellulose was submitted to four different mechanical process: (1) magnetic
stirring, (2) blender, and milled by (3) 20 and (4) 40 passages in
supermasscolloider mill. Next, all the samples were submitted to the same H2SO4
hydrolytic conditions and CNC were obtained, and then evaluated according to
yield, morphology and size (atomic force microscopy), crystallinity (x-ray
diffraction). Not all CNC differed in evaluated characteristics suggesting that,

intense mechanical pretreatment are not exclusively required, prior to hydrolysis.

Keywords: cellulose nanocrystals, mechanical treatment, pretreatment, yield,
optimization
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Introduction

Novel biomaterials developed from renewable and natural sources are receiving
an unprecedented attention from the academia and industry to relieve the dependency
on petrochemical-based feedstock and other derivatives produced from polluting
origins. The growing interest in green chemistry and sustainable materials is also
advantage for the non-toxic profile, biodegradability and low cost of related materials
(SHELDON, 2017). Among them, cellulose is highlighted as the most abundant
material obtained from several organisms, such as different plants, bacteria, tunicates
and algae (TRACHE et al., 2017). Because of these attributes, cellulose derivatives,
such as methylcellulose, nitrocellulose and ester cellulose are highly explored
industrially from a long date in many different applications (TRACHE et al., 2017).

The crystalline regions of cellulose, defined as cellulose nanocrystals (CNC),
displays remarkable mechanical and physic-chemical properties that are intensively
explored in potential use in food, cosmetic and biomedical industries (TRACHE et al.,
2017). Recently, the advance of technology and comprehension of phenomenon’s at
the nanoscale has enabled the employment and expand the applicability of CNC
(TRACHE et al.,, 2017). CNC are highly ordered domains formed throughout the
structure of pristine cellulose that presents at least one of its dimensions with a size
<100 nm (TRACHE et al., 2017). These CNCs are also biodegradable, biocompatible,
feature a high surface area, low density as well as strength properties (TRACHE et al.,
2017). All such characteristics provide CNC with an unmatched potential to be used in
several applications, ranging from mechanical reinforcement, bioengineering,
pharmaceutical and biomedical technologies (TRACHE et al., 2017). However, the
cost to isolate such particles — from $ 2 to 5 to produce 0.5 kg — is higher compared to

the expense to produce other materials available on the market (TRACHE et al., 2017).
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The most widespread methodology to obtain CNC is the cellulose hydrolysis
using sulfuric acid (DONG et al., 2016). This process generates a sulfate esterification
on the cellulose surface that results in high colloidal stability in aqueous media (pH >4)
due to the repulsive negative charge between CNCs (DONG et al., 2016). There are
several experimental conditions that affect CNC obtainment, including the source of
cellulose, type of acid and concentration employed, temperature, reaction time, pre-
treatment and post-treatment (DONG et al., 2016). In particular, several optimizations
of the cellulose hydrolytic procedure are described in the literature. With the intent to
reduce the cost of CNC production; one of the most prominent reports describes the
use of a rotatable central composite to predict a maximum yield of CNC (66-69%) with
an optimized conditions of acid concentration (57-58 H2S04 wt.%), temperature (64-
67 °C) and hydrolysis time (134-156 min) of wood cellulose employing H2SO4 (DONG
et al., 2016).

Another factor that can also contribute to reduce the cost of CNC price regards
the pretreatment procedure before the acid hydrolysis (ABDUL KHALIL et al., 2014).
Several authors used different pretreatments procedures (e.g. mill mechanical
treatment or alkaline swelling treatment) of the pristine cellulose to increase the fiber
surface area in contact with the acidic medium and diminish the time reaction interval
(ABDUL KHALIL et al., 2014). Unfortunately, a previous screening of the features
presented before cellulose hydrolysis is, rarely, performed and/or displayed in scientific
reports. Which represent a major limitation to guarantee a correct comparison among
several optimizations, during the hydrolysis reactions. In fact, different results
regarding the characteristic of the final CNC (e.g. yield, dimensions and sulfate
esterification degree) are obtained by using the same parameters employed in the

hydrolysis procedure, such as temperature, acid concentration and time (REVOL et
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al., 1992; REVOL et al., 1994; DONG et al., 1998; HAMAD; HU, 2010; WANG et al.,
2012). These discrepancies suggest that the initial pristine cellulose exhibit different
characteristics and may cause a significant impact in the quality of the final CNC
obtained.

In this paper, we evaluate the impact of mechanical pretreatments of varied
intensities over the final quality of CNC. All pristine cellulose materials were initially
pretreated either with magnetic stirring, blending and milled by 20 or 40-passages and,
subsequently, submitted to the same acid hydrolysis procedure (DONG et al., 2016).
The finals CNC obtained were evaluated with different characterizations techniques to
verify the influence of these distinct treatments (Scheme 1). The results presented
here are useful to the sequential optimization, in order to reduce the actual price of
CNC and facilitate industrial production.

Pristine Cellulose from Pinus sp

" Magnetic stirring |
Blender Pre-treatments
20x Milling " Rheology
40x Milling

H,SO, Hydrolysis

]
T Cel}lulase Narfocrystsfs —l

AFM  (-Potential X-ray Yield 0s0, (%)

Scheme 1. Schematic representation of the experimental and characterizations steps

performed
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Materials

Branched cellulose from Pinnus sp. was provided by Department of Engineering
and Forest Technology, UFPR. Sulfuric acid (98%, Sigma Aldrich). The water used in
all experiments procedures was ultrapurified (18.2 MQ-cm resistivity at 25°C). All the

reagents were purchased from Sigma Aldrich®, H2S04% (98%), NaOH, Tert-butanol.
Methods
Pretreatment

The cellulose pulps were suspended in ultrapure water (20 mg.mLt) and, then,
submitted to four different processes prior to hydrolysis. The suspensions were: (1)
magnetic stirred at 300 rpm for 60 min, (2) processed with a laboratory blender for 30
min (Waring commercial®), milled in a supermass colloid mill (Masuko Sangyo MKCAG6-
2) for (3) 20x and (4) 40x times.

Cellulose hydrolysis

The procedure of cellulose hydrolysis was the optimized conditions related by
DONG et al. (2016). Briefly, the H2SO4 was diluted to 55wt% using ultrapure water and
heated up to 65°C in a 1000 mL three-neck round bottom flask immersed in an oll
batch. Then, 20 g of the desired pretreated sample was added to the warm acid
solution. The resultant supensions were constant stirred at 300 rpm with a magnetic
bar. After 150 min of hydrolysis, the suspensions were diluted (10-fold) with 4°C
ultrapure water to quench the reaction. Afterwards the suspension were centrifuged at
4,550 x g for 10 min (Sigma Aldrich®). The sediment was redispersed in a fresh
ultrapure water and centrifuged again at 4,550 x g for 10 min. The supernatant was
discarded and the sediment was redispersed again with a fresh ultrapure water. Then,
the suspensions were transferred to dialysis tubing (cut off 12-14 kDa) and dialyzed
against ultrapure water. The water was replaced until the conductivity reached a
constant and neutral value (-0 puS.cm™ for 8 hours). Finally, the suspensions were
submitted to ultrasonic treatment for 10 min at 40% output (500 W, 20 kHz, Sonics
Vibra cell®) and, then, recentrifuged again at 4,550 x g for 10 min. The resultant CNC
were designated according with the name of the pretreat procedure employed.
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YIELD DETERMINATION

A volume of 1 mL of each pretreated cellulose sample and resulting CNC were
transferred to aluminum recipients and weighted. Then, the recipients were placed in
an oven at 80°C for 24 h. After water evaporation the recipients were again weighted.
Determination of the sample concentration of each sample was determined by the
follow EQ.(1)

_ Wr— W0
~ wa-wo

x 100% (1)

Where, Wr is the weight residue after oven dry, WO is the weight of empty
aluminum recipient and Wa is the weight of the aluminum recipient with the suspension

Then, the yield of each hydrolysis was calculated by the follow Eq. (2)

Wsx C
Y = fNXp ® x100% 2)

where Ws is the weight and Cs is the weight concentration of dried sample of the CNC

concentration and Wp is weight of the pristine cellulose used.
Sulfate group density measurements

The sulfate density was estimated by methodology adapted from (BECK et al.
(2014)). Briefly, the sulfate group density of CNC samples of the pretreatment
conditions were determined by conductivity titration with a Stabino® automatic titrator.
All CNC suspensions were titrated with NaOH solution. The titration resulted in a V-
shaped curved analyzed using two linear regressions. Sulfate group density (SO3'D)

was calculated according to the equation (3):

_ mL(NaoH) X M(NaoH)
SO;D = —¢ 3
3 masscnc ( )
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Where, mLnaoH) is the NaOH volume at the intersection of the two regressions, MqaoH)
is the molar concentration of the NaOH solution, and mass(cne) is the total mass of

CNC present in the flask.
X-ray powder diffraction analysis

Pretreated cellulose and CNC samples were suspended in water, and the
solvents were exchanged with tert-butanol using a stepwise gradient to minimize
recrystallization and change of the crystallinity index of the cellulose chains (Ramos et
al., 1993; Woehl et al., 2010). The last washing step was performed with pure tert-
butanol. The fiber suspension of each sample was centrifuged for 10 min at 4,500x g
and the recovered fiber were lyophilized in a bench-top freeze-dried (Thermo Electron
Corporation). The XRPD experiments were performed in a Shimadzu XRD 6000
diffractometer operating at 40 kV and 30 mA with Cu Ka radiation (k = 0.15418 nm).
The lyophilized samples were positioned on an aluminum sample holder and
measurements were taken to estimate the crystallinity, as described previously by
Chen et al. (2007). Data were collected in reflectance mode in the 10-40 26 range with
0.5 mint. The diffractograms were fitted with the Gaussian model with the Fityk
software (Fityk 0.8.0).

The crystallinity index (Crl%) was calculated by the expression Hermans

equation (1946) (equation 4):

Crl% = 100. (‘Z—‘:) (4)

Where, At is the total area and Ac is the crystalline area.

Zeta Potential analysis

The zeta potential of CNC suspensions (1 mg.mL™1) were achieved indirect by
the streaming potential analysis by Stabino® by the following eq (5):

SP =k Av.ZP (5)
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Were, SP is the streaming potential, k is an instrument constant, Av is fluid velocity
and ZP is the zeta potential. The zeta values were acquired in real time for 15 min and
the median of the zeta of 4 samples.

Rheology

The analyzes were performed in a HAAKE rheometer model RS1, with
adequate sensors, coupled to a microcomputer with software "Haake rheometer". The
temperature was controlled by a Haake cooling bath, also, under conditions suitable
for each temperature or ramp.

Mathematical models were used for the evaluation of flow behavior and the
region of linear viscoelastic behavior. Also, experiments were performed for the
analyzes interpreted using the Cox-Merz model (eg. 6):

Mg ~n* (0w =Y)] (6)

Where, n = apparent viscosity, y "= shear rate, ¥2h * ¥2 = Complex viscosity, w
= angular velocity (rad.s')] (BARNES, HUTTON, WALTER, 1989).

Atomic force microscopy

Aqueous dispersions of pretread cellulose and of CNC were diluted to 100
ug.mL? and spin-coated on a freshly cleaved mica surface. The dimensions of the
isolated fiber were determined by means of atomic force microscopy (AFM) images.
Whose were obtained in the air in the intermittent contact mode with an Agilent 5500
microscope (Agilent Technologies, Santa Clara, CA, USA), using Mikromasch NSC14
silicon tips (Mikromasch USA, San Jose, CA, USA) with a nominal spring constant of
5.7 N m' and a resonance frequency of ~100 kHz. The scanning areas were 2.0 x 2.0
pm, 4.0 x 4.0 pm, 8.0 x 8.0 pm and 11.0 x 11.0 um. The images were acquired using
Pico Image software (Agilent Technologies, Santa Clara, CA, USA) and were
processed with the Gwyddion software (Czech Metrology Institute). The root means
square values for surface roughness (RMS values), height and width were determined

with the Gwyddion software (Czech Metrology Institute).
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Results and discussion

Initially, all pristine celluloses were characterized according to the rheological
behavior after each one particular mechanical pretreatment. As previously described
by QIAO et al. (2016) the viscosity profile of cellulose is an important parameter to
define the macromolecular organization — such as fiber size and surface area - of the
material in aqueous media. Recently, the LI et al. (2015) described that the rheology
characterization of cellulose suspensions is an practical, fast and easy tool to
characterize the cellulose fibers and these results are in agreement with the
characterization by microscopic techniques. Nevertheless, the pretreatment conditions
usually are not described in some details and the resultant cellulose is not as well
characterized prior to hydrolysis.

Therefore, we have analyzed the rheological profile of all celluloses submitted
to the distinct procedures (Figure 1). The materials that were treated by milling either
with 40 or 20 passages in the Supermass colloider machine presented higher viscosity
values (from 3x103 to 3x10? mPa.s) compared to the samples that were only suspend
in ultrapure water and mixed by magnetic stirring and/or blended (30.0 to 5.0 mPa.s
D. In the case of the milled-samples, the increased viscosity values are related with
the higher defibrillation degree of the fibers that also present reduced width, higher
swelling and entanglement. All these features contribute to increase the flow
resistance. Conversely, the blended and mechanically stirring processes were

ineffective to efficiently defibrillate the fibers, which resulted in lower viscosity values.
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Figure 1: Viscosity (mpa.s) by the scaling rate (s) of the wood cellulose fixed at 10
mg.ml* processed with magnetic stirring a 300 rpm during 60 min (red line), blended
during 30 min (blue line), milled in a supermass colloider for 20x (black line) and 40x
times (pink line).

Then, all the characterized samples were submitted to the same optimized
sulfuric acid hydrolysis procedure that presents the advantage of generating CNC with
higher yields and stability as recently described (DONG et al., 2016). AFM images
revelated the presence of CNC with an average size range between 5-10 nm in height
and 100-400 nm in length for all hydrolyzed samples (Figure 2). The yield was around
63% (w/w) as indicated in Table 1 with the exception of the samples that were
pretreated by magnetic-stirring (CNC-st) that resulted in 85% (w/w). Such difference
may be related with the presence of fibers with a superior length of 600 nm as observed
by AFM (indicated by white arrows in Figure 2-A inserted) — probably due to
incomplete hydrolysis — that were, however, unable to alter the population average
size. Once centrifuged at 4,000 x g during 10 min, these long fibers were eliminated
and all samples displayed the same yield around 64%.
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Figure 2: Amplitude AFM images of the CNC obtained from pretreated celluloses by:
(A) mechanic stirring (inset: after additional centrifugal step), (B) blendered, (C) 20

passages in mill and (D) 40 passages in mill.

TABLE 1: RESULTS OF CNC CHARACTERIZATIONS BY AFM, YIELD, X-RAY, ZETA POTENTIAL
AND CONDUCTIVITY TITRATION.

Sample Height Width *Yield Yield Crl 4 SD
(nm) (hm) (%) (%) (%) (mV)  (mmol.kg™)

CNC-St 100-400 7-10 85.7 67.8 71 52 185

CNC-BI 100-400 7-10 66.6 64.4 71 55 190

CNC-20x 100-400 7-10 65.5 66.3 69 54 187

CNC-40x 100-400 7-10 58.5 59.4 69 55 192

The stand deviation of the analysis are: yield measurements have 5% and Crl have +3% and ¢ have +1 mV and SD +10 mmol.kg-
1 of standard deviation.
*Yield (%) is the yield obtained from CNC suspension before an additionally ultrasonic and centrifuge treatment.

Yield (%) is the yield obtained from CNC suspension after a an additionally ultrasonic and centrifuge treatment.
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All samples were analyzed by X-ray diffractograms. The crystalline area
corresponds to the diffractions around 28: 22° (plane 0 0 2), 21° (plane 0 2 1), 16°
(plane 1 0 1), 14° (plane 1 0 1) and around 19° the amorphous halo (WANG et al.,
2007). The X-ray diffractograms confirmed the removal of amorphous domains in the
cellulose structure (Figure 3). Accordingly, the crystallinity index raised from ~52% to
~70% after the hydrolytic procedure for all samples, which indicates that this parameter

is not influenced by the different mechanical prétreatments.

002

Cellulose

Figure 3: X-ray diffraction chart of the wood cellulose and processed by magnetic
stirred at 300 rpm for 60 min (line green), with a blender for 10 min (line brown), milled
in a supermass colloid mill for 20x (line red) and 40x times (line dark) and native
cellulose (line blue).

Then, the total surface charge was quantified by conductometric titration,
showing similar sulfate density around 185 mmol.kg™? for all samples. Such 0SO3
generated a negative zeta potential ({) around -53 mV, which is compatible to maintain

colloidal stability of CNC in aqueous systems due to the sulfate electrostatic repulsion.
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CNC present a wide potential application range in the industry: food, cosmetics,
electronics, oil and biomedical (TRACHE et al., 2017). However, the price of 0.5 kg of
CNC varies from $ 2 to 5, which configures a major limitation for industrial scaled use,
compared with other related materials (TRACHE et al., 2017). As a result, several
attempts to reduce the cost of CNC production has been explored (TRACHE et al.,
2017) .These investigations mainly rely on the hydrolytic procedure applied over
pristine cellulose of distinct sources, optimizing several reaction parameters such as
time, acid concentration and temperature (TRACHE et al., 2017). Nonetheless, rarely,
the mechanical pretreatment generally used before acidic reaction is taken into
account to reduce the price and the complexity of the procedure.

In summary, we observed that the mechanical pretreatment followed by acid
hydrolysis showed any significantly difference among the many parameters evaluated
to generate stable and good yields of CNC. According to the morphological analysis,
crystallinity index and stability we suggest that the obtention of CNC can be simplified
using mechanical stirring or blended, depending on the final applicability.
Comparatively, CNC produced by 20 or 40 millings are time consuming and represent
an unnecessary step that, only, increases the final price. However, further studies are
still required to ensure that more intense mechanical pretreatments might be able to
reduce the cost related with the hydrolytic procedure, decreasing the required time,

temperature or acid concentration employed.

Conclusions

We have analyzed the impact of four distinct procedures of cellulose
pretreatments on the final quality and yield of CNC produced by H2SOa4 hydrolysis.
According to the stability profile, crystallinity index, morphology and yield, all samples
presented similar character and are prone to generate CNC with adequate features.
However, the cost associated to produce CNC by simple stirring of the cellulose is

expected to greatly reduce the price, facilitate the process and allow industrial scale

up.
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5. CONSIDERACOES GERAIS E PERSPECTIVAS

O objetivo inicial dessa tese foi o desenvolvimento de biossensores a base
biopolimeros, como nanocristal de celulose e/ou xiloglucana. De acordo com 0s
resultados obtidos durante o desenvolvimento dessa tese, e as publicacfes geradas
por eles, o trabalho pode ser divido em trés partes.

A primeira etapa consistiu na formacao de nanofilmes compostos por camadas
intercaladas de NC e XG. Esse trabalho foi publicado em 2015 na revista Cellulose e
pode ser visto em maiores detalhes nessa tese na se¢cdo ARTIGO 1 (PIRICH et al.,
2015). O desenvolvimento desses filmes foi escolhido devido ao seu grande potencial
no uso de desenvolvimento de biossensores. E o qual se deve principalmente a: (1)
possibilidade de oxidacdo de XG, semelhantemente a celulose por uso de radical
TEMPO,; (2) aumento da area superficial de NC apés a adsor¢cédo de XG, devido a sua
estrutura ramificada, o que hipoteticamente aumentaria, consequentemente, a area
para imobilizacdo de moléculas sonda; (3) adsorcdo de XG a NC com altissima
estabilidade; e (4) elevado grau de porosidade conhecido de filmes de mudltiplas
camada de NC e XG, o que resultaria no aumento de moléculas sondas imobilizadas
e maior resposta na deteccdo de moléculas alvo pelo sistema.

Durante os experimentos de Layer-by-Layer de NC e XG, acompanhado por QCM,
AFM e elipsometria, foi verificado que os NC produzidos por hidrélise com é&cido
sulfarico, formariam filmes com instabilidade apds a formacao de algumas camadas.
Com isso foi hipotetizado, entdo, que o grau de esterificacdo da superficie dos NC
poderia prejudicar a adsorcdo da XG. Para testar essa hipétese a adsorcao foi
repetida, utilizando trés graus diferentes de sulfatacdo (0, 0,43 e 0,63%). E foi
verificado que, filmes de NC com XG, com NC com maior grau de sulfatacéo (0,63%),
apresentaram instabilidade de adsorcdo. Os NC sem esterificacdo, geraram camadas
irreprodutiveis com alta espessura (~200 £ 100 nm) e instabilidade de adsorgéo. Os
NC com sulfatacéo intermediaria (0,43%), geraram filmes finos reprodutiveis (15 * 2
nm) sem desorgao.

A segunda etapa do trabalho consistiu no desenvolvimento de imunosensores
piezoelétricos para deteccdo de dengue. E foi publicada na revista Biossensors and
Bioelectronics e pode ser vista em maiores detalhes na se¢éo dessa tese em ARTIGO
2 (PIRICH et al., 2017). Para ser adequado a utilizacdo em biossensores, foi almejado
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a utilizacdo somente do QCM sem dissipacdo de energia para utilizacdo de
diagnoéstico. Cujo equipamento € de baixo custo e acessivel para utilizagdo em
clinicas. Os filmes compostos por NC e XG, entretanto, apresentaram altissima
instabilidade no monitoramento da frequéncia, mesmo somente com injecdo de agua
ultrapurificada (x 300 Hz), devido a oscilacdo no comportamento viscoelastico desses
filmes e atribuido a presenca de XG. Com isso, foram produzidos nanofilmes
compostos de NC isolados por persulfato de amoénio. Os filmes apresentaram baixo
comportamento viscoelastico, sendo possivel sua utilizacdo mesmo no QCM sem
dissipacéo de energia. Inicialmente, foram imobilizados anticorpos monoclonais (I9G-
NS1), especificos para reconhedimento de antigeno NS1 da dengue. A seguir, 0
imunochip foi testado no reconhecimento do antigeno tanto purificado em meio PBS,
quanto em soro sanguineo, e foi capaz de detectar tanto no QCM-D quanto no QCM
o antigeno NS1, apresentando limites de deteccdo de 0,1 e 0,32 pg.mL?l Os
resultados encontrados, sugerem que o0 revestimento de sensores de QCM
disponiveis no mercado por filmes de NC, podem aumentar a sensibilidade no
reconhecimento de antigenos, tanto em QCM-D quanto em equipamentos de baixo
custo como o QCM.

A terceira etapa (ARTIGO 3 — em submisséo) consistiu no desenvolvimento do
melhor processo para o isolamento NC com alta razdo de aspecto
(comprimento:largura) e com baixa razdo de aspecto, isolados de celulose de fonte
bacteriana e fonte vegetal, respectivamente. Essa escolha de duas diferentes fontes
de NC foi porque apresentam variacdo no comportamento coloidal, sendo que os com
maior razdo de aspecto, sdo 0s mais sensiveis a variacdes no meio, € 0s com menor
razdo de aspecto, menos sensiveis.

Com os NC j4 isolados de fonte bacteriana, foi realizado o isolamento de NC de
fonte vegetal que, entretanto, apresentou maior resisténcia a hidrélise por persulfato
de amobnio, sendo necessario mais de 16 horas para se obter os NC com as mesmas
caracteristicas da fonte de celulose bacteriana (isolados e carboxilados). Portanto,
optou-se para o isolamento de NC de celulose vegetal a utilizacdo do método classico:
a hidrolise por acido sulfurico seguido de oxidacao por radical TEMPO.

Foi verificado em literatura que, embora o método de &cido sulfurico seja um
método antigo, novas otimizagdes ainda estdo sendo realizadas a fim de se reduzir o
custo dos NC isolado por essa técnica e torna-los competitivos para a producdo em

escala industrial (DONG et al., 2016). Com base na revisdo das melhores condi¢des,



121

nos verificamos que ndo existe nenhum estudo que leve em consideracdo as
condicbes do pré-tratamento da celulose, geralmente realizada por moinho, para a
producdo dos NC. Assim, foi proposto que, pela otimizacdo das condi¢cdes do pré-
tratamento, n6s poderiamos reduzir ainda mais o custo de producao de NC. Os efeitos
do pré-tratamento da celulose para obtencdo de NC por acido sulfurico esta em fase
de submissdo de um novo artigo (ARTIGO 3 dessa tese), pois verificamos que,
embora o pré-tratamento mecanico em condigbes drasticas (uso de moinho
Supermasscolloider), muito utilizado para a desfribrilacéo e producéo de nanocelulose
seja eficiente, ele ndo apresenta impactos nas caracteristicas finais dos NC isolados
avaliados (dimensdes, grau de sulfatacdo, estabilidade coloidal e cristalinidade). Com
isso, é possivel propor que a etapa de pré-tratamento pode ser reduzida a métodos
de menor custo, como simples trituracao por liquidificador, e onde o custo final dos

NC pode ser reduzido.

6. CONCLUSOES

Em dispersées, os NC com 0,43 % de grupamentos sulfato interferem na
adsorcdo com a XG, pois aumentam a estabilidade das nanoparticulas e atribuem
maior area para a interacdo. Maior teor de carga diminui a adsorcao;

Filmes finos desses NC aumentam a sua estabilidade, h& producéo de filmes
homogéneos e deposicdo de varias camadas. Maior teor de sulfato causa menor
dessorcéo e menor estabilidade;

Biosensores formados por filmes de NC modificada por oxidacao imobilizaram
:>200 ng.cm? de anticorpos (literatura< 150 ng.cm2), com menor diluicdo de soro
sanguineo: 1/10 (literatura >1/100); e menor limite de detec¢cdo de antigeno: 100
ng.mL? (literatura > 750 ng.mL"t). Provavelmente, por que formam filmes com maior
rugosidade, maior area superficial para imobilizar as IgGs; e menor interacao
conhecida por adsor¢éo néo especifica;

Foi possivel reconhecer o antigeno NS1 em ambos os equipamentos (QCM e
QCM-D), provavelmente porque filmes de CN apresentam menor energia de

dissipacéo;
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O Pré-tratamento da celulose vegetal utilizando moinho Supermasscolloider
(20 e 40x) aumentou a viscosidade, e favoreceu a obtencéo de celulose nanofibrilar.
Mas, pode encarecer o custo da producdo, sendo que o pré-tratamento utilizando
Blender ja foi suficiente para produzir nanoparticulas com as mesmas caracteristicas;

O pré-tratamento com agitacdo magnética, embora tenha apresentado
nanocelulose com maiores comprimentos, a mesma pode ser fracionada com uma
etapa de centrifugacdo adicional. Dependendo da utilizacdo, esse pré-tratamento
pode ser considerado mais vantajoso, ja que apresenta um rendimento total de ~85%.
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