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RESUMO

A elaboracao e o refinamento de sistemas de liberagdo controlada tém sido
extensivamente estudados a fim de se aprimorar as terapias com farmacos
convencionais € aumentar a adesao do paciente ao tratamento. Para esses fins,
varios polimeros biodegradaveis — como a quitosana — conjugados com outros
materiais que trazem respostas estimulo-responsiveis ao compoésito — como
magnetismo — tém sido usados na pesquisa de transporte e liberacao de farmacos.
Nesse tipo de formulacédo, o comportamento fisico-quimico do biopolimero permite a
incorporacdo do principio ativo na sua estrutura e as estruturas magnéticas agem
como sondas para conduzir magneticamente o compdsito a uma regido especifica
e/ou, por meio de suas propriedades fisicas, causar uma hipertermia magnética que
pode controlar a liberacdo de determinado farmaco pela aplicacdo de um campo
magneético externo. Assim, nesse trabalho, nanoestruturas de quitosana de ~100 nm,
incrustradas com até 25% de nanoparticulas magnéticas de O6xidos de ferro
(magnetita/maguemita) de ~5 nm foram produzidas por precipitacdo em meio
homogéneo, pela decomposicado da ureia. Nessa mesma, e Unica etapa de sintese,
o 5-hidroxitriptofano foi incorporado ao compdésito, com uma eficiéncia de até 80 %.
A caracterizacdo quimica, morfolégica e estrutural foi feita por XRD, TEM, FTIR,
TGA, medidas de magnetizacdo e de potencial zeta, enquanto a eficiéncia de
incorporacdo e o perfil de liberagdo foram estudados por UV-vis. A cinética de
liberacdo mostrou que trata-se de um sistema de liberagdo controlada pH-sensitivo
governada pelo entumescimento e/ou dissolugdo da fase polimérica, sendo mais
efetiva em meio acido. O difratograma revela que ha coexisténcia entre a fase
polimérica e a magnética; por outro lado a espectroscopia no infravermelho confirma
a interacdo entre quitosana e magnetita. O nanocompdsito apresentou uma
magnetizacdo de saturacdo de 11 emu/g enquanto que a do material magnético foi
de 50 emu/g; comparavel a das ferritas; em fungdo da analise termogravimétrica o

nanocompdsito apresentou um percentual de 24,6% de nanoparticulas magnéticas.

Palavras-chave: liberacao controlada, quitosana, nanoparticulas magnéticas, L-5-
hidroxitriptofan



ABSTRACT

Design and tailoring of controlled release systems have been extensively
studied in order to enhance drug therapy and increase patient compliance. For these
purposes, various biodegradable polymers — such as chitosan — conjugated with
another material which brings stimuli-responsive features — such as magnetism — to
the composite have been used in drug delivery research. In this formulation, the
physical-chemical behavior of biopolymer allows incorporation of pharmaceuticals in
its structure and opens the possibility for applications in drug delivery. Here, the
nanomagnets act as probes to magnetically drive the composite to a specific region
and/or, through their magneto-thermal properties, can control a drug release with an
external magnetic field. Thus, in this work, ~100 nm sized nanoparticles of chitosan
embedded with 25 % (w/w) of iron oxide magnetic nanoparticles
(magnetite/maghemite) and with a loading efficiency of about 80% for 5-
hydroxytryptophan were synthesized, using homogeneous precipitation by urea
decomposition, in an efficient one-step procedure. Characterization of morphology,
structure and surface were performed by XRD, TEM, FTIR, TGA, magnetization and
zeta potential measurements, while drug loading and drug releasing were
investigated using UV-vis spectroscopy. Kinetic drug release experiments under
different pH conditions revealed a pH-sensitive controlled-release system, ruled by
polymer swelling and/or particle dissolution, and that drug release is more efficient in
an acidic medium. he XRD pattern reveals that there is coexistence between the
polymer phase and magnetic; On the other hand the infrared spectroscopy confirms
the interaction between chitosan and magnetite. The nanocomposite showed a
saturation magnetization of 11 emu / g while that of the magnetic material was 50
emu / @g; comparable to ferrites; depending on the thermal analysis the

nanocomposite showed a percentage of 24.6% of magnetic nanopatrticles.

Keywords: controlled release, chitosan, magnetic nanoparticles, L-5-
Hydroxitriptophan
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1. APRESENTACAO

Esse trabalho de dissertacdo de mestrado foi elaborado na modalidade de
artigo cientifico, conforme previsto nas normas de preparo de trabalhos para
obtencdo do titulo de mestre, do Programa de Pés-Graduacdo em Ciéncias e
Tecnologias em Saude. Dessa maneira, € composto por uma introdugéo geral
(Capitulo 1), na qual se faz uma apresentacéo da estrutura do trabalho e do tema de
pesquisa, além de sua contextualizacdo e contribuicdo a literatura cientifica, ao

ensejo, ainda séo apresentadas as objetivos do trabalho.

No segundo capitulo é apresentado um artigo cientifico, cujo principal autor é
atual mestranda, intitulado “One-step synthesis of magnetic chitosan for
controlled release of tryptophan’, no qual se resumem a maioria dos resultados
obtidos durante este trabalho de mestrado. Foi publicado no periédico Journal of
Magnetism and Magnetic Materials (JMMM), um dos mais importantes na area de
nanomateriais magnéticos aplicados a saude, que tem um fator de impacto igual a
1,83 e é classificado como A2 no QUALIS da Capes, na éarea interdisciplinar
(avaliado em junho de 2014).

No capitulo 3 é apresentada uma discussdo geral sobre o trabalho e sao
listadas as conclusdes e as perspectivas em relacdo aos resultados obtidos. Em
seguida sao listadas as referéncias bibliograficas, principais e suplementares, nao
envolvidas na elaboracado dos artigos cientificos. Finalmente, nos anexos, ha um
documento contendo as normas especificas do periédico JMMM, ao qual o artigo do
capitulo 2 foi submetido é contido. Relevante também a insercdo, no Anexo C do
artigo “Fabrication of glycine-functionalized maghemite nanoparticles for
magnetic removal of copper from wastewater’, publicado como trabalho
secundario durante o mestrado, no peridédico Journal of Hazardous Materials, que
tem um fator de impacto igual a 4,68 e é classificado como A1 no QUALIS da Capes,
na area interdisciplinar (avaliado em junho de 2014).

2. INTRODUCAO

A elaboracéo e o refinamento de sistemas de liberagdo controlada tém sido
extensivamente estudados, a fim de se aprimorar as terapias com farmacos
convencionais € aumentar a adesdo do paciente ao tratamento. Isso se tornou

possivel, uma vez que esses sistemas de liberagcdo controlada podem modular a
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exposicao de um farmaco em funcado do tempo, auxiliar o transporte de principios
ativos através das barreiras fisioldgicas, proteger medicamentos e farmacos de uma
eliminacao precoce, conduzir farmacos a um sitio especifico, minimizar a exposicao
e reduzir a frequéncia de administragdo de medicamentos (Tran et al., 2011). Para
esses propdsitos, varios polimeros biodegradaveis tém sido utilizados. Eles podem
efetivamente transportar a droga para um sitio-alvo especifico e, assim, aumentar o

seu beneficio terapéutico, minimizando os efeitos adversos (Soppimath et al., 2001).

Um dos biopolimeros que tem atraido a atengcdo no campo da liberacao
controlada é a quitosana (CS), um polissacarideo natural que apresenta baixa
toxicidade, propriedade mucoadesiva elevada e caracteristicas antimicrobianas.
Além disso, é pouco alergénico e facilmente removido do organismo. Do ponto de
vista quimico, a CS apresenta grupamentos amina (NH.) e hidroxilas (OH)
disponiveis para interacdo com farmacos e outras biomoléculas. Apesar de todas
essas vantagens, a CS apresenta algumas restricbes fisicas que limitam suas
propriedades de adsorcao — baixa resisténcia mecanica, baixa estabilidade em meio

acido, baixa densidade e alta taxa de entumescimento (Agnihotri et al., 2004).

Entretanto, essas restricbes podem ser minimizadas se o biopolimero for
conjugado com outro material que oferece caracteristicas estimulo-responsiveis ao
composito. Nesse contexto, a CS pode ser conjugada com materiais magnéticos que
sdo extremamente Uteis para o desenvolvimento de sistemas de carreamento e de
liberacado controlada de farmacos inteligentes — a presenca de materiais magnéticos
permite detectabilidade por técnicas de imagem e diagnéstico, manipulabilidade
externa por um campo magnético aplicado e aquecimento pela aplicacdo de um
campo magnético alternado, que pode ser usado para controle da liberagcdo do
farmaco (You et al., 2010; Reddy et al 2012).

As nanoparticulas magnéticas também sdo amplamente utilizadas em
aplicac6es biomédicas, uma vez que apresentam grande relacdo area/volume (i.e.
area superficial disponivel), facilidade para conjugar biomoléculas e
manipulabilidade externa por campos magnéticos. Também apresentam baixa taxa

de sedimentacao e grande penetrabilidade nos tecidos (Pankhurst et al., 2009).

Entretanto, devido a sua natureza quimica — normalmente sao Oxidos

metélicos ou metais — ndo sao biocompativeis e necessitam ser funcionalizadas
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antes de serem aplicadas no meio biolégico. Isso pode ser conseguido pela
encapsulacdo ou dispersdao das nanoparticulas magnéticas em uma matriz
polimérica biocompativel (Reddy et al., 2012). Assim, a combinagdo das
nanoparticulas magnéticas com a quitosana poderia incrementar as caracteristicas
dos dois materiais para novas aplicacdes. E nessa direcdo que existem relatos da
elaboracdo de quitosana conjugada com materiais magnéticos para diferentes
propésitos que vao de aplicacbes como adsorventes de contaminantes na area
ambiental (Reddy, Lee; 2013), para o transporte e liberacdo de farmacos (Anirudhan
et al., 2014) e para magneto hipertermia, na area biomédica (Bae et al., 2012).

Apesar da potencialidade descrita, nanocompdésito magnético como veiculo
de farmacos para liberacao controlada nao tém sido amplamente exploradas. Além
disso, procedimentos simples e reprodutiveis para elaborar sistemas de liberacao
controlada inteligentes, com propriedades magneto-responsiveis, que possam
proporcionar eficiente incorporacédo do farmaco, liberagdo modulada e controlada e
capacidade de imageamento, sdo amplamente desejaveis. Nesse sentido, esse
trabalho propée um procedimento simples para a elaboracdo de um nanocompésito
que consiste em nanoparticulas de quitosana incrustadas de nanoparticulas
magnéticas, como um sistema magneto-responsivo para liberacao de farmacos. A
principal novidade e ineditismo desse trabalho estdo situados na rota de sintese
proposta, que € ambientalmente correta e compreende a obtencao do compdsito e a
incorporacao do farmaco em unica etapa. Neste trabalho, o triptofano foi escolhido
como substancia ativa, principalmente pela sua grande afinidade com a quitosana e
os Oxidos de ferro e por ser facilmente monitorado por espectroscopia de absorcéao
molecular no ultravioleta e visivel, apesar de apresentar caracteristicas
farmacéuticas bastante apreciaveis e interessantes (Majumdar; 1982). Do ponto de
vista farmacoldgico; o 5-hidroxitriptofano estd envolvido na sintese se serotonina
uma vez que a concentracdo serotonina é liberada; observa-se uma elevacao do
humor do individuo; bem como o aumento da capacidade cognitiva; desta maneira
sua importancia se revela em fung¢ao de possivel desenvolvimento de farmacos tanto

para tratamento de depressao; quanto de Alzheimer (Blush, Hazelwood; 2012)

Assim, foi feita a sintese, por meio de precipitacdo em meio homogéneo, de
nanocompdsitos de particulas de quitosana, de aproximadamente 100 nm, com 25
% em massa de nanoparticulas magnéticas de o6xido de ferro embutidas
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(magnetita/maguemita). A eficiéncia de incorporacao de 5-hidroxitriptofano foi de até
80 % em um procedimento simplificado, feito em uma Unica etapa, juntamente com a
sintese dos nanomateriais. A caracterizacao da morfologia, estrutura e superficie foi
feita por difracdo de raios X, microscopia eletrbnica de transmissdo de alta
resolugcéo, espectroscopia de infravermelho, analise termogravimétrica, medidas de
magnetizagdo e do potencial zeta. A incorporacdo e os estudos de liberagdo do
farmaco foram feitos por espectroscopia de absorcao no ultravioleta-visivel. Estudos
da cinética de liberacdo do 5-hidroxitriptofano em diferentes pHs mostraram que o
sistema investigado tem a liberacéo sensivel ao pH do meio e que esse processo de
liberacao do farmaco é guiado pelo entumescimento e decomposi¢ao do polimero.

2.1 Contextualizacao e contribuicao do estudo a literatura cientifica

2.1.1 Sistemas de liberacao controlada e nanomateriais

Sistemas de liberacdo controlada tém sido desenvolvidos para aperfeigoar a
disponibilidade espacial e temporal de farmacos e outros compostos (genericamente
referidos como “farmacos” nesse trabalho) no organismo, principalmente com a
finalidade de proteger a droga de degradacédo ou eliminacao fisiolégica. Uma terapia
nao toxica e eficaz requer que a concentracdo da droga no plasma esteja dentro de
uma janela terapéutica, cujos limites inferior e superior sdo, respectivamente, a
minima concentracao efetiva (MCE) e a minima concentragdo téxica (MCT). Para
farmacos rapidamente adsorvidas/eliminadas, uma dose Unica, indicada pela seta
vermelha na figura 1, leva a um aumento rapido e queda rapida na concentracdo
dessa droga (curva com linha sélida no grafico). Multiplas doses em intervalos
regulares (setas azuis) levam a uma oscilagdo na concentracado da droga que pode
ficar fora da janela terapéutica por significantes periodos de tempo, conforme
mostrado na curva de pontos da figura 1. Entretanto, se administrado em dose
correta, no caso de um sistema de liberacdo controlada, conforme representada pela
curva de tracos e pontos, apds um rapido aumento, a concentracdo da droga pode
se manter constante, entre os limites da minima concentracao efetiva e da minima

concentracao téxica (Siegel, Rathbone; 2012).
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Figura 1. Curvas de janela terapéutica contendo a minima concentracao efetiva (MCE) e a
minima concentracao téxica (MCT)
Fonte: Siegel, Rathbone; 2012

Uma das metodologias mais eficazes para construcdo de sistemas de
liberagdo controlada é a utilizagdo de nanomateriais. De acordo com Azevedo 2002;
0s mesmos envolvem estruturas diferentes, como a nanoesfera e a nanocapsula. A
nanoesfera é um sistema em que o ativo encontra-se disperso homogeneamente no
interior da matriz polimérica, consistindo de um sistema monolitico em que néo é
possivel a identificacdo de um nucleo, por outro lado na nanocéapsula, o farmaco é
envolvido por uma membrana que o0 separa do meio externo, sendo um sistema
reservatério onde existe a possibilidade de identificar um nucleo diferenciado. De
fato, a grande relacéo entre a area superficial e volume, além da possibilidade de se
obter nanomateriais de composi¢cdes multiplas e com propriedades fisicas e fisico-
quimicas as mais variadas possiveis, permite ampla interagcdo entre farmaco e
nanoestrutura, tornando esses materiais veiculos com usos e aplicagdes infinitas na
area de liberacdo de farmacos. Dessa forma, o emprego de nanoparticulas para
transporte ou liberacdo de farmacos conduz a uma maior absor¢cdo de um dado
farmaco, e em especial no local ou sitio especifico que se pretende reduzindo, de
maneira consideravel, efeitos adversos (Uria; et al., 2007). No entanto, quando se
requer sistemas de liberacdo de medicamentos, seja prolongada ou retardada, deve-
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se primeiramente questionar a modulagcédo da resposta pretendida frente ao tipo de
liberagéo desejada (Pezzini, 2007; Coelho et al., 2010).

E nessa direcdo que existem diversos tipos de sistemas para liberacdo
controlada envolvendo nanotecnologia. As vertentes mais comuns de aplicacao séao
na forma de nanoparticulas macicas, nas quais o ativo encontra-se disperso
homogeneamente no interior da matriz nanométrica e de nanocapsulas, em que o
farmaco é envolvido por uma membrana que o separa do meio externo (Azevedo
2002; Schaffazick et al., 2004). Além disso, ainda existem outras formas de
veiculacao como aquelas baseadas em emulsdes, nanogéis e lipossomas (De Jong
et al., 2008).

As matrizes nanométricas sdo as mais variadas possiveis e vao desde
inorganicas, como silica e alguns 6xidos, até organicas e biolégicas, como polimeros
e proteinas. Para aplicagdes em liberacdo controlada, as matrizes poliméricas, e em
especial as biodegradaveis, sdo as mais utilizadas, uma vez que apresentam grande
biocompatibilidade e afinidade com farmacos, além de poderem ser estimuladas
externamente por parametros como pH, temperatura, radiacdo térmica e
eletromagnética, para modular a taxa de liberagdo das substancias ativas
(Soppimath et al., 2001).

Nessa direcao, especial atencdo é dada a polimeros naturais, que sofrem
biodegradacao in vivo por acdo de enzimas ou micro-organismos. Com grande
vantagem, os polissacarideos sao objeto de intenso estudo no sistema de liberacéao
de farmacos, destacando-se a quitosana (CS). Esse polimero apresenta um custo
mais baixo em relagdo aos sintéticos, € biocompativel com os sistemas biolégicos e
possui grande afinidade com diferentes principios ativos (Severino et al., 2011;
Villanova et al., 2010).

2.1.2 Quitosana

A CS, polisacarideo com estrutura similar a celulose, conforme mostrado na
figura 2, é obtida a partir da desacetilacao da quitina, muito comum na fibra ou no
exoesqueleto das carapacas dos crustaceos. Sua pureza esta relacionada ao nivel
de desacetilagdo — entre 50 e 95 % — e seu peso molecular pode atingir até 20
Kg/mol. As aminas primarias conferem a CS propriedades muito apreciadas em
aplicac6es farmacéuticas ja que, comparada a outros polimeros, apresenta carga
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positiva e é mucoadesiva. Esses grupos amina apresentam-se desprotonados,
fazendo com que a CS seja insoltvel em pHs neutros e basicos. A medida que o
meio se torna acido, a CS se torna soluvel em agua, uma vez que 0s grupos amina
tendem a se protonar. A solubilidade da CS, entretanto, depende também do grau
de desacetilacdo da amostra. Em geral, solucbes de CS sao preparadas em

solucdes diluidas de acido acético (Madihalie, Mattew; 1999).

CH0H CHOH

o

Figura 2. Estrutura molecular da Quitosana
Fonte: Madihalie, Mattew; 1999

Em funcdo de sua propriedade mucoadesiva; pode-se relaciona-la a
capacidade que a mesma possui em promover um direcionamento mais especifico
do farmaco e uma retengcao e protecdo melhorada do mesmo (Carvalho, Chorilli,
Gremiao; 2014)

A CS, que apresenta grande biocompatibilidade, é pouco alergénica e
raramente é rejeitada pelo organismo, é degradada a produtos ainda menos téxicos,
que sado completamente adsorvidos pelo corpo humano. Na area biotecnoldgica €
bastante utilizada como adsorvente para contaminantes do meio ambiente e, na
area médica, como suporte sélido para carreamento e liberagdo controlada de
farmacos. De fato, a CS apresenta grande vantagem nessas areas ja que 0S seus
grupos funcionais mimetizam grupos presentes em biomoléculas e farmacos,
aumentando a interacdo entre essas espécies e, além disso, pode ser sintetizada
por vias verdes, sem a utilizacdo de solventes ou reagentes agressivos ou nocivos
aos organismos em que sao aplicadas. Dessa maneira, tendo em vista as diversas
caracteristicas e vantagens relacionadas, existem diversos relatos da elaboracao e
aplicacdo de CS, em escala micrométrica e nanométrica, na liberagdo controlada de
farmacos (Brugnerotto et al., 2001 ; Agnihotri; et al. ; 2004).

Uma nova vertente, ligada a producao de biomateriais que respondam ao seu

ambiente, tem sido amplamente pesquisada nessa area de liberacdo controlada de
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farmacos. Esses novos materiais, normalmente designados como “materiais
inteligentes” ou “estimulo-responsiveis” sdo capazes de carrear determinado agente
terapéutico e, com base em estimulos externos ou variagbes no ambiente, modular a
taxa de liberacdo dessas substancias com maior precisdao. Polimeros que
respondem a diferentes estimulos, tais como pH, temperatura, radiacao, ultrassom e
magnetismo tém sido amplamente investigados nessa direcao, e a CS é um desses
materiais. Entretanto, apesar de ser sensivel a mudangas ambientais como
temperatura e pH, a CS ndo pode ser facilmente estimulada remotamente. E nesse
sentido que materiais multicomponentes e compdsitos tém sido fabricados: a
combinacdo de multiplas possibilidades de estimulos diferenciados permite a
utiizacdo de materiais inicialmente invidveis e potencializa, ainda mais, as
possibilidades de aplicagcdo de materiais comumente utilizados. O uso de materiais
magnéticos combinados com polimeros biodegradaveis é um desses exemplos. De
fato, esses materiais apresentam trés principais vantagens: (i) podem ser facilmente
localizados por técnicas de diagnostico no organismo em que sao veiculados; (ii)
podem ser externamente manipulados e direcionados dentro do organismo por meio
da aplicacdo de campos magnéticos; (iii) podem ser aquecidos pela aplicacdo de
campos magnéticos alternados, facilitando a liberagdo de principios ativos ou morte

celular por termélise (You et al., 2010).
2.1.3 Nanomateriais magnéticos

O emprego de nanoestruturas em técnicas de diagndsticos e tratamentos tem
aumentado potencialmente nos Ultimos anos (Shi et al, 2010). Mais
especificamente, nas Ultimas décadas, essas investigacées tém sido direcionadas
para utilizacao de materiais nanoestruturados que também apresentam propriedades
magnéticas (Pankhurst et al., 2013). A versatilidade de tais materiais como
ferramenta nessa area surge, principalmente, devido a alguns fatores: uma vez que
as nanoparticulas possuem dimensdes menores ou comparaveis a de uma célula,
um virus, uma proteina ou mesmo de um gene, as mesmas podem, facilmente,
interagir com uma entidade biolégica de interesse, além de permear pelos
compartimentos diferenciados do organismo; essas nanoparticulas magnéticas
podem ser recobertas, ou seja, funcionalizadas por moléculas bioativas, por
exemplo, moléculas organicas, polimeros, anticorpos, etc, isto €&, materiais

facilmente reconhecidos por células, tecidos e 6rgaos do corpo humano, otimizando
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sua interacdo com 0 organismo, ou mesmo tornando-as pontualmente especificas a
uma determinada regido ou alvo; uma vez que sdo magnéticas, as nanoparticulas
podem ser facilmente manipuladas por gradiente de campo magnético externo e,
essa “acao a distancia”, combinada com a intrinseca penetrabilidade dos campos
magnéticos em tecidos humanos, oferece muitas aplicacées envolvendo o transporte
e/ou imobilizacdo dessas entidades bioldégicas magneticamente caracterizadas.
Desse modo, as nanoestruturas podem ser guiadas ou localizadas em um alvo
especifico por campos magnéticos externos, tornando-as potenciais carreadoras de
farmacos com especificidade de sitio (Berry, 2003; Gupta, 2005; Dobson, 2006;
Laurent, 2008; Zhang, 2008), suprindo a nao especificidade dos sistemas de
veiculacdo nao-magnéticos convencionais. A possibilidade de que as farmacos
sejam guiadas e retidas em uma regiao especifica do corpo permite que doses
menores sejam administradas, reduzindo os efeitos adversos associados a
sobrecarga do organismo por altas doses de medicamento. O potencial de aplicacao
biomédica desses sistemas, todavia, ultrapassa esse uso e podem ser utilizados
também em outras aplicagées tanto in vivo como in vitro. As aplicagbes in vivo
compreendem as aplicacbes terapéuticas (carreamento de farmacos e
magnetohipertermia) e diagnésticas (agentes de contraste em imagens de
ressonancia magnética nuclear Neuberger T et al., 2005), ao passo que as in vitro
compreendem aquelas diagnosticas (separacdo magnética de células ou moléculas
biolégicas variadas e selecdo celular). Particularmente promissor, 0 processo de
magnetohipertermia envolve a introducdo de nanoparticulas magnéticas em um
tecido doente e a aplicacdo de um campo magnético alternado, de intensidade e
frequéncia adequados, suficiente para causar um aquecimento das nanoestruturas.
Este aquecimento € imediatamente transmitido ao tecido em questédo, de tal forma
que, se a temperatura puder ser mantida acima dos 42°C por tempo adequado, 0
tecido & normalmente destruido. Além disso, a MHT pode otimizar os processos de
liberacdo controlada de farmacos conjugados a sistemas MNP-polimero, ja que o
aquecimento desse compdsito induz uma “degradacdo” ou abrandamento do
polimero e permite o controle da liberacdo do farmaco. As investigacbes da
aplicacdo de materiais magnéticos para hipertermia datam desde os anos 50 e
mostram uma grande variedade de aparatos para a aplicacdo de campos
magnéticos de intensidades e frequéncias diferentes.
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Historicamente, para aplicacées biomédicas, os 6xidos de ferro (FesO4 e y-
Fe-O3) sdo de longe os nanomateriais mais comumente utilizados como, por
exemplo, como contrastantes em ressonancia magnética nuclear (Kopp AF; 1997) e
como nanocarreadores em hipertermia (Johannsen M.; 2010) clinica. De fato,
materiais com valores de magnetizacdo maiores, como cobalto, niquel e ferro
metalicos sao téxicos, susceptiveis a oxidacao e, portanto, pouco interessantes. Nao
obstante, em escala nanométrica, esses éxidos magnéticos apresentam fendémenos
remarcaveis, destacando-se 0 superparamagnetismo, as irreversibilidades em
campo elevado, altos campos de saturagcao de magnetizacéo, contribuicdes extra de
anisotropia, fendmenos de superficie, etc., muito apreciados para seu uso em
magnetohipertermia. Também o comportamento magnético dessas particulas, acima
de certa temperatura (temperatura de bloqueio), é idéntico ao dos atomos
paramagnéticos (superparamagnetismo), exceto pelo alto valor de momento
magnético dos nanograos (~10* magnétons de Bohr). Particularmente, as aplicagdes
biomédicas exigem nanoparticulas estaveis e dispersas em meio aquoso neutro e de
salinidade fisiologica. A estabilidade coloidal desses sbéis depende, nesse caso,
primeiramente das dimensbdes das particulas, que devem ser suficientemente
pequenas, evitando sedimentacao por acao gravitacional e, também, de sua carga e
de sua superficie quimica, que dao origem a ambas, repulsdes estéricas e
coulédmbicas. As restricbes adicionais para aplicacdo destas nanoparticulas estdo
vinculadas a afinidade das mesmas ao meio bioldgico. Neste sentido, as particulas
devem ser funcionalizadas, i.e. recobertas por materiais biocompativeis, durante ou
apds o processo de sintese, para evitar a formacdo de agregados, mudancas da
estrutura e composicao originais e biodegradagdo, quando expostas ao meio
biolégico. Essa superficie funcionalizada também pode permitir o acoplamento de
outras biomoléculas, que aumentam sua especificidade, por meio de interacdes
idbnicas ou moleculares (Babes L.; 1999).

A sintese de nanoparticulas de Oxidos de ferro para varias aplicacdes
biomédicas, incluindo a estabilizacdo coloidal com modificacdes superficiais
adequadas e caracterizacoes fisico-quimicas estdo sumarizadas em alguns artigos
de revisdao (Roca AG; 2009). Nesses trabalhos, as principais estratégias para
obtencdo dos nucleos de éxido magnético podem ser classificadas em sintese em
meio aquoso, sintese em fase organica e sintese por processos de microemulsao.

Cada tipo de processo apresenta vantagens e desvantagens para aplicagdes
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biomédicas. Enquanto a sintese em meio aquoso € mais limitada quanto ao controle
da morfologia e distribuicdo em tamanho, esse método produz nanoparticulas mais
facilmente funcionalizaveis e com menor toxicidade e maior afinidade com o meio
bioldgico. Os métodos organicos permitem maior controle de morfologia e,
principalmente, de polidispersdo. Entretanto, os produtos, ao final da sintese,
carregam compostos e solventes organicos, dificultando posterior funcionalizacao e
limitando a aplicagdo em meio biolégico, devido ao alto grau de toxicidade. Ja as
técnicas de microemulsdo produzem nanomateriais mais brandos que 0s processos
organicos, com um bom controle de tamanho, porém em pequenas quantidades.
Além disso, esses trabalhos, conforme ja mencionado, se limitam a producédo de
magnetita e maguemita. Outros 6xidos similares, as ferritas espinélio MFe,O4 (M =
Co?*, Mn?*, Ni#*, Cu®** e Zn**) também apresentam propriedades magnéticas muito
interessantes e, se devidamente funcionalizadas, podem ser usadas, com vantagem,
em MHT (Verde, EL. et al., 2012; Verde, EL et al. 2012).

A carga e o carater hidrofobico/hidrofilico da superficie tém influéncia
significativa na distribuicdo in vivo das nanoparticulas em cada tecido e
compartimento microscépico do organismo e na associacdo das mesmas com
biomoléculas do fluido biolégico. Em geral, na biocompatibilizacdo das
nanoparticulas, o material usado para realizar a cobertura deve recobrir
suficientemente a superficie do o6xido para prevenir interacdbes dos metais
superficiais com o meio bioldgico e permitir a introducdo de grupos funcionais e
espacadores para a conjugacdo com moléculas bioativas, incluindo proteinas,
anticorpos, lecitinas, peptideos, horménios, vitaminas, nucleotideos ou famacos.
Além disso, na MHT, essa cobertura deve ser boa transmissora de calor ou, na
liberacdo de farmacos assistida por MHT, ter caracteristicas termoplasticas
adequadas. Em geral, os 6xidos magnéticos sdo encapsulados por compostos
poliméricos orgéanicos (Ziolo RF; 1992) como quitosana ou por matrizes inorganicas
como a silica (del Monte F; 1997). Este processo permite modificar a superficie das
particulas, com materiais de quimica ja bastante conhecida e estudada, de tal
maneira que as particulas podem ter grupamentos quimicos especificos que
facilitem a ligacdo da biomolécula de interesse. Os processos de encapsulacédo
tradicionais, porém, aumentam muito o volume das nanoparticulas e, por portarem
materiais “ndo-magnéticos”, os nanograos encapsulados apresentam magnetizacao

menos intensa. Estes efeitos sao indesejaveis, ja que podem limitar suas aplicacoes
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biomédicas, especialmente em MHT. Uma alternativa para contornar esses
problemas € a utilizacdo de polimeros biocompativeis que podem ser depositados,
de maneira mais controlada, na superficie dos nanogrdos magnéticos, como a

quitosana.

De fato, processos de encapsulacao vém sendo explorados tradicionalmente
na preparagado de micro e nanocapsulas contendo os agentes biologicamente ativos
como farmacos, alimentos e nutrientes. Dependendo do processo de preparagao, as
nanoestruturas sao classificadas como nanoesferas ou nanocapsulas — enquanto
uma nanoestrutura com um farmaco impregnado na sua superficie é chamado de
nanoesfera, as particulas contendo a droga no seu interior sdo chamadas de
nanocapsulas (Alonso M J., 2004) e, para aplicacées biomédicas, a fase polimérica
€ biodegradavel (De Geest BG., et al., 2009). Durante a ultima década, varios bio
polieletrélitos como polissacarideos, polipeptideos ou polinucleotideos, que sao
bastante biodegradaveis em meios biologicos, tém sido utilizados para a fabricacao
dessas capsulas (Picart C. et al.,2005). Entretanto, apds alcancar a regiao alvo, as
estruturas necessitam liberar as farmacos encapsuladas de maneira assistida e/ou
controlada. Entre a variedade de processos de liberacao de farmacos, aqueles com
funcionalidades remotas por um estimulo externo tal como luz (Skirtach, AG.; et al.,
2004), ultrassom (Shchukin DG. et al., 2006) e campo magnético (Lu ZH.; et al.,
2005) sao muito mais interessantes para um controle mais minucioso apds

administragao.
2.1.4 Triptofano

O triptofano, cuja estrutura molecular é apresentatada na figura 3, € um
aminoacido essencial, ndo sintetizado pelo organismo, mas um importante precursor
na sintese do neurotransmissor serotonina (Kapczinski et al.; 1998); Estudos
recentes mostram que uma combinacao entre variaveis genéticas associadas ao L-
5 hidroxitriptofano auxiliam uma melhor compreensado sobre a neurobiologia da
doenca depressdo, o que condiciona novos rumos a pesquisa (Neumeister A.,
2003).

Uma de suas principais caracteristicas € que possui uma absorbancia na
regido do visivel (Petrovic et al., 2013; Tunna et al., 2013 ). O quantitativo ingerido

na alimentacdo nao consegue permear a membrana hematoencefalica; pois grande
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parte é metabolizado e eliminado antes de ser absorvido (Comai et al., 2007),
fazendo com que seja um sério candidato envolvido em sistemas de transporte e
liberacao controlada. Entretanto, um dos fatores principais que nos levaram a essa
escolha foi a grande afinidade do triptofano com a quitosana, sua hidrossolubilidade
e, de maneira muito importante, sua detectabilidade por uma técnica analitica
simples — nesse caso, a espectroscopia de absorcdo molecular no ultravioleta-
visivel. E preciso salientar que a concentracdo do triptofano deveria ser
acompanhada, tanto na etapa de incorporacao ao nanocompdésito, como na fase dos

testes de liberagéo.

Figura 3. Estrutura quimica do L-5 hidroxitriptofano
Fonte: Lin Y., Sun X., Yuan Q., Yan Y.; 2014
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2. OBJETIVOS

O objetivo geral do trabalho foi o de elaborar nanocompdsito magnético
dopadas com 5-hidroxitriptofano e testar a habilidade desses nanocompésitos como
sistema de liberacdo controlada do referido principio ativo em condi¢des

diferenciadas de pH.
Os objetivos especificos foram:
1- Propor e otimizar processo para sintetizar, por meio de precipitacdo em meio
homogéneo, nanocompdsitos de quitosana com nanoparticulas magnéticas

de 6xido de ferro ;

2- Caracterizar, por meio de diversas técnicas, as propriedades morfologicas,

estruturais, quimicas e fisico-quimicas dos nanomateriais sintetizados;

3- Otimizar a adsor¢ao do 5-hidroxitriptofano pelos nanocompdésitos sintetizados;

4- Estudar o perfil de liberacdo do 5-hidroxitriptofano em condigcdes

diferenciadas de pH;
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1. APRESENTACAO

O artigo a seguir, intitulado “One-step synthesis of magnetic chitosan for
controlled release of tryptophan’, foi submetido para publicagdo no Journal of
Magnetism and Magnetic Materials (JMMM), por ocasido da conferéncia
internacional mais importante da area de carreadores magnéticos, 10th International
Conference on the Scientific and Clinical Applications of Magnetic Carriers, ocorrida
em Dresden, na Alemanha, no més de junho de 2014, onde o referido trabalho foi
apresentado. Cabe ressaltar que o periédico JMMM é um dos mais importantes na
area de nanomateriais magnéticos aplicados a saude, tem um fator de impacto igual
a 1,83 e é classificado como A2 no QUALIS da Capes, na area interdisciplinar

(avaliado em junho de 2014).

O artigo resume os resultados obtidos no trabalho de dissertacdo de mestrado
e mostra a sintese, por meio de precipitacio em meio homogéneo, de
nanocompdsitos de particulas de quitosana de aproximadamente 100 nm, com 25 %
em massa de nanoparticulas magnéticas de 6xido de ferro embutidas
(magnetita/maguemita). A eficiéncia de incorporacao de 5-hidroxitriptofano foi de até
80 % em um procedimento simplificado feito em uma Unica etapa, juntamente com a
sintese dos nanomateriais. A caracterizacao da morfologia, estrutura e superficie foi
feita por difracdo de raios X, microscopia eletrbnica de transmissdo de alta
resolugdo, espectroscopia de infravermelho, analise termogravimétrica, medidas de
magnetizacdo e do potencial zeta. A incorporacdo e os estudos de liberacdo do
farmaco foram feitos por espectroscopia de absorcéao no ultravioleta-visivel. Estudos
da cinética de liberacdo do 5-hidroxitriptofano em diferentes pHs mostraram que o
sistema investigado tem a liberacéo sensivel ao pH do meio e que esse processo de

liberacao do farmaco é guiado pelo entumescimento e decomposi¢ao do polimero.



27

One-step synthesis of magnetic chitosan for

controlled release of tryptophan

Jucély dos Santos Menegucci, Mac-Kedson Medeiros Salviano Santos, Diego

Juscelino Santos Dias, Juliano Alexandre Chaker and Marcelo Henrique Sousa’

Universidade de Brasilia, Faculdade de Ceilandia, Centro Metropolitano Cj. A Lt. 1, Ceilandia — DF,

CEP 72220-900, Brazil

Abstract:

In this work, ~100 nm sized nanoparticles of chitosan embedded with 25 %
(w/w) of iron oxide magnetic nanoparticles (magnetite/maghemite) and with a loading
efficiency of about 80% for 5-hydroxytryptophan were synthesized, using
homogeneous precipitation by urea decomposition, in an efficient one-step
procedure. Characterization of morphology, structure and surface were performed by
XRD, TEM, FTIR, TGA, magnetization and zeta potential measurements, while drug
loading and drug releasing were investigated using UV-vis spectroscopy. Kinetic drug
release experiments under different pH conditions revealed a pH-sensitive controlled-
release system, ruled by polymer swelling and/or particle dissolution, and that drug

release is more efficient in an acidic medium.

Keywords: magnetic nanopatrticles, chitosan, nanocomposite, controlled release, tryptophan
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1. Introduction

Design and tailoring of controlled release (CR) systems have been extensively
studied, in order to enhance drug therapy and increase patient compliance. This has
become possible because CR systems can control drug exposure over time, help
drugs to pass through physiological barriers, protect drugs from premature
elimination, drive drugs to the target site, minimize drug exposure and reduce
frequency of administration [1]. For these purposes, various biodegradable polymers
have been used in drug delivery research; they can effectively deliver the drug to a
target site and thus increase the therapeutic benefit, while minimizing side effects [2].
One of these biopolymers which has attracted attention in the controlled release field
is chitosan (CS), a natural polysaccharide that presents low toxicity, improved
mucoadhesive features and antimicrobial properties. Moreover, it is low-allergenic
and easily removable from the organism. From the chemical point of view, CS
presents amine (NH.) and hydroxyl (OH) groups that are readily available for
crosslinking with drugs or biological entities. Despite having these advantages, CS
presents physical constraints that limit its adsorption features — weak mechanical
properties, low stability in acidic media, low density and high swelling ratios [3] .

Nevertheless, these restrictions can be minimized if the biopolymer is
conjugated with another material which brings stimuli-responsive features to the
composite. In this context, CS can be combined with magnetic materials which are
highly useful in the development of novel stimuli-responsive materials for drug
delivery —the presence of magnetic materials gives advantages such as detectability
by imaging techniques, controllability by an external magnetic field and thermal
heating which has been used to produce tissue ablation or to control drug release [4].

Magnetic nanoparticles (MNPs) are also widely appreciated in biomedical
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applications [5] because they present highly effective surface areas, facility to be
conjugated with biomolecules and manipulability by an external magnetic field — they
also present lower sedimentation rates and improved tissue diffusion. However, due
to their chemical nature, MNPs — normally iron oxides — are non-biocompatible and
need to be functionalized before biomedical applications. This can be achieved by
encapsulating or dispersing them into a biocompatible polymeric matrix [6]. Thus, the
combination of MNPs with CS would enhance both materials’ characteristics for new
applications. In fact, there are several reports of chitosan conjugated with magnetic
nanoparticles for different purposes which range from magnetic adsorbents in
environmental applications [7] to controlled drug delivery/release [8] and magnetic
hyperthermia in the biomedical field [9].

Despite this potentiality, magnetic chitosan as a vehicle for drug release has
not been widely explored yet. Moreover, simple and reproducible approaches to
fabricate CR systems with magnetic-responsive properties that can provide efficient
drug loading, controllable drug release, and imaging capability are highly desirable.
To this end, in this work we propose a simple fabrication of a nanocomposite which
consists of chitosan structures embedded with magnetic iron oxide nanoparticles as
a magnetic-responsive system for the controllable release of drugs. The novelty of
this work is that the synthesis route is environmentally friendly and comprises
elaboration of the composite and drug loading in only one step. Here, tryptophan
(Trp) — which also presents biological importance and pharmaceutical capacities [10]
— was chosen for drug loading since it has a great affinity for chitosan; additionally,
because it is easily monitored spectrophotometrically, Trp was used as a surrogate
small, water-soluble drug.

Thus, using a method of homogeneous precipitation by urea decomposition,

efficient one-pot synthesis of a nanocomposite comprising sub-100-nm-sized



30

nanoparticles of CS embedded with up to about 25 % (w/w) of magnetic
nanoparticles and with a loading efficiency of about 80% for 5-hydroxytryptophan
could be achieved. Moreover, kinetic drug release experiments under different pH
conditions revealed that this is a pH-sensitive controlled-release system and that

drug release is more efficient in an acidic medium.

2. Experimental section

All the chemical reagents used in the work were of analytical grade and were
used without further purification.

A- Magnetic chitosan (mag@CS)

In a typical procedure, for the synthesis of magnetic chitosan, 1.0 mL of 1 %
(w/w) chitosan solution (high purity, Mv 60.000-120.000, from Sigma-Aldrich) —
prepared in 1 % (w/w) acetic acid — and 40 mmol of urea were dissolved in 50 mL of
water at room temperature. Then, 20 mol of FeCl3:6H,O and 10 ['mol of
FeCl»-4H,0 were mixed uniformly into the solution containing urea and chitosan, in a
three-neck flask, and the temperature was brought to 100 °C under moderate reflux
while stirring, for 4 hours. The product was collected and washed several times with
water, by magnetic decantation.

B- Tryptophan loading

Two methods were utilized for the incorporation of Trp into magnetic chitosan.
In the first approach, 20 mg of lyophilized magnetic chitosan, obtained as described
in the section before, was incubated into 50 mL of 5-hydroxitryptophan solution (0.5
mg/mL) for 4 h. In the second method, 25 mg of 5-hydroxitryptophan was mixed with
chitosan, urea and iron salts and submitted to a reflux as described in the section

before. Solid was separated from supernatant, washed once with water and
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lyophilized.

C- Tryptophan release

The release of tryptophan was investigated at constant temperature (25 °C)
using different pH conditions. In a typical procedure, 20 mg of magnetic chitosan
loaded with tryptophan was introduced in 5 mL of water. Then, pH of the slurry was
adjusted and aliquots of supernatant (magnetically separated) were investigated by
UV-vis.

D- Characterization

The size and morphology of the as-prepared materials were examined by
high-resolution transmission electron microscopy (HRTEM) using a JEOL 1100
apparatus. X-ray diffraction study was performed on powder samples with a Rigaku —
Miniflex 600 diffractometer using radiation of 1.541 A (40 kV and 30 mA). The room-
temperature magnetization curves were obtained using an ADE vibrating sample
magnetometer model EV7. Hysteresis loops were performed under applied magnetic
fields varying from -18 to 18 kOe at 300 K. A dynamic light scattering analyzer
(Malvern Instruments, Zetasizer nano ZS) was used to measure the electrophoretic
mobility. FTIR spectra were recorded with crystalline KBr in the range of 3700 - 400
cm™ and resolution of 2 cm™. Thermogravimetric analyses (TGA) were performed in
air flow and with a heating rate of 10 °C/min up to 600 °C, in a Shimadzu
Thermogravimetric Analyzer model DTG-60. The concentration of loaded tryptophan
was measured by determining its concentration in solution, by ultraviolet-visible

spectrometry (UV-vis) after and before interaction with magnetic chitosan.

3. Results and Discussion
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In the synthesis of magnetic chitosan (mag@CS), as temperature reached
about 100 °C, decomposition of urea takes place and hydroxide concentration
increases. In fact, this process generates OH homogenously in the solution and, as
the urea source is not totally consumed, pH maintains constant at alkaline region [11]
as shown in Fig. 1 — the circles represent the pH variation during synthesis. This can

be described by reactions (1) and (2).

CO(NH,), + H,0 — CO, + 2NH, (1)

NH, + H,0 < NH] + OH (2)

After about 30 minutes, a brown gummous colloid started forming and, as time
elapsed, this brown precipitate was converted to a black solid. Here, both chitosan
and magnetic iron oxide were condensed to form a composite as illustrated in Fig. 1
(the mag@CS structure). Before urea decomposition, the medium was acid and
chitosan was solubilized, but precipitated/coacervated when it came in contact with
the alkaline solution originated from reactions (1) and (2) [12]. On the other hand, the
presence of Fe®" and Fe?* (aqua ions in acid medium) at a molar ratio of 2:1 and the
increasing concentration of hydroxide led to the formation of magnetite (FesOy),

according to the chemical reaction 2Fe’* + Fe** + 80H™ —— Fe,0, ! + 4H,0.
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Fig. 1. Schema of synthesis of mag@CS nanocomposites. Circles are the variation of pH as a
function of the time of reaction. Before 95 °C, iron complexes and chitosan coexists in solution. As
temperature reaches 95 °C and time increases, chitosan polymerizes (blue thread ball) embedded

with magnetic iron oxide nanoparticles (red spheres).

XRD pattern of mag@CS sample in Fig. 2 revealed two phases: after indexing
the main peaks using Bragg’s law and comparing them to the ASTM standards,
spinel structure was found, indicating that magnetite and/or maghemite (marked by
their indices) should be present in samples synthesized in this work — XRD patterns
of magnetite and maghemite are very analogous. When compared with the ASTM
lattice parameters for cubic magnetite and maghemite, respectively 0.8396 nm and
0.8347 nm, the intermediary value of lattice parameter determined for our sample
(0.836 nm) indicated that magnetite was partially oxidized to maghemite (y-Fe2O3).

This can be explained by the fact that preparations were carried out in air, an



34

oxidizing environment, so that magnetite was partially converted to maghemite [13].

The other phase identified from XRD pattern on Fig. 2 was the chitosan. In fact, the

broad peak at 2[1 ~ 202 is typical of polymerized chitosan [14].
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Fig. 2. X-ray diffraction pattern of mag@CS composite. Main diffraction peaks of the iron oxide
(magnetite and/or maghemite) are identified by their indexes and reflection of chitosan is identified by
CS. At the top right corner, the FTIR spectra of bare magnetic nanoparticles (dashed blue) and

mag@CS sample (red). Inset table lists the main FTIR transitions for pure chitosan.

In spite of XRD identifying both the polymeric and inorganic magnetic phases,
this technique is not able to prove that they are interacting to form a composite. FTIR
was therefore utilized to study the synthesized materials. The insets of Fig. 2 shows
the FTIR spectra corresponding to the mag@CS composite and to the bare magnetic

nanoparticles — the polymer was eliminated after washing the composite with acetic
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acid and water — and a table with the main infrared transitions observed in the FTIR
spectra of pure chitosan. The IR bands around 580 cm™, attributed to ferrite Fe-O
absorptions, as well as the absorption at 3345 cm™, which is related to OH streching
from oxide surface, are present in both samples [15]. Moreover, since most of the
vibrational modes that correspond to pure chitosan — the C-O-C stretching vibrations
at 1070 cm™; N-H bending at 1652 cm™; C-H stretching at 2875 cm™ and O-H and N-
H stretching at 3364 cm™ — are shifted to lower wavenumbers and as composites
were exhaustively washed after synthesis, FTIR results strongly indicate that
chitosan is coordinated to the iron ions on the magnetic nanoparticles via nitrogen

groups [16] as illustrated at the bottom right corner of Fig. 1.

Fig. 3. HRTEM images of mag@CS composite. In (a) white dashed circles delimit some
nanostructures in the agglomerate. Magnification showing magnetic nanoparticles embedded in the

chitosan polymer (b) and lattice fringes of iron oxide (c).
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Despite being highly aggregated on sample-holder grids, from HRTEM
analysis it was possible to identify sub-100-nm nearly spherical polymeric structures
of chitosan with inlaid magnetic iron oxide (magnetite/maghemite) nanoparticles in
our samples (see Fig. 3). The higher magnification of the sample (insets (b) and (c))
revealed that magnetic structures were sub-10-nm sized and that the lattice fringes
(~0.48 nm) observed agree well with the distance between the (111) lattice planes,
common to both iron oxides.

Dynamic light scattering measurements were employed to study the interface
of nanocomposites with solution. In this way, samples were dispersed at different pH
and the zeta potential was measured. Dependence of zeta potential on the pH, for
sample mag@CS, is shown in Fig. 4 (hexagon dots). In acidic medium,
nanocomposites are positively charged and, as pH increases, this charge decreases
and becomes negative, after passing through zero, at pH ~ 8. This can be
understood by taking into account the pH surface dependence characteristics of the
chitosan polymer and those of magnetic nanoparticles. For bare MNPs, the
dependence of surface charge on the pH is already well known and shows that for
extreme pH values, surface charge reaches the maximum, while when close to
neutral pH the surface charge is very small. As schematized in Fig. 4, the MNP
surface (MNPD) behaves as a diprotic acid, leading to three kinds of surface sites
where most of them are MNPD-OH." in strong acidic medium, MNPD-O" in strong
basic medium and MNPD-OH, the intermediate amphoteric sites, in the neutral
region [17]. On the other hand, chitosan is a polysaccharide that presents a low
electrical charge in neutral and basic pH conditions, but it is positively charged in
more acidic medium [18]. This is due to the fact that free amine groups on the
chitosan surface (CSD) follow the chemical equilibrium CSP-NH3" + H:O S CSP-NH,

+ H3O". Thus, considering that the chitosan particle surface behaves like a
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monoprotic acid, the molar fraction of CSP-NHs" will be equal [1,0]/([H,0°]+£<) and
the fraction of CSP-NH, will be K& /([H,07]+KS), where k< is the acid dissociation

constant of chitosan (~ 5 x 107 [19]). Using this mean value of K, both molar

fractions were also plotted on the graph of Fig. 4 and are shown by red curves. The
speciation diagrams for MNPs — i.e. the molar fractions of MNPD»-OH,", MNP»-OH
and MNPD-O" — are also represented by the blue curves in the graph.

Thus, it seems that surface features of nanocomposite mag@CS are ruled
mainly by the amino-groups of chitosan but are also (less) governed by the surface of
iron oxide nanoparticles exposed to the solution. In summary, the positive saturation
of charge at lower pH is due to both polymer and MNP protonation. As neutrality is
achieved, inorganic and organic phases tend to be discharged. In particular, the low
negative charge observed in alkaline medium could be attributed to the MNPD)-O
species, since chitosan presents no charges (CSPNH,) at these pHs, or could be due

to the formation of the negatively charged species (CSPNH.OH").
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Fig. 4. Zeta potential variation as a function of the pH solution (hexagons) for mag@CS — the black
full line is a guide to the eyes. The variation of the molar fraction, as a function of pH, of CSP—NH, and
CSP-NH;" species for pure chitosan is represented by the red dashed and dotted lines, respectively.
For magnetic nanoparticles, molar fractions of species MNPD-OH,*, MNPD-OH and MNP»-O" are

represented, respectively, by the blue dashed, dot-dashed and dotted lines.

Moreover, taking into account the speciation diagrams shown in Fig. 4, and
since synthesis occurs in weak alkaline medium, one infers that interaction of
chitosan with MNP is mainly done by the species CSPNH, and MNPD-OH, through
complexation of iron ions on the MNP surface by amino-groups on chitosan,
corroborating FTIR observations and, as expected, reflecting the high stability of the
iron-amine complexes [20].

For estimation of the mass percentage of MNPs on the nanocomposite,
thermogravimetric analysis was used. Thus, most of the loss of mass presented by
the mag@CS sample in Fig. 5 is attributed to the thermal decomposition of chitosan,
with a first region of loss of mass that occurs at lower temperatures, due to the
release of water. For pure chitosan, the maximum weight loss was about 87.5%. The
MNPs also presented a loss of mass which mostly originated from free and
chemically bonded water. Here, this loss was evaluated at about 4.6 % and its TGA
curve is presented in the inset of Fig. 5. Bare MNP were obtained after washing the
mag@CS sample with acetic acid solution several times, by magnetic decantation.
Thus, for estimating the mass percentage of magnetic material on the composite, the
losses of mass from pure chitosan and from bare MNPs were subtracted from the

loss of mass of mag@CS (41.7%), yielding a magnetic content of 24.6%.
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Fig. 5. Thermograms of mag@CS (blue) and pure chitosan (red) samples. The inset shows the weight

loss observed in pure iron oxide nanopatrticles.

Magnetization measurements were performed for evaluating the counterparts
of polymeric coating and magnetic iron oxide nanoparticles on the magnetic
properties of the synthesized nanocomposite, which presents macroscopic features
of magnetism as shown in inset (a) of Fig. 6. The room temperature magnetization
curve for the mag@CS sample shown in this figure reveals that the synthesized
composite presents a saturation magnetization of about 11.5 emu/g and that the
magnetic properties of the composite originated mainly from MNPs, since chitosan is
a diamagnetic material, as presented in the magnetization curve of pure chitosan in
inset (b). Moreover, MNPs displayed features of superparamagnetism such as
negligible remanence and coercivity, observed in hysteresis loops — see inset (c),
which shows the magnetization data at low field range.

Furthermore, if one normalizes magnetization only by the mass of the
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magnetic part, estimated from TGA analysis, saturation magnetization of the
mag@CS sample is about 48emu/g, typical of sub-10-nm sized
magnetite/maghemite nanoparticles, as found by HRTEM measurements, with little
difference from the bulk values — probably due to cationic redistribution [21] and
surface and size-finite effects that affect the magnetization characteristics of

nanosized grains [22,23].
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Fig. 6. Magnetization hysteresis loop at room temperature for sample mag@CS (blue circles). Picture
of magnetic chitosan under action of a permanent magnet (a). Magnetization curve at room
temperature of pure chitosan (b). Magnetization data of mag@CS at low field range (c) and

normalized only by the iron oxide mass (d).

For samples loaded with tryptophan, the quantity of amino acid incorporated in
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the composite structure was estimated by UV-vis analysis, comparing the spectra of
supernatant with a calibration curve, after (dashed lines) and before (full lines)
loading, as shown in Fig. 07. From this analysis, the mass percentage of Trp
incorporated on the composite when Trp was added during synthesis (81.5 %, w/w)
was higher than Trp loaded after magnetic composite synthesis (18.5 %, w/w). This
can be explained by the fact that, if it is added during synthesis, Trp is embedded into
the matrix by crosslinking within the polymeric structure or adsorbed onto the surface
by chemical/physical interactions. In the case of Trp incorporated after synthesis of

mag@CS, surface adsorption is preponderant over embedding.
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Fig. 7. UV-vis spectra of supernatant before (full lines) and after (dashed lines) interaction of
mag@CS with tryptophan during drug loading process. In (a) Trp was loaded after magnetic

composite synthesis and in (b) Trp was added during synthesis.
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In order to investigate the effect of pH on the kinetics of drug release, the
sample with Trp incorporated during synthesis (i.e. with higher loading efficiency) was
incubated in aqueous buffers at pH 3.5 and pH 8.5 at 25 °C. The curves of
cumulative release as a function of time (Fig. 8) show that less than 7 % and almost
90 % of Trp was released after 4 h of incubation, respectively, at pH 8.5 and pH 3.5.
In both cases, the release rate is more important during the initial minutes and tends
to stabilize as time advances. Here, drug release is higher in acidic media since
solubility of CS increases as pH decreases, improving the diffusion of Trp by erosion
of polymer. At pH 8.5, chitosan is practically insoluble, so swelling seems to be the

main mechanism of drug release.
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Fig. 8. Cumulative release of Trp as a function of time for mag@CS samples at different pHs. The

inset is a log-log plot and full lines are the linear fit of data.

Moreover, the Ritger and Peppas model [24] was applied to investigate the
characteristics of drug release and confirms the previous qualitative observations. In
this empirical model, the fraction of drug released (1) at a time tis proportional to kt”
where k is the release rate constant and n is the release exponent. The linear form of

this equation (see the inset of Fig. 8) allowed, through its intercept and slope, the k
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and n parameters that are listed in Table 1 to be determined for the different
experimental conditions. On the one hand, the difference in release rate constants as
a function of incubation condition indicates that our nanocomposite is a pH-sensitive

release system, and this rate is higher in an acidic medium.

Table 1. Drug release kinetic data obtained from fitting experimental data to Ritger-Peppas

equation
maximal | release rate | release
pH release constant exponent | R?
(%) (k) (n)
35 89.0 1.2 0.77 0.991
8.5 6.3 0.4 0.45 0.993

On the other hand, according to the release exponents, at pH = 8.5 drug
transport slightly deviate from the Fickian model (n = 0.5) of swelling-controlled
release. At pH = 3.5, the medium surrounding the nanocomposite may dissolve the
polymer such as the rate that controls the drug release can be increased (i.e.
dissolution competes with swelling) and anomalous drug transport is observed.
Indeed, different n values and deviation from Fickian diffusion model, that compare
our results, were already observed for drug loaded chitosan and were related to the
cross-linking degree [25] and drug loading concentration [26]. Moreover, the irregular
shape and high polydispersity of samples can contribute to the variation of release

characteristics [24].
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4. Conclusions

Using homogeneous precipitation with urea, nanoparticles of chitosan of about
100 nm, embedded with magnetic nanoparticles of magnetite/maghemite of ~5 nm
could be synthesized. One of the advantages of this procedure was that a selected
drug (tryptophan) could be efficiently incorporated during the synthesis of the
nanomaterial in a simple and one-step procedure. The release of tryptophan has
been shown time and pH-dependent and seems to be modulated by diffusion arising
from swelling and/or dissolution of polymer. Due to the chemical nature of the
components of composite (chitosan and iron oxides) drug loading could be extended
to a series of drugs different of tryptophan and, owing to its magnetization features,
composite could be easily manipulated by an external magnetic field to be delivered
and/or concentrated in a determined region, improving the efficiency of the release
purposes. Moreover, decomposition/swelling of chitosan is temperature dependent
so that thermal heating (magneto hyperthermia) could be utilized to better control
drug release. In this way, the synthesis route presented here has great potential as
high efficiency, cost effective and environment-friendly materials for the elaboration
of stimuli-responsive materials for applications in the field of controlled drug-release

systems.
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1. Discussao Geral

A proposta inicial do trabalho de mestrado era a de preparar um sistema de
liberacado controlada que envolvesse a quitosana, ja conhecidamente eficiente nessa
area de transporte de farmacos e nanomateriais magnéticos, também amplamente
utilizados na veiculacdo de principios ativos e com suas caracteristicas de
manipulabilidade por um campo magnético externo. Dentre todos os distintivos que
um compoésito desse tipo poderia oferecer, conforme ja discutido nas outras
sessodes, o principal objetivo desse trabalho era o de se obter um nanomaterial cujas
propriedades de liberacdo de farmacos pudessem ser moduladas por estimulos
externos. Dessa maneira, a solubilidade e o potencial de entumescimento da
quitosana poderiam responder prontamente as variagcbées de pH do meio e, como
parametro que induziria maior tecnologia ao compdésito, a degradabilidade térmica
da quitosana, associada ao fato de que as nanoparticulas poderiam ser aquecidas
remotamente pela aplicacdo de um campo magnético alternado externo, permitiriam
um controle mais refinado dessa liberacao. Além disso, as inegaveis contribuicdes
da manipulabilidade e detectabilidade das nanoparticulas magnéticas e da
biocompatibilidade da quitosana, certamente, nos trariam um material de tecnologia

de ponta.

Na verdade, essa ideia da quitosana magnética ja existia e suas aplicagdes
iam desde seu uso para remocao magnética de contaminantes — a quitosana € um
6timo suporte adsorvente e as nanoparticulas magnéticas ali inseridas permitem
uma “filtracdo” magnética — e até na area médica. Entretanto, o papel da quitosana
era, principalmente, o de funcionalizar as nanoparticulas magnéticas, como um
polimero biocompativel. A literatura sobre o uso de nanocompdsito magnético em
magneto-hipertermia e carreamento de farmacos €, portanto, bastante escasso e
necessita ainda ser explorado. Dessa maneira, tendo em vista a relevancia do tema
e as expertises e a estrutura laboratorial do Grupo de Pesquisa em Materiais e
Nanobiotecnologia (GPMNDb), resolvemos explorar uma das vertentes dessa area.

Foi verificado na literatura que existiam diversas maneiras de preparar essas
nanocompoésito magnético. Na maioria dos casos, nanoparticulas magnéticas eram
sintetizadas e, em um procedimento posterior, dispersas de maneira individual ou
multipla no polimero. Poucos trabalhos mostravam a sintese conjunta das duas

fases e, nas escassas referéncias em que farmacos eram incorporados as
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nanocompdsito magnético, isso era feito em uma terceira etapa e com baixo

rendimento.

Foi nessa direcdo que buscamos uma nova metodologia mais simples,
eficiente, e que pudesse ser feita em uma Unica etapa, por uma via mais econémica
€ menos agressiva ao meio ambiente. Além disso, buscamos um farmaco que
pudesse servir de modelo para esse sistema de liberacdo. Nesse caso, o triptofano
foi escolhido. Cabe ressaltar que o triptofano é um aminoacido essencial ao
organismo e apresenta atividade farmacoldgica importante. Além disso, apresenta
certas dificuldades para transpor algumas barreiras fisiol6gicas, fazendo com que
seja um sério candidato envolvido em sistemas de transporte e liberacao controlada.
Entretanto, um dos fatores principais que nos levaram a essa escolha foi a grande
afinidade do triptofano com a quitosana, sua hidrossolubilidade e, de maneira muito
importante, sua detectabilidade por uma técnica analitica simples — nesse caso, a
espectroscopia de absorcdo molecular no ultravioleta-visivel. E preciso salientar que
a concentracdo do triptofano deveria ser acompanhada, tanto na etapa de

incorporacdo ao nanocomposito, como na fase dos testes de liberacao.

Assim, o artigo do capitulo anterior mostra os principais resultados obtidos
nesse mestrado e passiveis de publicacdo. Entretanto, é preciso lembrar que para
cada etapa desse trabalho uma investigacao exaustiva foi feita e, para otimizacéao
das sinteses e caracterizacOes, varias repeticdes de testes e experimentos foram
feitas. A seguir, é feita uma analise qualitativa, cronologicamente contextualizada,
dos principais resultados encontrados. O artigo, entretanto, traz subsidios
quantitativos e bibliograficos para esses resultados.

Cronologicamente, comegamos com a sintese dos nanocompésitos. Nesse
sentido, os primeiros experimentos foram feitos com base nas propriedades de
condensacao, tanto das nanoparticulas magnéticas quanto da quitosana, em se
condensarem em meios alcalinos. De maneira simples, solu¢des de quitosana e de
Fe®* e Fe* foram misturadas em meio acido e, em seguida, o pH foi elevado. Como
previsto, formou-se um precipitado contendo quitosana e éxido de ferro (magnetita).
Porém, analises microscopicas mostraram que as particulas do compésito formado
eram micrométricas e que a dispersao em tamanho era muito alta. Além disso, esse
método ja tinha sido reportado em literatura e rendia resultados similares. A maior
inovacdo desse trabalho estd no método de sintese inédito para quitosana
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magnética: foi utilizada a técnica de precipitacdo em meio homogéneo para
obtencao dos nanocompositos. Nesse caso, o agente precipitante (OH") é gerado de
maneira homogénea e controlada, por um fator externo (temperatura), a partir de
uma fonte de matéria prima (ureia). Apos estudo do comportamento do pH em
funcédo da temperatura e tempo, foram estabelecidas condi¢cdes étimas da relacédo
da concentragdo de ureia e de quitosana/metais. Esse tipo de sintese permite
comandar a supersaturagao relativa do meio e, assim, maior controle das etapas de
formacao de um precipitado, que sao nucleacdo e crescimento cristalino. Como
resultado, nanoparticulas de quitosana de aproximadamente 100 nm foram obtidas.
Na razao de reagentes utilizada, incrustradas no polimero, de maneira homogénea,
nanoparticulas magnéticas de 6xido de ferro (de cerca de 5 nm) foram formadas, em
uma concentracdo de aproximadamente 25 % em massa. Essa composicdo era
facilmente separada da solugdo com ajuda de um ima e, visivelmente, se podia

notar a fase volumosa da quitosana no compésito.

Com o sucesso da sintese, o material foi entdo caracterizado por diversas
técnicas. A difragcdo de raios X mostrou a coexisténcia das duas fases, quitosana e
oxido de ferro. A espectroscopia de absor¢cao molecular no infravermelho provou a
interacao entre a fase polimérica e a inorganica, principalmente via complexacao dos
grupos amina da quitosana aos ions metdlicos da superficie das nanoparticulas
magnéticas. A microscopia eletrbnica de transmissdo elucidou a morfologia
(aproximadamente esférica) das nanoparticulas do compdsito, assim como sua
dimensao (~100 nm) e provou o modelo de nanoparticulas magnéticas distribuidas
homeogeneamente no interior da fase polimérica. Também comprovou a estrutura

cristalina, morfologia e dimensdo das mesmas.

A andlise de espalhamento de luz e potencial zeta permitiram caracterizar o
comportamento da superficie do compdésito em solucao. Foi possivel concluir que as
cargas e o comportamento coloidal do material sintetizado eram regidos nao so
pelas propriedades de superficie das nanoparticulas magnéticas, mas,
principalmente, pelas da quitosana. Em meio neutro e levemente &cido, a
protonagcdo de ambas as fases faz com que as nanoparticulas sejam positivamente
carregadas, ao passo que, em meios levemente alcalinos, a carga de superficie é
originada dos grupamentos (-NHs") da quitosana. Em meios mais basicos as
espécies desprotonadas sdo majoritarias e a estabilidade coloidal diminui.
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Por andlise termogravimétrica, pdde-se estimar a razdo entre a massa de
oxido magnético e nanocompésito, de cerca de 25 % em massa e, de acordo com as
medidas de magnetizagdo, um comportamento superparamagnético foi observado
para o nanocomposito. Ao se descontar a massa da quitosana, diamagnética, a
magnetizagdo das nanoparticulas foram similares a de materiais de mesma
dimensao e composicdo, em que efeitos de tamanho e superficie governam as
caracteristicas magnéticas. Como analise pratica, foi observado a rapida resposta do
compésito frente a um magneto, o que propiciou sua manipulacdo externa com
ajuda de um ima. Essas caracteristicas também evidenciam a factibilidade do seu

uso em magneto-hipertermia.

Para anélise da eficiéncia de incorporacao do triptofano ao nanocompdsito,
duas metodologias foram testadas: uma convencional, onde a quitosana magnéticas
era mergulhada em uma solugcdo contendo o aminoacido e outra, em que 0
triptofano era adicionado juntamente com os metais e quitosana, na sintese do
nanocompdsito. As concentracdes do triptofano foram medidas por espectroscopia
de absorcao molecular no ultravioleta-visivel antes e depois da interacdo do mesmo
com o solido. Os resultados mostraram que quando o triptofano era incorporado
durante a sintese dos nanomateriais, sua incorporacao era quase cinco vezes maior
que quando era adsorvido ao nhanocompdésito ja sintetizado. Isso nos levou a utilizar
0 segundo procedimento proposto, de maior rendimento, para estudos da liberacéao
controlada do triptofano.

Como nao haveria tempo habil para estudar a liberacdo do farmaco utilizando
a magneto-hipertermia como parametro de estimulagdao externa, experimentos do
perfil de liberacao foram feitos em funcao do pH do meio. Nesse caso, quantidades
conhecidas de nanocomoésito com o aminoacido incorporado foram incubadas a
temperatura constante (25 °C) em dois diferentes pHs, 3,5 e 8,5. A concentracao
cumulativa de triptofano, medida durante o tempo, mostrou que ha uma rapida
liberacdo do mesmo nos minutos iniciais e que tende a estabilizar em algumas
horas. Isso € mais notério em pH basico, mas mais proeminente em pH acido. Para
compreensdo da cinética de liberacdo, um modelo matematico comumente
empregado para essas situacdes foi empregado. Nesse modelo, a fracdo de
farmaco liberado é proporcional a kt", em que k é a taxa de liberagdo e n e um fator
empirico, expoente do tempo f O ajuste das curvas para os diferentes pHs
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mostraram que a taxa de liberagdo € maior em meio acido e que, de acordo com 0s
valores de n, a liberacdo do triptofano ndo deve ser controlada unicamente pelo
entumescimento da quitosana, mas pela adsorcao/dessorcdo de superficie e, em
meio acido, principalmente pela dissolucdo da estrutura do compésito. De toda
forma, foi comprovado que o sistema elaborado é pH-sensivel e, com um ajuste
mais refinado de pH seria possivel controlar melhor a taxa de liberacéo do triptofano
em funcéo do tempo.

Mesmo que nao tenha feito parte do foco principal, um trabalho secundario foi
desenvolvido nessa etapa de mestrado. Dessa maneira, pdde-se participar da
equipe que desenvolveu nanomaterial para remogdo magnética de contaminantes
em amostras de agua contaminada. Essa oportunidade foi muito importante, uma
vez que permitiu a familiarizacdo com as técnicas de sintese e caracterizacao que

seriam usadas no trabalho principal do mestrado.

Trata-se da preparacdo de nanoparticulas de maguemita, funcionalizadas
com glicina, utilizando um procedimento de baixo custo e ambientalmente correto,
como uma via alternativa para as rotas tipicas para a elaboracdo de nanomateriais
magnéticos funcionalizados com polimeros aminados, para remogao magnética de
cobre em agua contaminada. De maneira resumida — o anexo D traz o referido artigo
com os detalhes experimentais e discussao cientifica —nanoparticulas magnéticas
(maguemita) de ~12 nm foram sintetizadas por coprecipitacdo em meio alcalino. Foi
observado que a glicina era melhor adsorvida em pH ~ 6 e que a saturacdo da
adsorcao de moléculas na superficie do 6xido ocorreu na forma de monocamada,
em uma razdao de 10 % em massa de glicina/nanoparticulas magnética.
Especificamente, os grupos carboxilato da glicina coordenam fortemente os ions
férricos da superficie da nanoparticulas, enquanto os grupos amina ficam voltados
para a solugdo formando um recobrimento reforcado. Foi observado que as
nanoparticulas modificadas apresentavam forte afinidade pelos ions Cu?*, devido a
interacdo eletrostatica e complexacédo dos grupos amina com esse metal. A cinética
de adsorcdo se mostrou dependente do pH do meio, seguindo um mecanismo de
pseudo-segunda ordem. O equilibrio de adsorcéo para o cobre seguiu uma isoterma
de Langmuir com alta capacidade de adsorgao.

Mais especificamente, os resultados sugerem que essas nhanoparticulas
modificadas sdo altamente efetivas e de baixo custo, como nanosorbentes, para
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remocao de cobre — podendo esse procedimento ser estendido a outros metais com
afinidade aos grupos amina — em amostras de agua, em comparacao aos métodos
industriais de purificacdo existentes. Além disso, esses nanosorbentes magnéticos
podem ser facilmente separados da solugdo com a ajuda de um campo magnético
externo e depois reutilizado, apos reciclagem — remocao dos ions adsorvidos.
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2. Conclusoes e perspectivas

Por meio da precipitacdo homogénea com ureia, nanoparticulas de quitosana
com cerca de 100 nm, incrustradas de nanoparticulas magnéticas de 6xido de ferro
(magnetita/maguemita) de ~5 nm foram sintetizadas. Uma das vantagens do
procedimento para a sintese da quitosana magnética aqui apresentado reside no
fato de que um farmaco selecionado (triptofano) péde ser incorporado de maneira
eficiente durante o procedimento de sintese do nanocompdsito, gerando um
procedimento de uma Unica etapa. A liberacao do triptofano se mostrou dependente
do tempo e influenciada pelo pH do meio sendo, nesse caso, modulada pela difusao
do farmaco originada pelo entumescimento e/ou dissolucdo do polimero, além da

dessorcao superficial.

Devido a natureza quimica da quitosana e dos 6éxidos magnéticos, a
incorporacao poderia ser estendida a outros farmacos diferentes do triptofano e, de
acordo com as caracteristicas magnéticas, esse compédsito poderia ser facilmente
manipulado por um campo magnético externo para ser conduzido e/ou concentrado
em determinada regido alvo, aumentando a eficiéncia do sistema de liberacédo
controlada. Além disso, sendo a decomposicdo e o entumescimento do polimero
dependentes da temperatura, 0 aquecimento via aplicacdo de um campo alternado
(magneto-hipertermia) poderia ser utilizado para modular a liberacao do farmaco.

Nesse sentido, a rota de sintese apresentada nesse trabalho tem grande
potencial como alta eficiéncia, baixo custo e a utilizacdo de reagentes menos
agressivos ao meio ambiente para a sintese materiais estimulo-responsiveis para
aplicacbes no campo de sistemas de liberacdo controlada e sustentavel de

farmacos.
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source(s) inthe article. Elsevier has preprinted forms for use by authors in these cases: please consult
http://www.elsevier.com/permissions.

For open access articles
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Upon acceptance of an article, authors will be asked to complete an 'Exclusive License
Agreement' (for more information see http://www.elsevier.com/OAauthoragreement). Permitted
reuse of open access articles is determined by the author's choice of user license (see
http://www.elseviercom/openaccesslicenses).

Retained author rights

As an author you (or your employer or institution) retain certain rights. For more information on
author rights for:

Subscription articles please see
http://www.elsevier.com/journal-authors/author-rights-and-responsibilities.

Open access articles please see http://www.elsevier.com/OAauthoragreement.

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement then this should
be stated.

Funding body agreements and policies

Elsevier has established agreements and developed policies to allow authors whose articles appear in
journals published by Elsevier, to comply with potential manuscript archiving requirements as specified
as conditions of their grant awards. To learn more about existing agreements and policies please visit
http://www.elsevier.com/fundingbodies.

Open access
This journal offers authors a choice in publishing their research:

Open access

» Articles are freely available to both subscribers and the wider public with permitted reuse

* An open access publication fee is payable by authors or their research funder

Subscription

« Articles are made available to subscribers as well as developing countries and patient groups through
our access programs (http://www.elseviercom/access)

« No open access publication fee

All articles published open access will be immediately and permanently free for everyone to read
and download. Permitted reuse is defined by your choice of one of the following Creative Commons
user licenses:

Creative Commons Attribution (CC BY): lets others distribute and copy the article, to create
extracts, abstracts, and other revised versions, adaptations or derivative works of or from an article
(such as a translation), to include in a collective work (such as an anthology), to text or data mine
the article, even for commercial purposes, as long as they credit the author(s), do not represent the
author as endorsing their adaptation of the article, and do not modify the article in such a way as
to damage the author's honor or reputation.

Creative Commons Attribution-NonCommercial-ShareAlike (CC BY-NC-SA): for non-
commercial purposes, lets others distribute and copy the article, to create extracts, abstracts and
other revised versions, adaptations or derivative works of or from an article (such as a translation),
to include in a collective work (such as an anthology), to text and data mine the article, as long as
they credit the author(s), do not represent the author as endorsing their adaptation of the article, do
not modify the article in such a way as to damage the author's honor or reputation, and license their
new adaptations or creations under identical terms (CC BY-NC-SA).

Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND): for non-
commercial purposes, lets others distribute and copy the article, and to include in a collective work
(such as an anthology), as long as they credit the author(s) and provided they do not alter or modify
the article.

To provide open access, this journal has a publication fee which needs to be met by the authors or
their research funders for each article published open access.

Your publication choice will have no effect on the peer review process or acceptance of submitted
articles.
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The publication fee for this journal is $2200, excluding taxes. Leam more about Elsevier's pricing
policy: http://www.elsevier.com/openaccesspricing.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a
mixture of these). Authors who feel their English language manuscript may require editing
to eliminate possible grammatical or spelling errors and to conform to correct scientific
English may wish to use the English Language Editing service available from Elsevier's
WebShop (http://webshop.elsevier.com/languageediting/) or visit our customer support site
(http://support.elsevier.com) for more information.

Submission

Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts source files to a single PDF file of the
article, which is used in the peer-review process. Please note that even though manuscript source
files are converted to PDF files at submission for the review process, these source files are needed for
further processing after acceptance. All correspondence, including notification of the Editor's decision
and requests for revision, takes place by e-mail removing the need for a paper trail.

PREPARATION

NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts your files to a single PDF file, which
is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a single file
to be used in the refereeing process. This can be a PDF file or a Word document, in any format or lay-
out that can be used by referees to evaluate your manuscript. It should contain high enough quality
figures for refereeing. If you prefer to do so, you may still provide all or some of the source files at
the initial submission. Please note that individual figure files larger than 10 MB must be uploaded
separately.

References

There are no strict requirements on reference formatting at submission. References can be in any style
or format as long as the style is consistent. Where applicable, author(s) name(s), journal title/book
title, chapter title/article title, year of publication, volume number/book chapter and the pagination
must be present. Use of DOI is highly encouraged. The reference style used by the journal will be
applied to the accepted article by Elsevier at the proof stage. Note that missing data will be highlighted
at proof stage for the author to correct.

Formatting requirements

There are no strict formatting requirements but all manuscripts must contain the essential elements
needed to convey your manuscript, for example Abstract, Keywords, Introduction, Materials and
Methods, Results, Conclusions, Artwork and Tables with Captions.

If your article includes any Videos and/or other Supplementary material, this should be included in
your initial submission for peer review purposes.

Divide the article into clearly defined sections.

Figures and tables embedded in text
Please ensure the figures and the tables included in the single file are placed next to the relevant text
in the manuscript, rather than at the bottom or the top of the file.

REVISED SUBMISSIONS

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with an
editable file of the entire article. Keep the layout of the text as simple as possible. Most formatting
codes will be removed and replaced on processing the article. The electronic text should be prepared in
a way very similar to that of conventional manuscripts (see also the Guide to Publishing with Elsevier:
http://www.elseviercom/guidepublication). See also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check'
functions of your word processor.
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LaTeX

You are recommended to use the Elsevier article class elsarticle.cls
(http://www.ctan.org/tex-archive/macros/latex/contrib/elsarticle) to prepare your manuscript and
BibTeX (http://www.bibtex.org) to generate your bibliography.

For detailed submission instructions, templates and other information on LaTeX, see
http://www.elsevier.com/latex.

Article structure

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered
1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be
given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed literature
survey or a summary of the results.

Matenal and methods
Provide sufficient detail to allow the work to be reproduced. Methods already published should be
indicated by a reference: only relevant modifications should be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in the
Introduction and lay the foundation for further work. In contrast, a Calculation section represents a
practical development from a theoretical basis.

Results
Results should be clear and concise.

Discussion
This should explore the significance of the results of the work, not repeat them. A combined Results
and Discussion section is often appropriate. Avoid extensive citations and discussion of published
literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may stand
alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix,
Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

Essential title page information

« Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

* Author names and affiliations. Where the family name may be ambiguous (e.g., a double name),
please indicate this clearly. Present the authors' affiliation addresses (where the actual work was
done) below the names. Indicate all affiliations with a lower-case superscript letter immediately after
the author's name and in front of the appropriate address. Provide the full postal address of each
affiliation, including the country name and, if available, the e-mail address of each author.

« Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. Ensure that phone numbers (with country and area
code) are provided in addition to the e-mail address and the complete postal address.
Contact details must be kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.
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Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from
the article, so it must be able to stand alone. For this reason, References should be avoided, but if
essential, then cite the author(s) and year(s). Also, non-standard or uncommon abbreviations should
be avoided, but if essential they must be defined at their first mention in the abstract itself.

Highlights

Highlights are mandatory for this journal. They consist of a short collection of bullet points that convey
the core findings of the article and should be submitted in a separate file in the online submission
system. Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85
characters, including spaces, per bullet point). See http://www.elsevier.com/highlights for examples.

Keywords

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, 'and', 'of'). Be sparing
with abbreviations: only abbreviations firmly established in the field may be eligible. These keywords
will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research (e.g., providing language help, writing assistance
or proof reading the article, etc.).

Math formulae

Present simple formulae in the line of normal text where possible and use the solidus (/) instead of
a horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be presented in
italics. Powers of e are often more conveniently denoted by exp. Number consecutively any equations
that have to be displayed separately from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many
wordprocessors build footnotes into the text, and this feature may be used. Should this not be the
case, indicate the position of footnotes in the text and present the footnotes themselves separately
at the end of the article. Do not include footnotes in the Reference list.

Table footnotes

Indicate each footnote in a table with a superscript lowercase letter.

Artwork

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

« Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

« Indicate per figure if it is a single, 1.5 or 2-column fitting image.

* For Word submissions only, you may still provide figures and their captions, and tables within a
single file at the revision stage.

« Please note that individual figure files larger than 10 MB must be provided in separate source files.
A detailed guide on electronic artwork is available on our website:
http://www.elsevier.com/artworkinstructions.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as' or
convert the images to one of the following formats (note the resolution requirements for line drawings,
halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.
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TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.

TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi
is required.

Please do not:

« Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution is too low.
* Supply files that are too low in resolution.

« Submit graphics that are disproportionately large for the content.

Non-electronic artwork

Provide all illustrations as high-quality printouts, suitable for reproduction (which may include
reduction) without retouching. Number illustrations consecutively in the order in which they are
referred to in the text. They should accompany the manuscript, but should not be included within the
text. Clearly mark all illustrations on the back (or - in case of line drawings - on the lower front side)
with the figure number and the author's name and, in cases of ambiguity, the correct orientation.
Mark the appropriate position of a figure in the article.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or
MS Office files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appearin
color on the Web (e.g., ScienceDirect and other sites) regardless of whether or not these illustrations
are reproduced in color in the printed version. For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or on the Web only. For further information on the
preparation of electronic artwork, please see http://www.elsevier.com/artworkinstructions.

Please note: Because of technical complications which can arise by converting color figures to 'gray
scale' (for the printed version should you not opt for color in print) please submit in addition usable
black and white versions of all the color illustrations.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure
itself) and a description of the illustration. Keep text in the illustrations themselves to a minimum but
explain all symbols and abbreviations used.

Tables

Number tables consecutively in accordance with their appearance in the text. Place footnotes to tables
below the table body and indicate them with superscript lowercase letters. Avoid vertical rules. Be
sparing in the use of tables and ensure that the data presented in tables do not duplicate results
described elsewhere in the article.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results' or
'Personal communication'. Citation of a reference as 'in press' implies that the item has been accepted
for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online links to
the sources cited. In order to allow us to create links to abstracting and indexing services, such as
Scopus, CrossRef and PubMed, please ensure that data provided in the references are correct. Please
note that incorrect surnames, journal/book titles, publication year and pagination may prevent link
creation. When copying references, please be careful as they may already contain errors. Use of the
DOI is encouraged.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.
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References in a spedial issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations in
the text) to other articles in the same Special Issue.

Reference management software

This journal has standard templates available in key reference management
packages EndNote (http://www.endnote.com/support/enstyles.asp) and Reference Manager
(http://refman.com/support/mstyles.asp). Using plug-ins to wordprocessing packages, authors only
need to select the appropriate journal template when preparing their article and the list of references
and citations to these will be formatted according to the journal style which is described below.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in any style
or format as long as the style is consistent. Where applicable, author(s) name(s), journal title/book
title, chapter title/article title, year of publication, volume number/book chapter and the pagination
must be present. Use of DOI is highly encouraged. The reference style used by the journal will be
applied to the accepted article by Elsevier at the proof stage. Note that missing data will be highlighted
at proof stage for the author to correct. If you do wish to format the references yourself they should
be arranged according to the following examples:

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual authors
can be referred to, but the reference number(s) must always be given.

Example: '..... as demonstrated [3,6). Barnaby and Jones [8] obtained a different result ....'

Ust: Number the references (numbers in square brackets) in the list in the order in which they appear
in the text.

Examples:

Reference to a journal publication:

[1] ). vander Geer, ).A.). Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci. Commun.
163 (2010) 51-59.

Reference to a book:

[2] W. Strunk Jr., E.B. White, The Elements of Style, fourth ed., Longman, New York, 2000.
Reference to a chapter in an edited book:

[3] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in: B.S. Jones, R.Z.
Smith (Eds.), Introduction to the Electronic Age, E-Publishing Inc., New York, 2009, pp. 281-304.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations:
http://www.issn.org/services/online-services/access-to-the-ltwa/.

Video data

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are
strongly encouraged to include links to these within the body of the article. This can be done in the
same way as a figure or table by referring to the video or animation content and noting in the body
text where it should be placed. All submitted files should be properly labeled so that they directly
relate to the video file's content. In order to ensure that your video or animation material is directly
usable, please provide the files in one of our recommended file formats with a preferred maximum
size of 50 MB. Video and animation files supplied will be published online in the electronic version
of your article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com.
Please supply 'stills' with your files: you can choose any frame from the video or animation or
make a separate image. These will be used instead of standard icons and will personalize the
link to your video data. For more detailed instructions please visit our video instruction pages at
http://www.elsevier.com/artworkinstructions. Note: since video and animation cannot be embedded
in the print version of the journal, please provide text for both the electronic and the print version
for the portions of the article that refer to this content.

AudioSlides

The journal encourages authors to create an AudioSlides presentation with their published article.
AudioSlides are brief, webinar-style presentations that are shown next to the online article on
ScienceDirect. This gives authors the opportunity to summarize their research in their own words and
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to help readers understand what the paper is about. More information and examples are available at
http://www.elseviercom/audioslides. Authors of this journal will automatically receive an invitation
e-mail to create an AudioSlides presentation after acceptance of their paper.

Supplementary data

Elsevier accepts electronic supplementary material to support and enhance your scientific research.
Supplementary files offer the author additional possibilities to publish supporting applications, high-
resolution images, background datasets, sound clips and more. Supplementary files supplied will be
published online alongside the electronic version of your article in Elsevier Web products, including
ScienceDirect: http://www.sciencedirect.com. In order to ensure that your submitted material is
directly usable, please provide the data in one of our recommended file formats. Authors should
submit the material in electronic format together with the article and supply a concise and descriptive
caption for each file. For more detailed instructions please visit our artwork instruction pages at
http://www.elseviercom/artworkinstructions.

Submission checklist

The following list will be useful during the final checking of an article prior to sending it to the journal
for review. Please consult this Guide for Authors for further details of any item.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

e E-mail address

« Full postal address

* Telephone

All necessary files have been uploaded, and contain:

* Keywords

« All figure captions

« All tables (including title, description, footnotes)

Further considerations

e Manuscript has been 'spell-checked' and '‘grammar-checked'

« All references mentioned in the Reference list are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including the Web)
« Color figures are clearly marked as being intended for color reproduction on the Web (free of charge)
and in print, or to be reproduced in color on the Web (free of charge) and in black-and-white in print
« If only color on the Web is required, black-and-white versions of the figures are also supplied for
printing purposes

For any further information please visit our customer support site at http://support.elsevier.com.

AFTER ACCEPTANCE

Use of the Digital Object Identifier

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The DOI
consists of a unique alpha-numeric character string which is assigned to a document by the publisher
upon the initial electronic publication. The assigned DOI never changes. Therefore, it is an ideal
medium for citing a document, particularly 'Articles in press' because they have not yet received their
full bibliographic information. Example of a correctly given DOI (in URL format; here an article in the
journal Physics Letters B):

http://dx.doi.org/10.1016/j.physletb.2010.09.059

When you use a DOI to create links to documents on the web, the DOIs are guaranteed never to
change.

Online proof correction

Corresponding authors will receive an e-mail with a link to our online proofing system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition to
editing text, you can also comment on figures/tables and answer questions from the Copy Editor.
Web-based proofing provides a faster and less error-prone process by allowing you to directly type
your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be givenin the e-mail we send to authors, including alternative methods to the online
version and PDF.
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We will do everything possible to get your article published quickly and accurately - please upload
all of your corrections within 48 hours. It is important to ensure that all corrections are sent back
to us in one communication. Please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading s solely your responsibility. Note that Elsevier may
proceed with the publication of your article if no response is received.

Offprints

The corresponding author, at no cost, will be provided with a PDF file of the article via e-mail
(the PDF file is a watermarked version of the published article and includes a cover sheet with the
journal cover image and a disclaimer outlining the terms and conditions of use). For an extra charge,
paper offprints can be ordered via the offprint order form which is sent once the article is accepted
for publication. Both corresponding and co-authors may order offprints at any time via Elsevier's
WebShop (http://webshop.elsevier.com/myarticleservices/offprints). Authors requiring printed copies
of multiple articles may use Elsevier WebShop's 'Create Your Own Book' service to collate multiple
articles within a single cover (http://webshop.elsevier.com/myarticleservices/booklets).

Author benefits

Author benefits

No page charges.Publishing in the Journal of Magnetism and Magnetic Materials is free.Free offprints.
The corresponding author will receive 25 offprints free of charge. An offprint order form will be supplied
by the Publisher for ordering any additional paid offprints.Discount. Contributors to Elsevier journals
are entitled to a 30% discount on all Elsevier books.

AUTHOR INQUIRIES

For inquiries relating to the submission of articles (including electronic submission) please visit
this journal's homepage. For detailed instructions on the preparation of electronic artwork,
please visit http://www.elsevier.com/artworkinstructions. Contact details for questions arising after
acceptance of an article, especially those relating to proofs, will be provided by the publisher.
You can track accepted articles at http://www.elsevier.com/trackarticle. You can also check
our Author FAQs at http://www.elsevier.com/authorFAQ and/or contact Customer Support via
http://support.elsevier.com.

© Copyright 2014 Elsevier | http://www.esevier.com
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ANEXO D

Artigo publicado no periodico Journal of
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HIGHLIGHTS

¢ Glycire-functionalized magnetic nanoadsorbents are propose d for copper removal.
* Nancadsorbents present highly effident removal of copper ions from wastewater,
* Nancadsor bents are magnetically separabie and reusabie for removal of copper.

o Syrthesis utilzes a cost-effeaive and envirormentally friendly procedure,

® Removal can be extended toother heavy metal ions from wastewater,

ARTICLE INFO ABSTRACT

Aok hsery Maghemite mnoparticles(MNPs)were functicnalzed with gly cine, by a cost-effective and envircomen-

::":: .‘ *P':::"" 20;3 R— tally friendly procedure, a8 an alternative route to typical amine-functional ized polymeric coatings, for
n rev orm 7 Nowe:! r ’

Accepted 10N ber20 13 highly efficient re moval of copper ons from water. MNPS were synthes zed by co-precipitaton method

Avallable coline 18 Novernber 2013

and adsorption of glycine was investigated as a funaicn of ligand concentraticn and pH. The efficiency
ofthese funaicnalzed nancpartides foe removal of Cu?* from water hasbeen explored and showed that
adsorption is highly dependent of pH and that it ocaurs either by forming chelate complexes and/oe by

:z*'“:;'w“’ electrastatic interaction. The adsorption process, which reaches equilibrium in few minutes and fits a
c.,ﬁ,',‘,’,,m,m,,,d pseudo second-order model, follows the Langmuir adsce pticn modé with a very high maximum adsorp-
Wastewater tion capacity for Qu™* of 625mg g Furthermore, these manoadsorbents can be used as highly efficient
Copper adsorption separable and reusable materials for remov al oftoxic metal iors.

© 2013 Elevier B.V. All rights rese rved.
1. Introduction niques for water reuse in terms of the initial cost, simplicity

Contamination of water with toxic metal ions is becoming
a severe environmental and public health problem. Thus, nsing
demands for clean and safe water in extremely low kvels of
heavy metal ions make it greatly impontant to develop improved
technobgies for heavy metal ions removal. The conventional
methods commonly used for the removal of metals from lig-
uid effluents, such as preapitation and flocculation, have several
disadvantageouws features such as expernsive equipment require-
ment, continuows replenshment of chemicals, time corsuming
and easy to produce secondary pollution. Altemaive methods,
as adsorption, present several advantages on the other tech-

* Corresp ondin gauthor, l.: +55 61 9206 09 46,
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of design, ease of operaion, bw quantity of residues gener-
ated, easy recovery of metals and the possibility to reuse the
adsorbent [1). Recent advances suggest that many of the issues
involving water quality could be resolved or greatly ameliorated
using nanopan i ks (NPs), nanofi k ation or other products result-
ing from the development of nanotechnology |2]. Particulardy,
nanostructured materials have been investigated due to its high
superficial adsorbent area and capability of functionalz ation with
different mokcules. Moreover its unique physical and physico-
chemical properties (structural, ekectrical, optical, magnetic, etc.)
can provide unprecedented opportunities for the adsorption of
heavy metals ions in highly efficient and cost-effective approaches.
Advantageoudy, the manipulability of magnetic nanoparticles by
an extemal magnetic field grad ient opers up many applicatiors
involvirg the environmental area [34). However, bare mag-
netic nanoparticles present non-specific adsorbent su rface, easily
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aggregating in aqueous systems so that, for effective application,
the stabilization of the nanograins by surface mod ification s desir-
able. The performance of these nanosystemsdependsonthe nauwe
ofthe magnet k co e and t he coaings, which must be ofa non-toxic
and adsorptive material. By far, magnetite is the most commonly
magnetic core employed in these applications, nevertheless iteas-
ily oxidizes to maghemite - a more stable magnetic oxide - in
aqueous media Most of these coatings whic h have beenutilized br
sepamating and removing metalcontam inantsof waeramw based on
biocompatible polymenc matrixes or long chain molecules [5,6).
Nevertheless, in spite of bringing specificity to the nanograins,
the non-magnetic coating decreases the saturation magnetization
and increases the pant ik k wlume. It is impomant to consier that
smallkest particles present highest adsomption capabilities and high
magnetizations optimize the magnetic separation. To avoid these
constraints,analternative topolymer coatingsisthe chemical mod -
ification of the magnetic nanoparticle surface by small func tional
molecules.

In ths way, glycine was chosen & it is a shomr molecuk
wih caboxylae goups, easily adsobed onto the ion oxide sur-
face, and —NH, groups at surface that could interact with the
bio-environment. In fact, the potential of amine-func tionalized
magmetic nanopantiles was already evidenced for magnetic
removal of organic contaminants [7] and heavy metals in water
treament [8-13]. Nevertheless, in these works, aut hors use poly-
mersorlong chainsto functionalize magnetite nanoparticles before
application on metal removal.

To our knowledge, the papers that study the incorporation of
amino acids in the elaboration of magnetic colloids deal nommally
wihthe synthess of magnetite cores followed by its functional-
ization with different amino acids [14-19] or even synthesizing
magnetite nanoparticles in the presence of amino acids, in one
step [20]. Specifically for glywcine, Viota et al. [21] discuss the
ekctokinetic charactenzation of magnetite nanoparticles func-
tionalzed with different amino acids, incuding glycine and Banck
and Hassan [22] show a single-step approach forthe synthess of
glycine-passivated Fey O4 nanopartices, both for biomedical appli-
catiors. Thus, the innovation of this work is, mainly, the use of
gl ine-functionalized magnetic nanoparticles for the highly effi-
cient magnetic removal of Cu* from wastewater. This ind ik aes
a cost-effective and envionmentally friendly procedure since it
involves a safe route of synthesis for magnetic nanograins and the
use of the low-cost and low-toxicity molecules of glycine.

Inspite of the saturation magnetization of maghe mite (y-Fe J04)
being slightly kwer than the one of magnetite (Fe4O4), maghemite
was chosen in this work since the difference of magnetization
is largedy counterbalanced by the gain of chemical stability. In
fact, magnetite nanoparticles can dissolve in acidic medium: this
dissolution & faster as the particles size issmallker, and as the con-
centration of acid is higher [2 3 ). In order to avoid this dissolution,
magnetite can be deliberately oxidized to maghe mite [24).

In the present work, a senes of expenments of glcine
adsorption on MNP from aqueous solutions at different initial
concentratiors and pHs were performed. To elucidate the inter-
action betweenglycine and maghe mite during ad sorption, several
techniques, such & X-ray diffraction (XRD ) transm ssion electron
microscopy (TEM ) magnetization measumements, dynam i light
scattering (DLS), Fourier transform infrared (FTIR), and thermo-
gravimetnc analysis (TGA) were employed. Thus, the applicability
of amine-functionalized NPs in the emoval of Cu®* was evaluated
in the view of pH, time and adsorbate fadsorbe nt conce ntrations.
The adsomption kinetics and adsomption isotherms were inves-
tigated by using the conventional modds of adsorption. The
synthesis method proposed here has some clear advantagesinclud -
ing low-cost, amplicity, high quality, ease of scale-up and good
reprod weibility. Moreover, results indicate thatcopper adsorption

Tabk
Percentual of adsorbed ghycine and surface coverage by ligand
Mass ratio glye ine MNP Surface coverage
Row (%) Ron (%) (Molecu bes )nm ?) 8
2 196 Q%0 07
5 316 144 04
10 855 N 1.7
25 959 438 132
50 o7 v 134
75 am 453 136

Reae I3 the mass percentage of gy ine used in funct ond zation, ¥ cp¢ |5 the mass
percentage of glycine adsorbed on NPs and #is the sudxe coverage in ama by the
molecules on the NPs

capacity was lger than many other reports on the adsorption of
metal ions by magnetic materials.

2. Experimental
2.1. Synthess of maghemite nan cparticies (MNP)

For the synthesisofy-Fe ;O 5 nanoparticles, anadaptation of the
met hod described in reference [25] was used : 50 mmol o fNH4OH
was added to an aqueous solution containing 1.5 mmol of Fe?* and
3.0mmol of Fe** at room temperature. The resulting mixture was
heated to reflux at boiling temperature under vigorous stirnng.
After 6 h precipitate was collected and washed with water several
times after successive centrifugations.

22. Functimdgation with glycine (Ghy@MN P)

The typical approach employed for the functionalization of
nanopan kles was used, & follows: 500 mg of MNP sample and an
aliquot of 0.5 mol/ L glycine, sufficient to give the mass ratios (R; a)
between glycine and maghemitethat are specified inTable 1, were
introd weed ina test tube. Thus, the pH was adjusted to the desired
value and the volume comp ke ted to 2000 pL. After BOmin of mixing
inavomex agtaor, solid was separated fro m supe rnatant by mag-
net & decantation orby centrifugation, washed once with waterand
dred under vacuum at room temperature.

2.3. Procedwe of Cu™ adsorption and kinetics

For adsorption investigation, ina typical experiment, 7.5 mg of
the as-prepared Gly@MNP (R oy = 10%) was added intoa 50mlL of
5 mg/L Cu* solution. The mixture was ad justed to pH6.5with HCI
and NaOH and stirred for 120 min. Theeafter, magnetic adsorbent
with adsorbed copper ions were separated from the mixtu e with
a permanent hand-held magnets( NdFeB~ 0.3T). Theresidual Cu®*
in the solution and nanoparticles was determined with ICP-OES
[26). In odder to obtain the adsorption isothemms, solutions with
varying initial concentra bn of copper weret eaed with the same
procedure & dow & room temperatu e, Cont ol samples with
only distilled water were utilized and monitored for the duration
of all experiments.

24. Nancparticles characterization

XRD was performed on powder samples with a Bruker
D8-Focus Discover diffractometer wsing radiation of 1.541 A
(40kV and 30 mA). TEM images were obtained on a JEOL 1100
mroscope operatingat an acce b raingvokage of 80 kV. The mom -
temperature nanoparticle magnetzation curves were obtained
using an ADE vibrating sample magnetom et er model EV7. Hystere-
sis loops were performed under applied magnetic fields varying
from ~18 to 18 kOe at 300K. Adynamic light scattering analyzer
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Fig. 1. XRD data of MNP sarrple and maghemite bul k standards (v Fey Oy).

(Malvern Instrument, Zetasizer nano ZS) was used to measure the
electrophoretic mobility. FTIR spectra were recorded with crys-
talline KBr in the range of 3700-400 cm ' and resolutionof2 e !,
The deconvolution ofthe peals was performed with the software
Peakfit 4.12 using amplitude Gaussian model with linear baseline.
TGA expenments were performedon a Shimadzu Thermogravimet-
nc Analyzer model DTG-60, in dinitrogen flow and with a heating
rate of 10°C/min up to 550°C, holding thiste mpe rature for 120min.

3. Results and discussion
3.1. Synthesisof glycine-functionaized nanoparticles

The X-ray powder diffractograms of non-functionalized MNP
and maghemite bulk sandard are shown in Fig 1. After index-
ing the main peaks using Bragg's law and companng them to the
ASTM data,spinelstruc ture was found . Moreover, the expenmental
inteplanarspacing of0.8 34 nmcompares wellthe ASTM d-spacing
forcubk ke Oy of 0.8347 nm, indkaing tha maghemite is the
predominant crystalline phase in this sample. Additionally, the
mean crystalline size of MNP was calculated from the most intense
diffraction peak, resulting ina particke dameter 10.5nm.

TEM measurements showed that synthesss yields nearly spher-
al NPs (seethe inset of Fiz 2L Momrover, there & no significant
difference between size distributions of functionalzed nanoparti-
ces and non-functionalized ones, as showedinFig 2.

Magnetization measurements were performed for evaluating
the counterparts of functionalization in the magnetic properties
of the NPs. Fiz. 3(a) shows the room temperature magnet g on
curves for maghemite NPs and for one mepresenta ive functbnal-
zed sample, which has about 10 in mass of glycine adsorbed. As
expected for this size ange, nanoparntiles d splayed features of
superparamagnet sm, suchas negligibke remanence and coercivity
observed in hysteresis bops (see Fiz. 3(b), which shows the mag-
netization data at low field range ). It & interesting to mentiontha
superparamagnetic propertiesare highly usefulin the development
of novel separation processes - that make nanograins prone to
magnetic fields and they do not become permanently magnet ized
without an extemal magnetic field to support them. Moreover,
there & no significant difference bet ween satu ration magnetiza-
tion values of 47 Aemu/g and 45.9emu/ g for non-functionalized
and functionalized samples respectively. Furthermore, if one nor-
malizes magnetization only by the mass of the magnetik core
(not the glycine ), saturation magnet ization of Gly@MNP sample is

Fig 2 Histgrams fom TEM masuremen & of MNP (circles) and functionalized
(squares )samples. The full and dashed lines are the best fitting wsing log normal
distribution, The irset |s a TEM image of MNPs (bar= 1 0O}

47.8 emu/g. Besid es, all these magne tizations are diffe rent from the
bulk values for maghe mite (60-80 e mu/g ), probably dueto cationic
redistribution [27] and surface and size-finte effects [28-30] that
affect themagnetization characterigics of nanosized grains.

Thus, a series of expenments was perfoomed to venfy the
best pH conditions for the functionalization of the MNPs by
organic mokcules. Inths way, glycine a the mass ra b Roae = 10%
(glycing/ MNP), was added to the suspensions containing oxide
nanograins. Then, pH of solutionswas adjusted to the desired value
using diluted NaOH or HQ and, after centrifugation, the percent-
age of amino acd baded by the MNPs was estimated by TGA.
The column graph at the bottom of Fiz. 4, which is a plot of the
rela ive amount of adsobed glycine a different pHs, shows that
ghcine & best adsorbed in the region of pH around 6. As pH
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increases or decreases from this value, the efficacy of functional-
zation decreases. To interpret these wesults, we took into account
the fact tha chemicalstates oft he glycine molecu ke and MNP sur-
facearebothstrongly pH-dependent,asillustratedin the speciation
schemesin Fig. 4,

As schematized, for MNPs, at low (high) pH values, the parti-
cles are positively (negatively) charged [31].0ne can corsider that
superfical patic ke sites (P ) can undergo hydrolysis according to
the acid-base reactions(1a)and [ 1b).

P-OH; + HyO == P-OH + H;O" (1a)

D-OH + H:0 == -0 + H,0' (1b)

In this model, the particle surface behaves & a diprotic acid,
leading to three kinds of surface sites where most of them are b
=0H;* in strong acidic medium,»—0 - in strong basic medium and
b—OH, the intermediate amphoteri sites, in the iscelectric point
(1EP) region. Quantitatively, when pH = pK, ; p—OH," andp—OHare
equimolar and if pH=pKg, [P—O0H] is equak [P—O- | At IEP,P—OH
is the predom inant species.

According to reactions (2a) and (2b), for glycine, at very
low pH, the predominant ionic species is the fully proton-
ated form, *HyN—CH,~COOH. When pH=pK,,, equimolar
concentrations of *HyN=-CH~COOH and *HiN—-CH,—COO"
species are present. At the IEP, glcine is present
largdy as the dipolar ion *HyN—CH/~CO0". If pH=pK,,,
[*HyN—CH;~C0 0" |= [H;N—=CH,~C00~ | and at high pH values,
HyN—CH ~C00~ species predominates.

TN Cl; COOIL IO = "IN Cll; COO 1 11;0° (2a)

TN €1 COOT IO == 1I;N ClI; COO™ 1 11,07 (2b)

The valuesof pK;, for reactions ( 1a) and( 1b) and pK,2, forreac-
tions (2a) and (2b) as wdl as the values of IEP, are given in the
scheme of Fig. 4. Thus, at bw pHalues, the glycinium cationis in
contact with an increasingly positively charged oxide surface, so
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FIg 5. Elearoptocet c mobi lity (U, ) of MNP (cirdes) and GlyOMNP (squares ) slur
ries & a funaion of pH. Dashed lines are giides for the eyes using the mod ds of
surface charge that are desc ribed in the text.

that ekectiostatic repukion conduces to a low ligand adsorption.
Besides, in high alkaline medium, the surface is strongly negative
while the glycine speciation should favorthe glycinae anion and,
once more, electrostatic repulsions interfere in ligand adsorption.
Onthe other hand, at pH around 6, a significant number of NPs are
positively charged and glycine isquantitatively in the zwitte nonic
form. Thus, ap proximation of glycine to the metallic sites of sur-
face & more favorable, and interaction ofP—OH; * with caboxylae
could occur & schematized by the reaction (3

D-OH" + THN-CH-COO = B-00C-CH-NH, ' + HO (3)

Moreover, functionalized particle surface can be seen as a
monoprotic weak acid tha undergoes hyd mlysis according to the
schematic acid-base reaction (4).

P-OUC-CH-NH; + Ha) = §-00C-CHNH; + HO (4)

The dependence of the electrophoretic mobilty (Ug), obtained
from DIS measumements on the pH of the slurry & presented in
Fig 5. For bare MNPs the dependence of the surface charge on
the pH is already well known and shows that for extreme pH val-
ues, surface charge reaches the maximum and close to pH=7, the
surface charge is very small as observed in Fiz. 5. Using a model
that descnbes particle surface as a dprotk weak acid [31), one
plots a particle-charge curve which guides expenmental points
and permits the IEP of MNP to be estimated at pH~7.3. For
Gl@MNP, the surface & positively saturated instrong acidic media
(Ug~+15ms~'V-Tcm), but, as pH dec reases, surface discharging
takes place and the net charge becomes neglgible at pH~59.
Thus, the fact tha 1EP of bare MNPs shifts about two pH units
when particles are functionalized is in favor of the adsorption of
organk molecuks by MNPs. Here, the functionalized surface &
corsidered to be a monoprotic acid (see reaction (4)) to generate
the curve tha guides the experimental points. According to this
model aspH increases from acid to 1EP, the fraction of protonaed b
=00C—CH y~NH 4" group diminishes and that ofP—00C—CH ;~NH ,
increases. As the pH of slurry increases over PZN, NPs become
negativelyc harged saturating at U, - 11 ums~' V- 'cm.This could
be due to the formation of the negatively charged species (p
—OOC—CH2—=NH20H" ) or by the fact that, in these conditions,
glyane is partially desorbed from the surface and thus net charge
of Gly @MNP - in neutral and more alkaline media - could be abal-
ance between the charges of amine groups of adsorbed molecules
and the charges of non-coord inated superficial sites.
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The experiments about the dependence of glycine adsorption
on the Igand concentration were performed at pH=6, using the
Gly MNP mass ratios (R; a¢) that are listed in Table 1.

For an accurate quant ification, the amou nts of adsorbed glycine
were determined by thermogravimetry as described before [32].
Here, most of the loss in mass presented by the functionalz ed sam-
ples & attributed to the thermal decompasition of the adsorbed
ghvcine, withafirst egion of bss of mass that occurs a lower tem-
peratures due to the release of water. In ths way, Fig 6 shows
the TGA curves - weight loss percentage (right axis) versus time
~ for samples prepared with different concentrations of glycine.
In the curves of samples prepared withdifferent concentrations of
glycine one obse rves that the weight kss perce ntage inc easesuntil
120min and thereafter remains practically constant for all stud-
d samples. The mass percentages of adsorbed glycine on MNPs
(R'cae ) quantified from these curves, arelisted in Table 1 and plot-
ted as a function of Reae in the graph of the irset in Fig. 6. It was
found that increasing amounts of glycine are adsorbed as the con-
centrationof glycine used in funct bnalization rises. Nevertheless,
sauraion of coating is a hieved with the equilibrium of glycine
concentration at Re e~ 1006

Using the specific surface area of 175m?/g obtained from BET
analysis, the number of glycine molecukes per nm? estimated .
Moreover, if one corsiders the cross-sectional area ofone mokcule
ofglycine to be ~0.3nm? [ 33), the surface coverage (#) can be esti-
mated interms of glycine monolayers using the quotient between
the total area of ligand and MNP surface. The # values displayed in
Table 1 indicate that the NPs are covered by at kastone monolayer
of glyine whensaturated with ligands. The adsorption isotherms
a room temperaurre do not correspond to Langmu ir type behav-
or. In factthe plot ofthe inverse ofthe concentration of adsorbed
glycine versus the equilibrium concentration is strongly nonlinear.
Ao, other adsorption models were notable to fit our expenmen-
tal results and cakulate maximum adsorption parameters. This
deviation could be assoc iated to a possibk ough inhomogeneous
adsombate surface with multiple ste-types availabk for adsorption
and to a possible adsorbat e adsorbate interaction. Results of FTIR
and SAXS (see supplementary data) are in favor of this last obser-
vation. Thus, all the charactenzations and adsorptionexpe riments
were performad using Re e~ 10%, in which the nanoparntic ks are
supposed to be saturated of glycine molecules.

Fig 7 shows the FTIR spectra of pure glycine (Gly), bare MNPs
and Gly@MNP and thar correspondent assignments. Fig. 7(c) also
shows the Gaussan band deconvolution proced ure correspond-
ing to the enwelopes of amine mokty bending mode (A(NH4) ) and

:332!
SARRARR
i

1

Absorbance (arb. units)

Absorbance (arb. units)

Absorbance (arb. units)

Wavenumber (em’)

Fig. 7. (a)ad(b)FTIR spectraof pure glyci ne bare MNP.an d Cly@ MNP andtheircor-
responden tassign ments. (¢ )Gauss kn band dec onvolution proce dure corre spond ing
tothe ¥NH; )and W00 ) emvelope.

the carboxylate stretching modes (W COO 7)) In F. 7(a) the IR
bands verified around 573 co ! are commonlyattributed tofernite
Fe—O asorptions | 34,35), as well the contrbution of the dsormp-
tionat 3347 cm-' displayed in Fiz. 7(b) which & related to vy OH)
fromoxide surface [ 36- 38). Smultaneously, mostof the vibrational
maodes that correspond to pure glycine are alsoverified in the spec-
tra of glycine coated samp ks | 39.40). Moreover, the wave number
separation (A =175 cm ') between asymmetric, vy (CO0 ), and
symmetric, v (COO- ) stretching modes indi aes abridgingbide n-
tate interaction type of COO - group with nanoparticle surface in
good agreement with reference [4 1.

It is interesting to note that all vibrational mades related o
the stretching and deformation absorption bands of COO~ and
NH3 groups from glycine, found in 1414, 1503, 1585, 3009 and
3169 cm~', are shifted about 5¢cm~! to lower wavenumbers upon
the coating process, as venfiedin Fig. 7(b) and(c), and asdescribed
before [22). Furthermore it seems that the v/NH4) isextersively
involved in Fermi resonance with combination bands. In fact, in
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the spectrum for nanoparticles coated with glycne, the band at
2918cm " in Fig. 7(b), resulting mainly from Fermi interaction
with 3, (NH;) and vJCOO~ ) (1 500+ 1410cm '), has been already
attributed to zwitte nionic and ac i salt glyc ine forms [42 |.Although
stillcontroversial, an interact bn is suggested between 5;(NH3 ) and
vs(CO0~) groups [43], indicating no less than two glycine coatings
on analyzed nanoparticles. This interpretationis reinforced by the
fact thatin the spectra of nanoparticle coated with glycine verified
inFg. 7(c), thearaof the symmetnc and asymme tric deformation
for NH3 group observed in 1612 and 1503cm ! [43) corresponds
to 154 and 17.6% mspectively, of total area of the absomption of
this envelope. In the spectrum for pure glycine in Fig. 7( ¢) the per-
centages of these same areas are 44 .5 and 50.7% reac hing the same
proportion found in the coated sampke. Thisdec easing intersity,
in NHy debrmation bands for functionalzed samples, suggests a
molecularinteraction of this group with COO~ group.

32. Investigation of the Ci” removal

Initially, the influence of pH on the removal of Cu?* from aque-
ous solution was investigated. In this way, a fixed quantity of
Gly@MNPwas mixed inaCu’* solutionand the pHwas ad justed .As
observed in Fig. 8, adsorption of copper inc eases a pH inc eases
from 1 up to 7. This behavior can be understood taking into
account the speciation of copper and Gly@MNP nanoparticles as
schematized in Fig. 8. At the range of concentration studied here,
Cu?* species only exists as free iors at very low pH and form
soluble complexes withwaterat pH>2 through the chemical reac-
tion Cu?* +40H~ — [Cu(OH ) |*~ - with an equilibrium constant of
3 % 105, As the concentraton of OH- inc reases, a blue prec ptae
takes place - Cu** +20H~ — Cu OH )3, Kps ~5x 10-% Investiga-
tion of copper removal in alkaline media was not performed since
when pH>7, C** precipitates. Assuming that the concentration
of bnk species must be sufficiently high & to overdapthe ekctnc
double liyers ofthe coated-nanoparticles, & seems t hat complex-
ation and electrostatic forces have to be the responsible for the
copper adsorption on functionalzed nanoparticles [44]. At very
low pH, copper iors and NPs are postively charged and elec tro-
static repulsiors interfere in copper adsorption. As pH inc eases,
the ekctrostatic atraction between the negative charged cop-
per complex and postively charged NPs is in favor of adsorption.
Maximal adsorption occurs at pH around 6.5, where the electro-
static interaction between residual protonated amine and cop-
per aquocomplexes (p —00C—CH—~NH;* . [CulOH)4)* ) and/or

100-

Copper removal (%)
3

40-

e A0
G

Fig 9. Copper removal effiderncy & a function of the concertration of Cly@ MNP,
atpH=6.5 25 Cin S0mL of 10mgL of Q" mdacontxt ime of 1h, Inset:(a)
decrense of copper concentration (evidenced by the blue color) after tregtment
with magnetic nanopartic bes us ing dif ferent i mes and (b) the of fic kency of magnetic
collectd llityof nanoparntic bes,

surface complexaion with no n-protonated am ine groups and cop-
per P—00C—CH—NH; - - Cu?*) may occur.

Fig. 9 shows the Cu** removal efficiency in flasks containing
Cu** and different concentrations of Gly@MNP (Cyp). Adsorption
of copper increased with the increase of adsorbent concentration
and reached to plaeau & Cnp ~ 150 mg/L The inset (a) of Fig. 9
shows pitures of coppersolutbn after treatment with nanopar-
ticles using different times and (b) the collectability efficdency.
Ammonium hydroxide was utilized to reveal the presence of Cu®*
in both solution, since itformsa blue solublke complex [Cu(NH 5) 4F*.

Cooper isqu i kly adsorbed by Gly@MNP durning the first 25 min,
thus adsorption reached the equilbrium asshown in Fiz 10, which
is aplot of the variation ofthe metal concentration(G/Cy ) in aque-
ous phase as a function of the time of contact with adsorbent.
and Gy comesponds, respectively, to the copper concentration at
time t and to the initial Cu?* concentration. Inorder to evaluate the
kinetic mechansm which cont rols the process of copper adsomp-
tion on functionalized nanoparticles, several models were utilized
for analyzing the adsorption kinetics data and best results were
obtained using the pseudo second-order model [45). In thismadel,
the linear formcan be writtenast /g, = (1/kg? )+ (1/q ). wherek &
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Fig. 10 Application of kinectk psendo second order lincar model (gray line) ©
the experimental data (full circles) The open circles show the varlation of copper
comertration & a function of the time, using 7.5 mg of adsoebert and 50ml of
copper solution at pH = 6.5 ad 25°C
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Fig 11. Equilbrium sotherm forCu?* adsorption by ghcine modified maghemite
manopartickes at 25'C and pH=G5 The inset shows the Langmuir adsorp tion
Botherm fit of Cu?* adsorp tion.

the pseudo second-order equilibriumconstant and g and ¢ aret he
adsorbed amount of solute at equilibrium and time ¢, respectively.

In this way, the linear fitting of expenmental data on the
graph of Fig 10 (rght axis) - a plot of t/g, versus t - pro-
vided anexcelkent linearty (R* > 0.999). From the intercept of t he
straight line and slope of the graph, the values of g =32.1 mg/g
and k=8.0 x 10-5mgg-"min-'.The calculated value of g. agrees
with the adsorbed amount of Cu** at equilibium determined
experimentally. These results ind icate that adsorption rate is a
function of the concentration of free and adsorbed copper bns
and coordination and e kct st aic attractions between copperand
functionalized surface are the main driving forces for t he adsorp-
tion [45].

To inwestigate the details about adorption, equilibrium stud-
ks were carried out at pH=6.5 and time conditions needed to
wach the adsorptbn equilbrium. In this way, the adsomption was
measured using a fixed quantity of GIyWwMNP and a vaned copper
concentration in solution. After cooper dosage, the isotherm - the
concentration of adsorbed copper (g)at equilibrium as a function of
the equilibriumconce ntration of free Cu® (C ) - inFig. 11 was plot-
ted. Results show a non-linear inc reasing ad somption of copper as
the concentration of free ions inc eases. Based on the assumpt bns
that adsorption occurs in a monolayer on homogeneous particle
surface withidentical sites in terms of energy and negligibleinter-
ation among adsorbed species, the Largmuir adsorption model
[45]) was utilzed to fit the expenmental data. In this way, the
linear form ofthe Langmuir equat on Co/q= (1/ke Qe )+ (Co/Qu ) was
employed.

The graphof G/ gversus G shownon theinsetof Fig. 11 allows
the calculation of the maximum quantity of adsorption, g« and
the adsomption equilibrium constant, k;. The linear fit of the data
provided a K =0.999, g =625 mg/g and ky =6.5 x 1077 . The value
of maximum adsorptbn capacity (625mg g found in this work is
higher than many reported results also using amino-<functionalized
magnetic nanosystems ( ~27 mg/g [46), ~30mgg [ 13), ~46 mg/g
[47] and ~524mg/g [10]).This can be associated to the small size
and large surface of partic ks and, high-affinity of nancgrains for
copper ions. In fact, it is well known tha —NH; groups present &
nanograins surface have a high binding affinity for organic mat-
ter[7 ] and for several metal ions, including Cu®* investigated here.
Thus, competitive adsorption of other contaminants as (Cr?*,Co®,
Ni?*, Cd*, P** and As™) and even bactenal pathogenscould be

performed withour nanomaterialsas e ported before, using amino-
functionalized magnetic nanograins [48).

Moreover, the large atio sauration magnetization/particle size
allows a quick and efficient magnetic separation and recovery of
adsorbent phase. In fact, copper ions can be desorbed from mag-
netic nanoparticles by HC Isolution (see sup plementary data). After
four cycles, the copper removal efficiency & still 89%, value com-
pamable to previous work [13], suggesting tha our Gy@MNP has
good adsorption capabilty and desorption property to be wecycled
for copper adsorption.

4. Conclusions

Using an aqueous method of co-precipitation 12nm sized
maghemite nanoparticles were synthesized. Besides, it was
observed that glycine & best adsorbed at pH~6 and that satura-
tion of oxide surface occurs with a least one monolayer of ligand,
when glycine concentration reaches about 100 (w'w) on function-
alized nanoparticles. Specifically, the carboxylate groups of glycine
strongly coordinate to iron cations on the maghemite surface to
form a mobust coating while the functionalized extenors (amino
goups) emained inthe waer medium. It has been observed that
these glycine-modified NPs have strong affi nity for the Cu®*, prob-
ably due to electrostatic attraction and complexation of copper
with NPs surface. The adsorption kinetics, highly dependent on the
pH of the medium, followed a pseeudo second-order mac hanism.
The adsorpt bn equilbrum folbwed a Langmuir isotherm, giving
avery high maximu m capacity of copper adsorption. More specif-
ically, our results suggest that these surface engineered magnetic
nanoparticles are highly effective, efficient and economically viable
magnetic nancad sorbe nts for the removal of copper - and can be
extended to other metals since amine groups present high binding
affinity for metal comp kxa on - from water in comparson to the
existing industrialpurification processes. Furthermore, these mag-
netic nanoadsorbents may be separated easily from the solution
with the helpof an extemal magnetic force and are reusable after
removing the adsorbed toxic contaminants.,
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