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Resumo

Correa, Tarcisio Nascimento. Nanotecnologia sustentavel: simulacdo de bioprocesso e andlise
econdmica da producéo de magnetossomos em escala industrial e desenvolvimento de ferramenta
para tratamento de efluentes. Tese (Doutorado em Ciéncias — Biotecnologia Vegetal e
Bioprocessos) — Decania do Centro de Ciéncias da Saude, Universidade Federal do Rio de
Janeiro, 2021.

A nanotecnologia é um mercado bilionario, cujo valor deve se aproximar de US$ 300
bilhdes ainda nesta década. Uma parte importante desse mercado é constituido pelos produtos
baseados em nanoparticulas magnéticas (NPMs), que sdo utilizadas em aplica¢Ges inovadoras,
como formulacdo de medicamentos, fabricacdo de sensores e tratamento de aguas e efluentes,
entre outras. Atualmente, a maioria dos produtos nanomagéticos reportados é proveniente de
processos quimicos de sintese, tais como a coprecipitacdo e a termodecomposicao. Entretanto, as
aplicacdes tecnoldgicas podem se beneficiar das caracteristicas fisico-quimicas de NPMs
biogénicas. Dentre essas, as mais promissoras sdo aquelas sintetizadas por bactérias
magnetotaticas (BMTs) na forma de organelas denominadas magnetossomos. As nanoparticulas
magnéticas de origem bacteriana (NMOBSs) apresentam uma menor dispersao de forma e tamanho
se comparada a maioria das nanoparticulas sintéticas. Além disso, as NMOBs sao constituidas
por um cristal de magnetita com monodominio magnético e uma membrana bioldgica que confere
uma alta estabilidade coloidal e facilita a insercdo de moléculas funcionais. Apesar dessas
vantagens, as NMOBs ainda ndo sdo produzidas em escalas industriais, principalmente devido ao
seu baixo rendimento em cultura e a complexidade dos bioprocessos que utilizam BMTs. Neste
sentido, a primeira parte do presente trabalho de doutorado contemplou a simula¢do do
bioprocesso e a avaliagdo econémica da producdo em escala industrial de NMOBs. O estudo teve
como foco a comparacdo da performance econdmica de dois modos de operacdo — batelada
alimentada e cultivo semicontinuo — da fermentacdo industrial de Magnetospirillum
gryphiswaldense cepa MSR-1 para a obtengdo de NMOBs. A avaliagdo técnico-econémica
forneceu dados sobre a viabilidade no fornecimento das NMOBs para aplicacdes tecnologicas.
Na analise final, o custo-base de producdo das NMOBs (US$ 10-11 mil/kg magnetita) foi de 2,5
a 53 vezes maior do que para a producdo quimica de NMPs sintéticas. Esta diferenca resulta
principalmente dos custos operacionais indiretos, que representam 76-79% dos custos totais de
fabricagdo. Os custos de producdo e os precos estipulados para venda sdo influenciados
significativamente por pardmetros operacionais (ex.. rendimentos de magnetita), mas
minimamente alterados por fatores econdmicos externos, como 0s gastos de compra em materiais.
Ainda assim, a forte discrepancia entre os custos de producdo e os precos de venda de NPMs
sintéticas disponiveis comercialmente (US$ 11-40 mil/g) faz com que a comercializacdo de
NMOBs seja economicamente promissora. A venda de NMOBs por valores superiores aos pregos

minimos de venda (US$ 21-120/g) pode reduzir o tempo de retorno do investimento e maximizar



o0s lucros. A segunda parte deste trabalho teve como objetivo a aplicacdo de NMOBs obtidas de
Magnetovibrio blakemorei cepa MV-1" na degradacéo do corante azul de metila. Os experimentos
demonstraram eficiéncias de descolorizagdo de até 100% em 10 minutos de reacdo na auséncia e
na presenca de peroxido de hidrogénio. Além disso, por meio da recuperacdo magnética, as
NMOBs puderam ser reutilizadas e mantiveram até 75% de sua atividade apds 4 ciclos. Dessa
forma, os NMOBs sdo potenciais ferramentas no tratamento de efluentes contendo corantes, como
€ 0 caso da industria téxtil. Devido as caracteristicas das NMOBs, incluindo sua maior atividade
na degradacdo do corante e producdo mais limpa, 0s custos superiores da producdo microbiana

de NPMs em relagdo aos processos quimicos tornam-se justificaveis.

Palavras-chave: bactérias magnetotaticas, magnetossomos, nanoparticulas magnéticas,

biominerais, avaliacdo técnico-econdmica, simulacdo de processo, producéo limpa.



Abstract

Correa, Tarcisio Nascimento. Nanotecnologia sustentavel: simulacdo de bioprocesso e andlise
econdmica da producéo de magnetossomos em escala industrial e desenvolvimento de ferramenta
para tratamento de efluentes. Tese (Doutorado em Ciéncias — Biotecnologia Vegetal e
Bioprocessos) — Decania do Centro de Ciéncias da Saude, Universidade Federal do Rio de
Janeiro, 2021.

Nanotechnology is a billion-dollar market, with a value that is expected to approach $300
billion later this decade. An important part of this market is made up of products based on
magnetic nanoparticles (MNPSs), which are used in innovative applications, such as biomedicine,
sensor manufacturing and water/wastewater treatment, among others. Currently, most of the
reported nanomagnetic products are yielded from chemical syntheses, such as co-precipitation
and thermal decomposition. However, technological applications can benefit from the physical-
chemical characteristics of biogenic MNPs. Among those, the most promising are those
synthesized by magnetotactic bacteria (MTBs) in the form of organelles called magnetosomes.
Bacterial-derived magnetic nanoparticles (BMNs) have a smaller dispersion in shape and size
compared to most synthetic nanoparticles. In addition, BMNSs consist of a magnetite crystal with
a single magnetic domain and a biological membrane that provides high colloidal stability and
facilitates the insertion of functional molecules. Despite the advantages, BMNSs are still not
produced on industrial scales, mainly due to the low culture yields and the complexity of controls
necessary to the bioprocesses using MTB. In this sense, the first part of the present doctoral work
included a bioprocess simulation and an economic evaluation of the industrial-scale production
of BMNs. The study focused on the comparison between the economic performance of two modes
of operation — fed-batch and semi-continuous cultivation — of the industrial fermentation of
Magnetospirillum gryphiswaldense strain MSR-1 to obtain BMNs. The techno-economic
assessment provided data on the feasibility of suppling BMNs for technology applications. In the
final analysis, the base-case manufacturing cost of BMNs (US$10-11 thousand/kg magnetite) was
2.5 to 53 times higher than the production of synthetic MNPs. This difference mainly derives
from indirect costs, which represent 76-79% of total manufacturing costs. Production costs and
stipulated selling prices are influenced by operational parameters (e.g. magnetite yields), but only
slightly changed by external economic factors, such as material purchase expenditures. Still, a
strong discrepancy between production costs and sales prices of competitive commercially
available MNPs (US$11-40k/g) makes the commercialization of BMNs economically promising.
Selling BMNs at prices exceeding the minimum selling prices ($21-120/g) can abbreviate
payback times and maximize profits. The second part of this work aimed at the application of
BMNs obtained from Magnetovibrio blakemorei strain MV-1T for the degradation of methyl blue
dye. The experiments showed decolorization efficiencies of up to 100% within 10 min reactions,

in the presence and absence of hydrogen peroxide. Moreover, by using magnetic collection,



BMNs were reused and retained up to 75% activity of after 4 cycles. Thus, NMOBs are potential
tools in the treatment of effluents containing dyes, as is the case in the textile industry. Due to the
characteristics of BMNSs, including their higher dye degradation activity and cleaner production,

the higher costs of microbial production of NPMs compared to chemical processes become

justifiable.

Keywords: magnetotactic bacteria, magnetosomes, magnetic nanoparticles, biominerals, techno-

economic assessment, process simulation, clean production.
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Introducéo

1.1. Nanotecnologia e industria

Enquanto a nanociéncia € definida como o campo do conhecimento dedicado ao
estudo de materiais de dimensGes nanométricas, a nanotecnologia constitui-se na
manipulacdo e fabricacdo de dispositivos com esta caracteristica (Askeland & Wright,
2016). Apesar de registros historicos revelarem que materiais nanometricos tém sido
utilizados ha séculos, notadamente em objetos vitreos da Roma Antiga, a expansao da
nanotecnologia ocorre, sobretudo, a partir do final do século XX com o estabelecimento
de industrias de circuitos integrados e processadores e de nanomateriais de carbono —
como nanotubos e grafeno (Bayda et al., 2020). Proje¢cdes econdmicas indicam que o
mercado global de nanotecnologia deve atingir, até 2028, o valor de US$ 291 bilhGes com

uma taxa anual de crescimento de 18% (Emergen Research, 2021).

Atualmente, os setores industriais com o0 maior numero de produtos
nanotecnoldgicos registrados sdo a inddstria de sensores, materiais de construcdo e
produtos dermatoldgicos (Figura 1). Recentemente, a aplicacdo da nanotecnologia nos
setores farmacéuticos e de tratamento de aguas e efluentes também tém se refletido em
um namero expressivo de novas tecnologias (Figura 1), muitas das quais se baseiam em
nanoparticulas magnéticas (NPMs) (Ali et al., 2021). Dentro destes setores, a utilizacdo
de NPMs destaca-se no desenvolvimento de produtos inovadores, tais como adsorventes
e catalisadores para a remogéo de poluentes organicos (Jain et al., 2021) e formulagdes
de agentes diagnosticos e terapéuticos para o cancer e outras patologias (Kudr et al.,
2017). Além desses produtos, diferentes tipos de NPMs tém sido aplicados na agricultura,
geracdo de energia, recuperacao de recursos naturais, desenvolvimento de sensores, entre

outras aplicacdes (Ali et al., 2021).

1.2. Nanoparticulas magnéticas

A variedade de aplicacdes reportadas para as NPMs se deve a combinag&o de suas
dimens@es nanométricas (1-100 nm) e a0 magnetismo proprio destes materiais (Yang et
al., 2017). A maioria das NPMs descritas € composta de 6xidos de ferro sendo a magnetita
(Fes04) a mais comum (Ali et al., 2021). Devido a versatilidade das aplicacdes de NPMs,

inimeros métodos fisicos, quimicos e bioldgicos foram desenvolvidos para a sintese
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Figura 1. Numero de produtos nanotecnoldgicos registrados na Nanotechnology Products Database
(statnano.com) categorizados de acordo com o setor industrial. Figura de autoria propria elaborada com
dados disponiveis na base citada.

destes materiais (Ali et al., 2021, Figura 2). Neste trabalho, daremos destaque aos

processos bioldgicos e aos principais métodos quimicos de fabricacéo.

A. Coprecipitagéo
@o¢ ° >
7@ @ @ rFer
e 0 ! ,@ Fe3+
° o, >@|;
@ @ Y 2% acetilacetonato Fe*
@ @ L Acido oleico
M it
B. Termodecomposigéo . agnetra

Figura 2. Representacado grafica das reacdes envolvidas nos métodos cléassicos de sintese de nanoparticulas
magnéticas: coprecipitagdo (A) e termodecomposicao (B). Figura de autoria propria elaborada com base na
revisdo de Wu et al., 2016.

Na sintese quimica, a coprecipitacdo (Figura 2.A) é 0 método mais simples e
disponivel para a obtencdo de NPMs (Simeonidis et al., 2016). Este método baseia-se na

precipitacio de cations de Fe** e Fe?*, na proporgado molar de 2:1, em meio alcalino (pH
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> 10) (Simeonidis et al., 2016). Devido a facilidade de execucdo, a coprecipitacdo € o
método de sintese para a maioria das aplicacdes de NPMs reportadas na literatura (Wallyn
et al., 2019). Entretanto, as nanoparticulas produzidas neste tipo de sintese costumam
apresentar forma e tamanhos irregulares (Augusto et al., 2020). Para a obtencdo de
nanoparticulas cujas propriedades sao mais controladas, frequentemente séo utilizados
métodos baseados em solventes organicos, como a termodecomposicdo (Wu et al., 2016).
A termodecomposi¢do (Figura 2.B) ocorre quando h& formacdo de magnetita em alta
temperatura (> 200°C) a partir de um complexo organico de Fe®*" disperso em solvente
apropriado (Park et al., 2004). A porcdo organica deste complexo geralmente € anionica,
sendo as mais comuns o0s ions oleato e acetilacetonato (Wu et al., 2016). Durante o
processo, ocorre a decomposi¢do da porcao organica, simultaneamente a reducéo parcial
do Fe** e consequente formagdo dos cristais de magnetita (Park et al., 2004). Uma vez
que a superficie da magnetita formada € estabilizada pelo complexante anidnico, 0s
cristais tendem a apresentar formas e tamanhos mais uniformes, em comparacdo a
coprecipitacdo (Kim et al., 2009). Apesar destas vantagens, a demanda de grandes
quantidades de solventes organicos e a necessidade de multiplas etapas para a sintese das
nanoparticulas sdo inconvenientes relacionados a termodecomposi¢cdo (Wu et al., 2016).
Uma alternativa disponivel a este método é a sintese hidrotérmica, que consiste na
precipitacio alcalina de Fe**/Fe?* em altas temperaturas (>200 °C), também na presenca
de estabilizantes organicos anionicos (Wallyn et al., 2019). As nanoparticulas oriundas
deste método possuem caracteristicas fisicas intermediarias aquelas obtidas por

coprecipitacdo e termodecomposicéo (Wallyn et al., 2019).

Como discutido anteriormente, uma das aplicacdes mais promissoras para NPMs
é a sua aplicacdo no tratamento de poluentes presentes em aguas residuais. Para a maioria
desses trabalhos, utilizaram-se NPMs fabricadas por coprecipitacdo aditivada com
extratos vegetais para um melhor controle de forma e tamanho (Mondal et al., 2020).
Como exemplo, nanoparticulas de oxido (FexOy) e oxohidroxido de Fe (FexOy(OH),)
fabricadas a partir do extrato de cha verde foram aplicadas como catalisadores da reagéo
de Fenton para a degradagdo dos corantes azul de metileno e alaranjado de metila
(Shahwan et al., 2011). Nesse tipo de reagéo, sdo gerados radicais hidroxila (OH-) a partir
de peroxido de hidrogénio (H202) na presenca de ions Fe?* e Fe** (Pignatello et al., 2006).
Devido a sua alta instabilidade quimica, os radicais OH- promovem reacdes intensas de

oxidagdo de moléculas organicas. No trabalho de Shahwan e colaboradores (2011), as
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nanoparticulas (40-60 nm) catalisaram a degradacdo de quase 100% dos corantes testados
a 200 mg/L durante um tempo de reacdo de 6 h. Em outro trabalho, nanoparticulas de
Oxido de ferro foram sintetizadas utilizando extratos aquosos de folhas de diferentes
espécies vegetais (Wang et al.,, 2014). As NPMs foram, entdo, aplicadas como
catalisadores de reacdo de Fenton para a degradacéo de corantes azolico Acid black e as
eficiéncias de remocdo atingidas foram préximas de 100% (Wang et al., 2014).
Juntamente & decolorizagdo, 0 mesmo tratamento também removeu 87% da carga de
carbono orgéanico total das amostras tratadas. A utilizacdo de nanocatalisadores
magnéticos para este fim € vantajosa devido a facil recuperacao destas nanoparticulas por
concentra¢do magnética. A recuperacdo do catalisador torna o processo de tratamento de
efluentes mais econdbmico, uma vez que o mesmo pode ser reutilizado em diversas

reacoes.

Apesar das melhorias realizadas nos métodos quimicos e da comprovada
eficiéncia em aplicagdes ambientais de NPMs sintéticas (Ali et al., 2021), NPMs de
origem microbiana sdo distintas quanto as suas caracteristicas fisico-quimicas devido ao
controle inerente aos processos bioldgicos (Grasso et al., 2020). Adicionalmente,
processos microbianos, em geral, apresentam menor impacto ambiental em comparacao
a processos quimicos por envolverem apenas reagentes biocompativeis e condigdes

amenas de temperatura e pressdo (Coelho & Ribeiro, 2016).

1.3. Bactérias magnetotaticas

O grupo de microrganismos que constitui a principal fonte de nanomateriais
magnéticos sdo as bactérias magnetotaticas (BMTs) (Vargas et al., 2018). As BMTs
compreendem um grupo diverso de procariotos aquaticos Gram-negativos com a
capacidade de se orientar ao longo das linhas de um campo magnético (Abreu et al.,
2020). A orientacdo magnética passiva da bactéria e a natagdo ativa através de propulsdo
flagelar sdo conjuntamente definidas como magnetotaxia (Abreu et al., 2020). A
magnetotaxia confere carater de locomocéao unidirecional por ambientes quimicamente
estratificados na coluna d’agua e/ou sedimentos. As BMTs nadam ativamente em busca
da interface Oxica-andxica na qual a forca proton-motiva é maxima (Abreu et al., 2020).

A maioria das BMTs é descrita como microaerofilas e/ou anaerdbias (Abreu et al., 2020).

A combinacdo de estudos morfologicos e filogenéticos tem ajudado a
compreender a complexa diversidade encontrada nas comunidades de BMTs (Lin et al.,
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2014). Observacdes de amostras ambientais através de microscopia de luz e eletronica ja
revelaram morfologias dos tipos cocos, espirilos, vibrides, bacilos e multicelulares
(Leféevre & Bazylinski, 2013; Figura 3). Analises filogenéticas ja confirmaram a
existéncia de representantes procarioticos magnetotaticos nos filos Proteobacteria
(classes Alpha-, Beta-, Gamma-, Delta-, e Etaproteobacteria), Nitrospirae e Omnitrophica
(Lin et al., 2018; Abreu et al., 2020). Através de mineracdo de genoma, também j& foram
identificados representantes de BMTs na classe Zetaproteobacteria e nos filos
Plantomycetes e Latescibacteria (Lin et al., 2018). Além da diversidade morfoldgica e
taxonémica, a distribuicdo destes organismos € ubiqua, sendo encontrados em ambientes
aquaticos, como mares, lagoas, estuarios e sedimentos marinhos (Lin et al., 2014). A esta
caracteristica se soma produgdo de NPMs com caracteristicas controladas, o que gera um

grande potencial em biotecnologia, que ainda é pouco explorado (Vargas et al., 2018).

250 nm

Figura 3. Diversidade morfologica de BMTs: microscopia Optica em contraste interferencial diferencial de
espirilos (A) e cocos (B); imagens de microscopia eletrdnica de varredura de um procarioto multicelular
magnetotético (C) e de transmissdo em alta resolucdo de um vibrido magnetotatico (D). Note a presenca da
cadeia de magnetossomos indicada por M e do flagelo indicado por F. Imagens retiradas do acervo do
Laboratdrio de Biologia Celular e Magnetotaxia.
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1.4. Nanoparticulas magnéticas biogénicas

As NPMs produzidas pelas BMTs sdo denominadas magnetossomos e encontram-
se organizadas em uma ou mais cadeias no citoplasma bacteriano. Os magnetossomos séo
compostos por um cristal magnético constituido por mineral de ferro, envolto por uma
membrana fosfolipidica (Bazylinski & Frankel, 2004). Assim como nas NPMs sintéticas,
a constituicdo mineral dos magnetossomos presentes na maioria das espécies cultivadas
de BMTs, e de todos aqueles ja utilizados em aplicacfes tecnologicas, € de magnetita.
Entretanto, algumas espécies de BMTs também séo capazes de produzir magnetossomos
de greigita (FesSs). A morfologia dos cristais de magnetossomos tende a ser Unica em
uma espécie particular, sendo as trés principais morfologias de cristais de magnetita
encontradas a cuboctaédrica, prismatica alongada e anisotropica em forma de “ponta de
langa” (Lower & Bazylinski, 2013; Figura 4). O processo de sintese dos magnetossomos
é altamente controlado por uma complexa maquinaria proteica, codificada por genes
especificos (Correa et al., 2020). O controle genético do processo de formacdo dos
magnetossomos permite que essas estruturas tenham propriedades superiores as
encontradas em particulas de 6xido de ferro sintetizadas por métodos quimicos (Correa
et al., 2020). As propriedades que sdo otimizadas durante os processos bioquimicos de
sintese incluem tamanho e forma controlados e pureza quimica (Vargas et al., 2018). Uma
vez que as dimensdes se encontram predominantemente na faixa de 20 a 100 nm, a
maioria dos cristais de magnetossomos apresentam um monodominio magnético estavel
(Amor et al., 2020). Como exemplo, magnetossomos produzidos por Magnetovibrio
blakemorei cepa MV-1T possuem morfologia prismatica alongada e comprimento médio
de 53,0 £ 10,9 nm enquanto as de Magnetospirillum gryphiswaldense cepa MSR-1 sdo
cuboctaédricos com comprimento médio de 32,5 + 10,0 nm (Sparks et al., 1990; Faivre

et al., 2008; Posfai et al., 2013). A presenca da membrana bioldgica envolvendo cada

19



Figura 4. Diversidade morfolégica dos BMs produzidos por diferentes BMTs: (A) prismatico alongado,
(B) cuboctaédricos e (C) anisotropicos em "ponta de lanca". Em B, nota-se a presenca da membrana,
indicada pela ponta de seta. Imagens retiradas do acervo do Laboratério de Biologia Celular e
Magnetotaxia.

nanocristal magnético confere estabilidade coloidal as suspensdes aquosas de
magnetossomos apds a sua extracdo das células de BMTs, além de conter proteinas
inseridas, que fornecem grupos funcionais para a associacdo quimica de substancias
funcionais (Alphandéry, 2014).

Assim sendo, a quimica de superficie dos magnetossomos favorece a sua
aplicacdo como nanoferramentas inovadoras, em consonancia com as caracteristicas
fisicas dos cristais de magnetita. Por convencdo, denominaremos nanoparticulas
magnéticas de origem bacteriana (NMOBs) os magnetossomos obtidos de BMTs para
aplicacdes tecnologicas. Recentemente, uma nanoformulacdo magnética resultante da
associacdo entre NMOBs extraidas de Mv. blakemorei cepa MV-1T e o farmaco
anfotericina B (Figura 5) foi desenvolvida pelo nosso grupo de pesquisa (Correa et al.,
2021). A base da nanoformulacdo foi o complexo obtido através da interagéo eletrostatica
entre a NMOB, cuja superficie € carregada negativamente, e o polipeptidio catiénico poli-
L-lisina. A funcionalizacdo da nanoparticula ocorreu através de ligagdes de hidrogénio
entre o recobrimento catiénico e moléculas de anfotericina B. A nanoformulacdo obtida
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apresentou um alto carregamento de farmaco (52 pg de anfotericina B por 100 pg de
NMOBS) e ainda foi capaz de liberar aproximadamente 54% do farmaco associado em
meio aquoso em resposta a aplicagdo de um campo magnético alternado por 60 min.
Outras aplicacdes recentemente descritas para NMOBs incluem: remogéo de aflatoxina
de oleo vegetal por um complexo imunomagnético formado por NMOBs e anticorpos
policlonais (Pi et al., 2017); aplicagdo como agentes de contraste no imageamento por
ressonancia magnética (Nan et al., 2021); transfeccdo magnéetica de genes para células
hepaticas (Yang et al., 2020); e constru¢cdo de um sensor biomagnético para a deteccao

de Listeria monocytogenes em amostras de alimentos (Sannigrahi et al., 2020).

Figura 5. Microscopia eletronica de transmissdo (A), representacdo tridimensional (B) e representacéo
estrutural (C) da nanoformulagdo desenvolvida pelo nosso grupo de pesquisa (Correa et al., 2021),
constituida de anfotericina B conjugada a NMOBs por meio de adsor¢do mediada por poli-L-lisina. Em B,
nota-se a presenca de uma membrana espessa, indicada pela ponta de seta, devido a ligacdo das moléculas
de farmaco e do agente de ligagdo. Imagem adaptada de Correa et al. (2021)

Apesar da maioria dos trabalhos de aplicacdo das NMOBs serem voltados a
aplicacdes biomédicas, estas nanoestruturas também possuem um grande potencial a ser
explorado em remediagcdo ambiental. Ginet e colaboradores (2011) produziram uma
NMOBSs recombinante associada a uma paraoxonase por meio da expressdo do gene opd
de Flavobacterium sp. fusionado ao gene que codifica para a proteina transmembrana

MamC em Magnetospirillum magneticum cepa AMB-1. O nanossistema foi capaz de
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catalisar a degradacdo de etil-paraoxon, um pesticida organofosforado mundialmente
utilizado, com uma atividade de aproximadamente 50% aquela da paraoxonase livre
(Ginet et al., 2011). O nanocatalisador foi reutilizado por 6 ciclos, mantendo uma
atividade catalitica acima de 90% na Ultima utilizacdo (Ginet et al., 2011). Deste modo, é
evidente que NMOBs sdo plataformas promissoras para utilizacdo na degradacéo
catalitica de poluentes e, portanto, no tratamento de efluentes industriais. A membrana
que envolve estas nanoparticulas contem proteinas inseridas cujas fungdes e
aplicabilidades ainda ndo foram exploradas (Alphandery, 2014; Correa et al., 2020).
Possivelmente, algumas dessas proteinas possuem atividade de oxidorredugdo uma vez
que o processo de biomineraliza¢do envolve etapas de oxidacdo ou redugdo dos ions de
ferro (Correa et al., 2020). Sendo assim, a atividade intrinseca dessas proteinas pode ser
aproveitada na degradacdo de poluentes organicos, sem modificacdes funcionais de

membrana.

1.5. Producdo de NMOBs em biorreator

Embora o isolamento e a manutencdo de culturas puras de BMTs sejam
corriqueiramente realizados em escala laboratorial, a aplicacdo de NMOBs em tecnologia
depende do cultivo em larga escala destes microrganismos. Neste sentido, varios estudos
analisaram e otimizaram o crescimento de BMTs em fermentadores e obtiveram valores
de producao significativamente diferentes de acordo com as estratégias de cultivo (Tabela
1). Essas estratégias incluiam modifica¢fes nos meios de cultivo, ajustes nas condi¢bes
fisico-quimicas de cultura e regimes especializados de alimentac&o e injecdo de oxigénio.
No entanto, conforme evidenciado na Tabela 1, a condugéo de cultivo mais comum para
BMTs em biorreatores é a batelada alimentada, na qual o0s nutrientes necessarios ao
crescimento e a formacgdo de magnetossomos sao suplementados ao longo do tempo de
cultivo (McNeil & Harvey, 2008).
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Tabela 1. Sumério dos cultivos de BMTs em biorreatores descritos na literatura e seus respectivos valores
de producéo e produtividade.

Espécie/cepa  Condugcdo  Produgdo® Produtividade” Referéncia
do cultivo (mg/L) (mg/L/dia)

Magnetospirillum B.A. 9 3,7 Yang et al., 2001

magneticum /

AMB-1

Magnetospirillum B.S. 7,9 6,3 Heyen & Schuler, 2003

gryphiswaldense

/ MSR-1 B.A. 58,4 -- Liuetal., 2008
B.A. 41,7 16,7 Sun et al., 2008
B.A. 83,2 55,49 Liuetal., 2010
B.A. 356,5 178,26 Zhang et al., 2011
S.C. 168,3 83,5 Zhang et al., 2011
B.A. 139 47,0 Fernandez-Castané et

al., 2018

B.A. 8-10 3,8-4,8 Berny et al., 2020

Magnetospirillum B.A. 120 58,7 Ke et al., 2018

sp. / ME-1

Magnetovibrio B.S. 22,4 5,6 Silvaetal., 2013

blakemorei /

MV-1T B.A. 26 3,2 Silvaetal., 2013
B.A. 32,5 16,3 Correa, 2019
C.C. 27,1 22,7 Correa, 2019

(*) A produtividade e a produgdo sdo expressas em relagdo a magnetita. B.A = batelada
alimentada; B.S. = batelada simples; S.C. = semicontinuo; C.C. = cultivo continuo.

Heyen & Schuler (2003) mostraram que baixas tenses de oxigénio (0,25 a 2
mbar) sdo mais favoraveis a formacdo de magnetossomos em cepas do género
Magnetospirillum. Neste mesmo trabalho, foi demonstrado que a espécie Ms.
gryphiswaldense cepa MSR-1 apresenta um crescimento mais acelerado em tensdes de
oxigénios mais elevadas embora suas células produzam um menor nimero de
magnetossomos nesta condicdo. Entretanto, quando as células foram submetidas a uma
reducdo na tensdo de oxigénio de 20 para 2 mbar, 0 magnetismo celular, que era
indetectavel durante e fase exponencial de crescimento, aumentou acentuadamente. Essa

descoberta se tornou referéncia para outros trabalhos sobre o cultivo de BMTs, nos quais
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se busca manter a concentrac6es de oxigénio suficientes para o crescimento celular, sem
impedir a producdo de magnetita (Basit et al., 2020). Nesse sentido, uma estratégia
utilizada em culturas é a aeracdo com baixo fluxo de ar com aumento gradativo da rotagéo
do rotor do fermentador quando a concentracao de oxigénio cai abaixo de um limiar pré-
estabelecido (Sun et al., 2008). Nestes casos, a agitacao intensifica a transferéncia de
massa gas-liquido em uma taxa que é determinada pelo consumo de oxigénio - e, portanto,
pelo crescimento celular. Esta aeragdo controlada por um mecanismo de feedback evita

oscilacdes na concentracao de oxigénio e mantém a atividade de producdo de magnetita.

Durante o cultivo da cepa MSR-1 (Sun et al., 2008) em batelada alimentada com
lactato, o oxigénio no meio foi esgotado durante a fase exponencial de crescimento pela
respiracdo bacteriana, estabelecendo-se uma condicdo anaerobica. Apds o esgotamento
do oxigénio, uma estratégia de feedback foi iniciada para manter uma vazdo baixa de
oxigénio, suficiente para o crescimento celular em microaerofilia e producdo de

magnetossomos.

Outra estratégia para o crescimento de BMTs ¢ a batelada alimentada responsiva
ao pH (Liu et al., 2010; Zhang et al., 2011; Fernandez-Castané et al., 2018). Essa
estratégia consiste na introducdo da maior parte da fonte de carbono na forma de acidos
organicos (geralmente acido latico) e totalidade do ferro a ser consumido através de meios
de alimentacdo. Devido a natureza acida do acido latico (pKa = 3,86) e suas altas
concentracdes em solugédo (50-200 g/L), o pH dos meios de alimentacgdo fica em torno de
2,7-3,7. O consumo de nutrientes pelas cepas de Magnetospirillum levam a um aumento
no pH da cultura. Automaticamente, esse aumento de pH desencadeia uma resposta pelo
sistema de monitoramento do fermentador, que ativa a bomba de alimentacéo e ajusta o
pH para 6,8-7,0, através da adicdo do meio de alimentacdo. Consequentemente, o pH é
corrigido ao passo em que séo suplementados os nutrientes, incluindo fontes de carbono
e ferro. O primeiro relato de tal estratégia (Liu et al., 2010) foi usado para cultivar a cepa
MSR-1 em um biorreator de 7,5 L. A principal razdo para o desenvolvimento de tal
estratégia foi a observacdo de que altas concentracOes de lactato inibiam o crescimento
celular (Liu et al., 2010). Sendo assim, a suplementacdo de um meio de controle de pH
contendo uma fonte de carbono altamente concentrada durante o cultivo evitou o estresse
celular e, ainda, foi capaz de sustentar o crescimento bacteriano. O uso da mesma

estratéegia em um fermentador de 42 L resultou em alta densidade celular e réapido
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crescimento da cepa MSR-1, juntamente com producdo de 83 mg/L e produtividade de

55,5 mg/L/dia de magnetita.

A alimentacdo responsiva ao pH, desenvolvida por Liu et al. (2010), foi a base
para os cultivos em batelada alimentada publicados em vérios outros trabalhos (Zhang et
al.,, 2011; Fernandez-Castané et al., 2018; Ke et al., 2018). Fernandez-Castané e
colaboradores (2018) compararam diferentes concentracdes de acido latico (fonte de
carbono) e nitrato de soédio (aceptor final de elétrons) no meio de alimentacdo. Os
resultados da otimizacdo do processo sugeriram que a maior concentracdo de nitrato
testada (25 g/L) na alimentagéo levou a uma maior densidade celular. No entanto, a
concentracdo de acido latico, embora diretamente proporcional a produgdo de magnetita,
foi inversamente proporcional ao crescimento celular. Dos diferentes experimentos de
crescimento realizados, os melhores resultados foram uma massa celular seca de 4,2 g/L

de biomassa e uma producao de magnetita de 139 mg/L alcancada em 71 h de cultivo.

Os maiores valores de producéo (356,5 mg/L) e produtividade (178,26 mg/L/dia)
de magnetita no cultivo de BMTs foram obtidos por Zhang e colaboradores (2011) em
um biorreator de 42 L. A composigdo do meio de alimentagdo era ligeiramente diferente
em relacdo aos estudos anteriores, uma vez que se buscou substituir as fontes de carbono
e nitrogénio. A substituicdo do lactato de sédio pelo acido latico e do cloreto de aménio
pela amoénia reduziu o potencial osmotico da solucdo — devido a menor concentracdo de
ions Na* e CI-— fator causador do estresse celular bacteriano. Outra novidade nesse estudo
foi a estratégia de fermentacdo semicontinua em duas etapas. No primeiro estagio, as
ceélulas foram cultivadas em um biorreator de 7,5 L com 5 L de meio até o final do
crescimento exponencial por 30 h. Nesse ponto, 4,5 L do meio gasto foram coletados do
vaso do reator. Em seguida, 4,5 L de meio fresco foram adicionados aos 0,5 L restantes e
0 segundo estagio de cultivo foi iniciado. Embora a producéo e a produtividade tenham
sido menores do que a estratégia anterior, o processo semicontinuo possibilitou o cultivo
de um volume maior de cultura sem 0 tempo 0cioso necessario para lavagem dos vasos,

propagacao de inoculos, esterilizacdo e inoculagao.

Além dos rendimentos, as caracteristicas das NMOBs obtidas também podem ser
moduladas pelo meio no qual foram produzidas. Por exemplo, Li & Pan (2012)
compararam os efeitos da agitacdo e da presenca de oxigénio em cultivos de 48 h da
espéecie Ms. magneticum cepa AMB-1. Esses experimentos revelaram uma diminuigéo

significativa no comprimento médio dos magnetossomos (de 41,5 + 15 para 33,0 + 8,5
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nm) e no fator de forma (razéo largura/comprimento), aumentando de 0,78 + 0,12 para
0,89 + 0,08 nm, quando as células foram cultivadas sob anaerobiose estatica e aerobiose
com uma agitacdo de 120 rpm, respectivamente. As condi¢fes também afetaram o
rendimento da cultura, pois as células em anaerobiose produziram 12 + 5 magnetossomos

em media, mas apenas 7 * 4 quando cultivadas em aerobiose agitada.

Nosso grupo de pesquisa otimizou o cultivo de Mv. blakemorei cepa MV-1T,
gerando um dos poucos trabalhos publicados no qual a célula cultivada em biorreator ndo
pertence ao género Magnetospirillum (Silva et al., 2013). O melhoramento do cultivo de
Mv. blakemorei cepa MV-1T é interessante porque a maior area de superficie das NMOBs
prismaticas presumivelmente apresenta mais sitios de ligacdo disponiveis para moléculas
funcionais do que NMOBs cuboctaédricas. No cultivo, a cepa MV-1T pode utilizar
diversos compostos como doadores de elétrons e fontes de carbono, tanto em
microaerobiose quanto em anaerobiose com éxidos de nitrogénio (Bazylinski et al.,
2013). No entanto, as células MV-1T produzem um nimero maior de magnetossomos
quando crescidas anaerobicamente utilizando N2O como o aceptor final de elétrons. A
partir dessa propriedade metabdlica, o trabalho de Silva et al. (2013) relata a otimizacao
da producdo de magnetossomos pela cepa MV-1T por meio de um planejamento
experimental. Os experimentos testados envolveram multiplas modificagdes no meio
liquido estabelecido anteriormente (Bazylinski et al., 2013), no qual a fonte de Fe?* é o
sulfato ferroso (FeSO4). Como resultado, uma composi¢do otimizada foi determinada
para 0 meio de cultivo da cepa MV-1T no biorreator. Utilizando-se esse meio, a produgio
maxima de magnetita obtida em um volume de 5 litros foi de 22,4 mg/L em 96 h,
aproximadamente 3 vezes maior do que no meio inicial. Entretanto, a produtividade de

magnetita diminuiu de 5,6 mg/L/dia as 96 h para 3,2 mg/L/dia em 192 h.

Posteriormente, uma nova estratégia de cultivo em batelada alimentada foi
desenhada com suplementacdes de Fe2*, e N2O, a 0,5 L/min por 30 min (Correa, 2019).
As suplementacgdes foram feitas a cada 24 h, com inicio na fase exponencial, para que
suas concentracdes iniciais fossem restabelecidas. A producdo de magnetita, cujo maximo
valor foi atingido em 72 h (24,5 mg/L — Tabela 1), diminuiu nos intervalos posteriores
devido a diminuicdo na producdo de magnetossomos por célula. Esta diminuigdo foi
relacionada ao estado fisioldgico no qual ocorre a perda da capacidade de magnetossomos
nas celulas cultivadas devido a delecbes génicas (Schiibbe et al., 2003) inerentes as fases
estacionaria e de declinio do crescimento celular (Ullrich et al., 2005).
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Na tentativa de se sustentar o crescimento e a produtividade por periodos mais
longos, foi desenvolvida uma estratégia de cultivo continuo (Correa, 2019). Entre o inicio
do cultivo e o ponto de 72 h, o cultivo ocorreu como uma batelada simples e a densidade
celular e a producdo de magnetita atingiram valores ligeiramente inferiores aos reportados
por Silva e colaboradores (21,8 mg/L) (Silva et al., 2013). Em 72 h, foram iniciadas a
entrada de meio fresco e a saida de meio contendo crescimento celular a uma vazdo de
70 mL/h. Com isso, conseguiu-se manter a produgdo em 27,1 mg/L e a produtividade em
22,7 mg/L/dia até 120 h. A manutencédo de condicdes de fase exponencial por um tempo
estendido evitou a fase estacionaria e, consequentemente, preveniu 0 aumento na

propor¢do de células ndo magnéticas.

1.6. Extracdo de NMOBs

Nas industrias biotecnoldgicas, o isolamento de produtos intracelulares pode
demandar etapas adicionais ndo exigidas pelas moléculas secretadas extracelularmente.
Para NMOBs, métodos de extracdo quimica e fisica tém sido empregados como etapas a
jusante ao cultivo em biorreator. A extracdo quimica pode ser realizada por incubacéo
com NaOH e dodecilsulfato de sodio (SDS) (Cypriano et al., 2019). Embora a extracédo
quimica dispense a necessidade de equipamentos especializados, altas concentragdes de
NaOH podem causar danos & estrutura da membrana das NMOBs relacionados a
desnaturacdo de proteinas e saponificacdo de fosfolipidios. Detergentes, como o0 SDS e 0
Triton, também devem ser usados com cautela para esse fim, pois também podem

remover parcial ou totalmente os componentes da membrana (Yoshino et al., 2008).

A lise celular por tratamento ultrassdnico é um dos exemplos mais difundidos de
métodos fisicos de isolamento de bioprodutos intracelulares (de Carvalho et al., 2017). O
mecanismo de lise baseia-se na formacdo de cavidades devido a incidéncia de ondas de
alta frequéncia nas estruturas celulares. Essas cavidades liberam energia mecanica que,
por sua vez, desintegra fisicamente os componentes celulares. A lise ultrassdnica tem sido
aplicada em diferentes trabalhos para isolamento de NMOBs (Vargas et al., 2018;
Cypriano etal., 2019, Correa et al., 2021). Porém, a escalabilidade desta operacdo é dificil
devido ao alto consumo de energia (de Carvalho et al., 2017) e risco ocupacional - as
ondas sonoras liberadas podem prejudicar a audicdo e fazem necessario o uso de

equipamentos de protecdo acustica.

27



Provavelmente, um dos maiores desafios da producdo de produtos bacterianos é
garantir a auséncia da endotoxina lipopolissacaridica (LPS) (Mamat et al., 2015). As
endotoxinas sdo 0S principais componentes pirogénicos e sua presenca em produtos
farmacéuticos invalida sua comercializacdo e uso (OMS, 2019). Em um cenério de
producdo de NMOBs em escalas piloto ou industrial, o controle rigoroso da contaminacao
por LPS sera necessario, especialmente porque todas as BMTs conhecidas sdo Gram-
negativas (Abreu et al., 2020). Apesar de as vesiculas onde se formam os magnetossomos
serem derivadas da membrana interna da célula interna, fragmentos da membrana externa

de LPS ainda podem permanecer adsorvidos as NMOBs durante a lise celular.

Entretanto, é reportado que procedimentos de extracédo fisica por lise celular em
alta pressdo, como prensas francesas ou homogeneizadores de alta pressdo, eliminam
adequadamente a contaminacdo pirogénica (Mandawala et al., 2017). A lise de alta
pressdo € comum na industria e pode ser ampliada como uma secdo a jusante do cultivo
de biorreator de BMTs. Guo e colaboradores (2011) desenvolveram um processo de
varias etapas em larga escala para extracdo de NMOBs. O processo compreendeu um
homogeneizador de alta pressdao, para rompimento celular, uma coluna de separacao
magnética (CSM) e um tratamento ultrassdnico de baixa energia com solucédo de ureia,
para a remocao dos restos celulares. Nesse caso, a CSM era um cilindro preenchido com
esferas milimétricas de aco. Durante a eluicdo do lisado celular magnético, imas
permanentes foram afixados externamente na coluna, permitindo que as NMOBs se
ligassem as esferas magnetizados. A técnica permitiu a recuperacdo de 300 mg de
NMOB:s a partir de uma cultura de 6 L de Ms. gryphiswaldense cepa MSR-1. O conceito
da CSM também foi fundamental na padronizacdo do isolamento de NMOBs proposta
por Rosenfeldt e colaboradores (2021). Esse trabalho relata uma sequéncia de
procedimentos para a extracdo de NMOBs que consiste na homogeneizacdo em alta
pressao de células da cepa MSR-1 derivadas de uma cultura de 10 L, seguida pela eluicdo
do extrato celular por meio de uma CSM e um procedimento final de ultracentrifugagéo
(Figura 6). A CSM foi fornecida pelo fabricante e o meio de ligagdo consistia em uma
matriz de fibra ferromagnética. Apesar de um rendimento NMOBs final de cerca de 60%
da quantidade estimada no extrato celular, a contaminacdo por debris celulares foi

reduzida para apenas 0,3%.
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Figura 6. Exemplo de um processo proposto para producdo em massa e isolamento de NMOBs com base
nos trabalhos de Guo et al. (2011) e Rosenfeldt et al. (2021). Os NMOBs extraidos ao final do processo
rettm a membrana (indicada por m), permitindo uma dispersibilidade coloidal estavel e facilitando as
aplicacOes pretendidas. Figura de autoria prépria. As imagens de microscopia foram retiradas do acervo do
Laboratério de Biologia Celular e Magnetotaxia.
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1.7. Justificativa

A aplicabilidade descrita para as NMOBs e a demanda crescente por NPMs com
alta qualidade e baixo custo fazem necessaria a transposicdo de bioprocessos utilizando
bactérias magnetotaticas de escalas laboratoriais para escalas industriais. Para tanto, faz-
se necessario avaliar a viabilidade tecnoldgica e financeira do escalonamento deste
bioprocesso. Neste sentido, a avaliacdo técnico-econémica (ATE) € um conjunto de
técnicas disponiveis que permitem a estimativa de investimentos, custos capitais e
operacionais de processo, dimensionamento de equipamentos e plantas, identificacdo de
gargalos de producéo, balancos de massa e energia e avaliacdo de tecnologias alternativas
para um determinado bioprocesso (Petrides et al., 2019).

A ferramenta mais utilizada para a avaliacdo técnico-econémica é o desenho e a
simulacdo de bioprocessos (Scown et al., 2021). A simulagéo utiliza dados obtidos em
escalas laboratoriais e piloto, tais como consumo, rendimentos e emissdes, para modelar
e analisar um processo tedrico em escalas maiores (Scown et al., 2021). Devido a
complexidade dos célculos necessarios a simulagdo, € comum o uso de softwares voltados
para esta finalidade. A utilizacdo destes softwares permite representar graficamente e,
simultaneamente, analisar de forma integrada os diversos processos, além de facilitar a

avaliacdo dos efeitos de multiplas variaveis de processos (Petrides et al., 2019).

A avaliacdo-técnico econdmica também representam importantes producGes
técnico-cientificas, uma vez que fornecem informacbes sobre a competitividade das
tecnologias estudadas em comparacdo a processos ja estabelecidos e os efeitos de
variacfes no processo sobre os indicadores econémicos (Koutinas et al., 2014). Além
disso, os dados gerados a partir de avaliagcBes-técnico econdmicas podem ser utilizados
para a analise de impactos ambientais (Petrides et al., 2019). Devido a relevancia, o
namero de publicacBGes cientificas descrevendo avaliacdes-técnico econdmicas tem
crescido, principalmente na Gltima década (Figura 7.A). Apesar de a maioria das ATE
serem publicadas nas areas de energia e engenharia quimica, um namero significativo
destes trabalhos tem sido conduzido em projetos de microbiologia industrial e

biotecnologia (Figura 7.B).

Apesar da descri¢do disponivel de varios bioprocessos ja descritos (Tabela 1),
ainda existe uma caréncia de informagdes sobre o escalonamento da producdo de

NMOBs. Tais informag@es sdo fundamentais para 0 conhecimento prévio dos desafios
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relacionados a transposicdo desses processos da escala laboratorial para a industria e
podem fornecer uma estimativa dos investimentos iniciais necessarios em projetos de

escalonamento de producéo.
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Figura 7. Resultados da busca na base Web of Science utilizando a palavra-chave ‘techno-economic
assessment’ nos campos titulo, resumo e palavras-chave: nimero de publicac¢des ao longo dos Gltimos
15 anos (A) e categorizacdo nas areas do conhecimento (B). Figura de autoria prépria elaborada com
dados extraidos de busca.

Um dos processos de maior potencial de consumo de NMOBs produzidas em larga
escala é o tratamento de efluentes industriais, sobretudo aqueles com alta concentragdes
de corantes sintéticos. A poluicdo causada por corantes presentes em efluentes industriais
é um importante problema do ponto de vista ecolégico. As indUstrias téxteis sdo os
maiores geradores de poluicdo aquatica por esse tipo de substancias (de Almeida et al.,
2014). Este tipo de poluicdo é de alta importancia para o Brasil uma vez que nele esta
instalado o quarto maior parque produtivo, com uma producdo média anual de 1,3 milhdo
de toneladas de tecidos (ABIT, 2019). Esse setor €, ainda, um forte segmento produtivo
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do Estado do Rio de Janeiro, contando com aproximadamente 330 industrias instaladas
(FIRJAN, 2018). O despejo do efluentes dessas em corpos d’agua pode afetar a atividade
fotossintética de microrganismos e plantas, pois bloqueia a penetragdo da luz solar (de
Almeida et al., 2014). Devido a sua natureza quimica, a maioria dos corantes é de baixa
biodegradabilidade e alta toxicidade aos organismos aquaticos e ao ser humano (de
Almeida et al., 2014). Por esse motivo, tecnologias de tratamento de efluentes tém sido
aprimoradas para melhorar a remediacdo desse tipo especifico de poluente (Katheresan
et al., 2018). Os tratamentos disponiveis para efluentes com altas concentracbes de
corantes sdo degradacao microbiana, oxidacéao catalitica e adsorcao fisica (Katheresan et
al., 2018). Como discutido anteriormente, nanoparticulas magnéticas ja sdo ferramentas
conhecidas para a degradacdo de corantes. Entretanto, no nosso conhecimento, ndo ha
trabalhos que explorem a potencialidades das NMOBs na descoloracdo de residuos

liquidos.
2. Objetivos

2.1. Objetivos gerais

O objetivo geral da primeira parte do presente trabalho de doutorado compreende
a execucdo da simulacdo do bioprocesso e da avaliacdo econdmica da producao em escala
industrial de NMOBs, prevendo oportunidades e desafios relacionados ao escalonamento

do processo.

A segunda parte do trabalho teve como objetivo empregar NMOBSs in natura
extraidos de Mv. blakemorei cepa MV-1T na descolorizagdo do corante azul de metila na
presenca e na auséncia de peréxido de hidrogénio, avaliando a cinética do processo e
reusabilidade da nanoparticula.

2.2. Objetivos especificos
Os objetivos especificos da primeira parte deste trabalho compreendem:

a. Estimar uma escala de producdo de NMOBs para suprir a demanda do mercado

selecionado;
b. Modelar e simular um processo de producgdo de NPMs a partir de um bioprocesso;

c. Calcular os custos capitais e operacionais do bioprocesso, incluindo os precos de

equipamentos e de fabricacao;
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d. Determinar precos de venda das NPMs produzidas pelo processo simulado;

e. Compreender os efeitos de variacdes nos fatores econémicos e operacionais sobre 0s

custos de fabricacdo e precos de venda;
Os objetivos especificos da segunda parte séo:

a. Realizar ensaios de degradacéo de azul de metila utilizando NMOBs obtidos de Mv.

blakemorei cepa MV-1T em diferentes condices experimentais;

b. Compreender os efeitos da concentracdo de NMOBs, pH de reacdo, presenca de

perdxido de hidrogénio e remocdo de membrana sobre a eficiéncia de descoloracéo;
c. Determinar os modelos cinéticos das reac@es de degradacédo do corante testado;

d. Investigar a reutilizagdo das NMOBs, avaliando-se a manutengdo da atividade de

descoloracéo;

e. Comparar as eficiéncias de remocédo do azul de metila pelas NMOBs obtidas da cepa
MV-1T com aquelas de NMOBs obtidas de Ms. gryphiswaldense cepa MSR-1 e NPMs

sintéticas;
3. Metodologia

3.1. Capacidade de producéo

Para a simulacgéo do bioprocesso, calculamos uma producéo anual que fosse capaz
de atender a demanda de nanoparticulas de Oxido de ferro da América Latina nas
indUstrias de meio ambiente e saide. O calculo esta resumido no Anexo 1 e foi baseado

no consumo internacional de nanoparticulas de 6xido de ferro.

3.2. Base do projeto

A planta foi simulada com uma subdivisdo em trés secfes: inoculacéo,
fermentacdo e recuperacdo de NMOBs. O microrganismo selecionado para a producéo
de NMOBs foi 0 Ms. gryphiswaldense cepa MSR-1.

3.3. Software de modelagem e simulacéo

Foi usado o software SuperPro Designer v9.0 (Intelligen, EUA) para modelagem

e simulagdo dos processos nos cendrios de batelada alimentada e semicontinuo como
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reportado por Zhang e colaboradores (2011). As informac6es usadas para o projeto e 0s

dados para alimentacdo do software de simulagéo estédo detalhados no Anexo 1.

3.4. Dados e calculos econdmicos

Os dados econdmicos foram selecionados para uma planta localizada no estado
do Rio de Janeiro, Brasil. Os custos de capital e operacionais, incluindo os custos de
equipamento e fabricacdo, foram calculados a partir de modelos embutidos do SuperPro
Designer. Os precos minimos de venda foram calculados para um tempo de retorno de
cinco anos. Os precos e especificacdes dos materiais, utilidades e dados financeiros

coletados para este estudo estdo detalhados no Anexo 1.

3.5. Secdo de inoculagao

A secdo de preparacdo do in6culo foi constituida por trés biorreatores de tanque
agitados em sequéncia com um fator de expansdo de 10 até o volume do biorreator

principal. O meio usado nesta secdo foi 0 mesmo que o meio de fermentacéo.

3.6. Secdo de fermentacédo

A fermentacdo assumida para a simulacdo foi do tipo batelada alimentada. Um
tanque de preparacao de meio foi alocado para a preparacdo dos meios de fermentacao e
alimentacdo. Foi necessario incluir a compressdo de ar para o fornecimento de oxigénio
em vazdo baixa (0,002-0,003 vvm) durante o crescimento celular. O biorreator principal
foi projetado para um volume total de 29 m?3, que deve conter o meio de fermentagéo
inicial (~ 15 m3) e volumes de alimentacdo adicionais, sem exceder 80% da capacidade
do tanque. O pH inicial do meio de fermentacdo foi ajustado para a faixa de 6,8-7,0 e a

temperatura foi ajustada para 30 °C.

As conducbes de fermentacdo selecionadas, batelada alimentada em estagio Unico
e cultivo semicontinuo, foram baseados no processo descrito por Zhang e colaboradores

(2011), por apresentarem 0s maiores rendimentos de magnetita relatados na literatura.

3.7. Secdo de recuperagdo de NMOBs

O processo simulado de extracdo de NMOBs foi baseado nos trabalhos de Guo et
al. (2011) e Rosenfeldt et al. (2021). Informacdes detalhadas sobre a modelagem de

extragéo estdo disponiveis no Anexo 1. Basicamente, 0 meio proveniente do fermentador
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foi transferido para um homogeneizador de alta pressao para a lise das células. O lisado
celular foi, entdo, eluido por meio de uma CSM, cujo desenho é composto por uma coluna
de aluminio com matriz magnetizavel. A matriz foi feita de esferas de aco inoxidavel de
2 mm de didmetro magnetizaveis pela colocacdo de duas placas de neodimio
externamente na coluna. O projeto da CSM encontra-se esbo¢ado no Anexo 1, bem como
o detalhamento de seus custos. Durante a separagdo, o concentrado magnético foi lavado
com ureia 4 M para a remocao de proteinas residuais do lisado celular. O concentrado
magnético foi posteriormente purificado por centrifugacdo. Em seguida, o concentrado
foi eluido em uma segunda CSM para a remocéo final das impurezas. O produto final foi

um coldide magnético contendo 1 mg/mL de NMOBs em tampdo fosfato 0,1 M.

3.8. Andlises de sensibilidade

A influéncia das mudancas nas condi¢cdes econdémicas e operacionais foi estudada
para ambos os processos de fermentacdo, alterando cada parametro dentro do software de

modelagem e atualizando o balanco de materiais e calculos econémicos.

3.9. Culturas bacterianas

Para a obtencdo de NMOBs de Mv. blakemorei cepa MV-1T, foi realizado um
cultivo em biorreator (Minifors, Infors™, Basileia, Suica) em modo quimiostato nas
condigdes estabelecidas anteriormente pelo nosso grupo (Correa, 2019). A cultura de Ms.
gryphiswaldense cepa MSR-1 foi realizada no mesmo biorreator com meio de cultivo e

condicdes operacionais descritas por Heyen & Schuler (2003).

3.10. Lise de células bacterianas e extracdo de NMOBs

Apbs os cultivos em biorreator, as células de BMTs foram colhidas por
centrifugacdo a 5.700 x g por 30 min a4 °C e lisadas por tratamento ultrassénico seguindo

0 método de Cypriano et al. (2019).

3.11. Remocdo de membrana

As membranas das NMOBs foram removidas de acordo com o método Yoshino e
colaboradores (2008), o qual combina a remogéo dos fosfolipidios por solvente organico
e de proteinas por desnaturacgéo alcalina.
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3.12. Preparacdo de NPMs sintéticas

NPMs sintéticas foram preparadas pelo método de coprecipitacdo descrito por

Santos e colaboradores (2018).

3.13. Microscopia eletronica de transmisséo

Todas as nanoparticulas magnéticas testadas foram observadas em microscopio
eletrénico de transmissdo (FEI Morgagni, FEI Company, Hillsboro, OR, EUA) operado
a 80 kV.

3.14. Ensaios de remogéo de azul de metila

Foi investigada a remocdo de azul de metila de solucdo aquosa, cuja concentracao
inicial era de 15 mg/L, através de experimentos cinéticos com duracdo de 10 min,
examinando-se o desaparecimento da cor na solugdo. Os espectros de luz ultravioleta-
visivel do corante foram obtidos por varredura espectral (UV-1800, Shimadzu, Kyoto,
Japao) na faixa de comprimento de onda entre 225 e 700 nm. A descoloracdo foi medida
através de espectrofotometria em comprimento de onda de 600 nm em amostras coletadas
em intervalos de 0, 1, 2, 3, 4, 5 e 10 min.

Os experimentos foram realizados variando-se a concentracdo de NMOBs (20, 40
e 80 mg/L), sem a adicdo de perdxido de hidrogénio. Em seguida, foram realizados
experimentos com diferentes concentracdes do peroxido (0, 18 e 36 mM) e diferentes
valores de pH (4,8, 7,0 e 8,2). Também foram realizados experimentos utilizando-se as

NMOBs cujas membranas foram removidas na presenca e auséncia do peroxido.

Por fim, dois experimentos comparativos, um utilizado NMOBs de Ms.
gryphiswaldense cepa MSR-1 e outro utilizando NPMs sintéticas, foram realizados nas
condi¢cdes otimizadas nos experimentos anteriores. Todos 0s experimentos foram

realizados em duplicata.

3.15. Reutilizacdo e extravasamento de ferro

ApoOs cada experimento de degradacdo, as NMOBs foram concentradas
magneticamente, lavadas com agua destilada e reutilizadas em novas reaces de
degradacdo. Os sobrenadantes separados foram usados na quantificacdo de ferro soltvel

através do método colorimétrico da ferrozina (Viollier et al., 2000).
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4. Artigos

O artigo “Why does not nanotechnology go green? Bioprocess simulation and
economics for bacterial-origin magnetite nanoparticles” de autoria do candidato ao
doutorado e coautoria do aluno de graduacdo Rogério Presciliano de Souza Filho e da
orientadora Prof.2 Fernanda de Avila Abreu foi aceito para publicacdo na revista Frontiers
in Microbiology em julho de 2021.

O artigo “Bacterial-origin magnetic nanoparticles for decolorization of methyl
blue dye” de autoria do candidato ao doutorado e de sua orientadora serd submetido para
publicacdo na revista Journal of Environmental Chemical Engineering ap6s o deposito

de patente referente a metodologia desenvolvida no trabalho.

Outros trabalhos publicados nesta tese estdo apresentados como anexos e dizem

respeito a revisdes de literatura em assunto pertinente a esta tese.

4.1. Why does not nanotechnology go green? Bioprocess simulation and

economics for bacterial-origin magnetite nanopatrticles.
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Why Does Not Nanotechnology Go
Green? Bioprocess Simulation and
Economics for Bacterial-Origin
Magnetite Nanoparticles

Tarcisio Correa, Rogério Presciliano and Fernanda Abreu*

Laboratdrio de Biologia Celular e Magnetotaxia, Instituto de Microbiologia Paulo de Gdes, Universidade Federal do Rio
de Janeiro, Rio de Janeiro, Brazil

Nanotechnological developments, including fabrication and use of magnetic
nanomaterials, are growing at a fast pace. Magnetic nanoparticles are exciting tools
for use in healthcare, biological sensors, and environmental remediation. Due to better
control over final-product characteristics and cleaner production, biogenic nanomagnets
are preferable over synthetic ones for technological use. In this sense, the technical
requirements and economic factors for setting up industrial production of magnetotactic
bacteria (MTB)-derived nanomagnets were studied in the present work. Magnetite
fabrication costs in a single-stage fed-batch and a semicontinuous process were US$
10,372 and US$ 11,169 per kilogram, respectively. Depending on the variations of
the production process, the minimum selling price for biogenic nanomagnets ranged
between US$ 21 and US$ 120 per gram. Because these prices are consistently below
commercial values for synthetic nanoparticles, we suggest that microbial production
is competitive and constitutes an attractive alternative for a greener manufacturing of
magnetic nanoparticles nanotools with versatile applicability.

Keywords: magnetotactic bacteria, magnetosomes, magnetic nanoparticles, biominerals, techno-economic
analysis, process simulation, clean production

INTRODUCTION

The global nanotechnology market is forecast to reach US$ 173 billion in 2025, with a large share
of this growth boosted by environmental and biomedical sectors (Gharailou, 2019). One of the
significant pillars of nanotechnology relies on magnetic nanoparticles. Revenues generated from
iron oxide nanoparticles expand 11% annually, with a projection of US$ 5 billion in 2023 (Nano-
Powder Factory, 2020). Clean manufacturing of high-quality nanoparticles must be achieved to
sustain such growth and supply the increasing demand for innovative products and processes.

The magnetic-stimuli responsive character of iron-oxide nanoparticles enables their use in
environmental remediation, biosensing, and healthcare (Kudr et al., 2017; Jiang et al., 2018).
Explored roles of magnetic nanoparticles include but are not limited to oil and heavy metal
adsorptive materials, drug delivery vectors, magnetic resonance contrast agents, theranostic agents
for cancers and pollution, and pathogen detectors (Kudr et al., 2017; Jiang et al., 2018). However,
in real-world applications, these materials require large-scale processes capable of delivering
nanomagnets with controlled and reproducible characteristics (Tartaj et al., 2019).
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An overwhelming number of published and patented methods
were developed for obtaining magnetic nanoparticles through
physical, chemical, and biotechnological routes (Krishnan et al.,
2016; Tartaj et al., 2019; Abreu et al., 2020a). Within the latter
category, magnetotactic bacteria (MTB) constitute the primary
microbial magnetic nanoparticle source (Iravani and Varma,
2020). MTB are present in basically all aquatic environments,
where they use chains of magnetic organelles as a compass
to migrate in a directionally oriented manner (Abreu et al,
2020b). These magnetic structures, or magnetosomes, can be
extracted from MTB cells and used as biological-origin magnetic
nanoparticles (BMNs).

The intracellular formation of BMNs is a complex and
genetically controlled biomineralization process (Correa et al.,
2021). Genes responsible for BMNs biomineralization are
clustered within the bacterial genome (Abreu et al, 2020b).
Steps are iron capture from the environment and precipitation
into iron mineral inside intracytoplasmic projections or vesicles
formed from the internal bacterial membrane (Correa et al.,
2021). The iron mineral composition, either magnetite (Fe304)
or greigite (Fes3S4), generally depends on the MTB species
(Abreu et al., 2020b; Correa et al., 2021). Due to the gene-
level orchestrated biochemistry underlying BMNs formation,
the mineral nanocrystals usually have narrow size dispersibility,
consistent with a stable single magnetic domain, precise particle
shape, and crystalline purity (Vargas et al.,, 2018; Abreu et al,
2020b). As iron biomineralization occurs within vesicles, each
magnetic nanocrystal retains the membrane envelope after
physical isolation processes (Vargas et al., 2018).

Applications for various technological purposes have been
proposed for purified BMNs (Vargas et al., 2018). Most of
these studies make use of magnetite BMNs isolated from
MTB affiliated to the Magnetospirillum genus, which are
cubooctahedral in morphology and whose diameters range
between 30 and 40 nm (Figure 1; Podsfai et al, 2013).
Besides phospholipids, proteins involved in biomineralization
are also present in BMNs membranes. These proteins are
the basis for surface functionalization of BMNs because they
can be either chemically modified for insertion of drugs
or antibodies or genetically fused with enzymes, antibodies,
receptors, binding proteins, and stimuli-responsive peptides
(Vargas et al., 2018). After functionalization, BMNs can integrate
vaccine and drug formulations (Tang et al., 2012; Geng et al,,
2019), immunomagnetic sensors for food pathogens (Xu et al.,
2019; Sannigrahi et al., 2020), and cell sorting nanotools (Yoshino
et al,, 2008). Owing to heat generation by nanomagnets exposed
to oscillating magnetic fields, BMNs have also been used in in vivo
hyperthermal tumor inhibition (Alphandéry et al., 2019). In the
environmental area, BMNs support recoverable and reusable
catalysts for pesticide degradation (Ginet et al., 2011) and clean
industrial processes (Honda et al., 2015). BMNs could also be
used in the generation of clean energy (Smit et al., 2018).

The production of metallic nanoparticles by microbial
factories, including MTB, has been extensively reviewed (Ahmad
et al, 2019; Grasso et al., 2020; Iravani and Varma, 2020).
One consensus is that biological nanomanufacturing of these
materials is environmentally friendly because these processes do

K

- : f“

FIGURE 1 | Transmission electron microscopy images of BMNs isolated from
a Magnetospirillum gryphiswaldense strain MSR-1 (A) and synthetic iron oxide
nanoparticles (B) prepared by co-precipitation (Santos et al., 2018).
Arrowheads indicate external BMN membrane, which is retained after isolation
process.

not usually rely on aggressive chemicals. For this reason, the mass
production of nanomagnets through MTB-based bioprocessing
is in strong agreement with UN’s Sustainable Development
Goal 9 to “upgrade infrastructure and retrofit industries to
make them sustainable, with [...] greater adoption of clean and
environmentally sound technologies and industrial processes”
(United Nations (UN), 2020).

Multiple studies have been dedicated to increasing BMNs
throughput in bioreactors (3-70 L) MTB cultures (Silva et al,,
2013; Basit et al, 2020; Berny et al., 2020). The main
challenges concerning the cultivation of MTB in large volumes
are the microaerophilic metabolism of this group, relatively
slow growth rates, and specific nutritional requirements, in
addition to BMNs yields in the order of mg/L (Ali et al,
2017; Basit et al, 2020). Strategies like optimizing oxygen
supply and balanced nutrient injection, have been attempted
to address such hurdles and led to improved production
yields (Liu et al., 2010; Zhang et al, 2011; Fernandez-
Castané et al., 2018). However, modeling production on a
pilot and industrial scale is yet to be done. Thus, given all
the applicability and green production of BMNs, we have
performed bioprocess simulation and approximate economic
assessment of BMNs production at industrial scales. The techno-
economic analysis may help identify process opportunities and
challenges and is necessary before upgrading BMNs production
to industrial levels.

MATERIALS AND METHODS

Production Scale

Our selected process throughput has been calculated to meet
the demand of iron oxide nanoparticles of Latin America in
environmental and healthcare industries. The calculation is
summarized in Supplementary Table 1 and was based on the
International consumption of iron oxide nanoparticles (Figure 2;
Nano-Powder Factory, 2020) and the number of registered
nanoproducts (Supplementary Figure 1; StatNano, 2020).
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FIGURE 2 | Growth in international consumption of iron-oxide nanoparticles
over the years of 2017-2022. Data from Nano-Powder Factory (2020).

Design Basis

The simulated plant comprises three sections: an inoculum train,
a fermentation section, and a downstream BMN recovery
section. The magnetotactic spirillum  Magnetospirillum
gryphiswaldense strain MSR-1 was chosen as the BMNs-
producing microorganism. MSR-1 cells are microaerophilic
and produce chains of cubooctahedral magnetite BMNs with
a ~35 nm diameter (Schiiler et al., 2020). For transmission
electron microscopy images displayed here, cells were deposited
on formvar-coated copper grids and observed on a FEI Morgagni
transmission electron microscope (Hillsboro, OR, United States)
operating at 80 kV.

Modeling and Simulation Software

SuperPro Designer v9.0 (Intelligen, United States) was used for
process modeling and simulation in both single-stage fed-batch
and semicontinuous scenarios, as well as the proposed variations
considered to sensitivity analyses. Information used for process
design and data input to simulation software is detailed in the
next subsections.

Economic Data and Calculation

The economic data were selected for a plant located in the
state of Rio de Janeiro, Brazil. Capital and operational costs,
including equipment and fabrication cost, were calculated using
built-in models of SuperPro Designer, which are based on the
methodology described in Supplementary Tables 2, 3. Minimum
selling prices (MSP) were determined as stipulated by Seider et al.
(2016) for a fixed payback time of 5 years. For that, we performed
multiple economic calculations on SuperPro Designer using
different hypothetical selling prices (US$ 30-120 thousand/kg
Fe304). Materials, utilities, and financial data collected for this
study are detailed in Supplementary Tables 4-9.

Upstream Section
The inoculum train was composed of three consecutive seed
bioreactors with an expansion factor of 10 up to the volume

of the main bioreactor (see section “Fermentation section”).
The medium used in this section was the same as the
fermentation medium.

Fermentation Section

Fermentation was assumed to be conducted in a fed-batch,
as summarized in Table 1. A medium preparation tank was
allocated for the preparation of both fermentation and feeding
media. Air compression was required for low-rate oxygen
supplying (0.002-0.003 vvm) during cell growth. The principal
bioreactor was designed to a total volume of 29 m?, which must
contain the initial fermentation medium (~15 m?) and additional
feeding volumes without exceeding 80% of the vessel capacity.
The initial pH of the fermentation medium was set to the range
6.8-7.0 and temperature should be kept at 30°C.

The selected fermentation designs, single-stage and
semicontinuous, were based on the process described by Zhang
et al. (2011) for having the highest reported magnetite yield in
literature. The single-stage process was a fed-batch carried in a
fermentation medium (Zhang et al., 2011). The feeding medium
contained an iron source for magnetite synthesis (iron chloride)
and lactic acid as the main carbon source, among other nutrients.
The feeding regime was based on the pH change in culture media
during cell growth. As cell growth leads to alkalinization in the
culture medium, appropriate automatic pH control is necessary.
Due to the high concentration of lactic acid, which causes a pH
of 2.5-3.0, the feeding medium was supplied to fermentation
media in response to increases in pH.

In semicontinuous operation, cultivation is carried out for 40—
44 h (first stage) and then, 90% of the fermentation medium
is removed to the downstream section (Zhang et al, 2011).
Afterward, the original fermentation volume is restored with the
addition of sterile fermentation media to the remaining 10% first
stage medium. The second stage is started as a fed-batch in the
same manner as the first one.

The highest yield of BMNSs reported for a large-scale process
(356.52 mg/L) was reached in a single-stage fermentation in a 42-
L bioreactor for 44 h (Zhang et al., 2011). Nevertheless, this value
was associated with a single fermentation and, to our knowledge,
such yield has not been reproduced in literature. Other yields
reported by the same paper were lower (225-280 mg/L) when
cells were cultured in 7.5-L for 40-44 h under an identical fed-
batch regime. For this reason, we assumed a yield of 250 mg/L

TABLE 1 | Parameters considered for simulation-fermentation section (base case).

Parameter Value References
Fermentation time 42 h Zhang et al., 2011
Fermentation temperature 30°C Zhang et al., 2011
pH 6.8-7.0 Zhang et al., 2011
Growth rate () 0.01 Zhang et al., 2011
Aeration rate 0.003 vwwm Zhang et al., 2011
Production of FegO4 250 mg/L Zhang et al., 2011
Volume of the main fermenter 29 m?3 Modeled
Maximum working volume 80% Modeled
Vessel material Stainless steel 316 Assumed
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within 42 h for our base-case simulation. Jajan et al. (2019)
reported the production of 186 mg/L of BMNs, which was close to
our assumed value and supports a more realistic simulation. The
specific cell growth () was calculated from Zhang et al. (2011)
and equals 0.10.

The fermentation stoichiometry and molecular formula for
Ms. gryphiswaldense strain MSR-1 were described in Naresh et al.
(2012). The global equation for bacterial growth is:

352 C3HgO3 + 33.6 NO3~ + 133 NH4T + 6.46 0,
+ 1.25F’tY — 718.4 MTB + 591.3 H,0
+ 314 CO,

While the molecular formula for the magnetotactic bacterium
(MTB) is CH2.0600.13No-28Fep.00174-

Downstream Section

Biological-origin magnetic nanoparticles (BMNs) extraction was
based on Guo et al. (2011) and Rosenfeldt et al. (2020). The
assumed simulation parameters for this section are summarized
in Table 2. Detailed information on the modeling of the
downstream section is available in Supplementary Material.
Fermented medium was transferred from the bioreactor vessel
to a high-pressure homogenizer for cell crushing. The cell lysate
was, then, eluted through a magnetic separation column (MSC),
whose design is comprised of an aluminum column with a
magnetizable matrix. The matrix was made of 2-mm diameter
stainless steel beads that can be magnetized by placing two
neodymium plates externally onto the column. MSC design was
sketched in Supplementary Figure 2 and its costing details
are described in Supplementary Table 7. During separation,
the magnetic concentrate was washed with 4 M urea for the
removal of residual proteins from cell lysate. The magnetic
concentrate was further purified by disk-stack centrifugation,
which concentrates 90% of BMNs. As in Rosenfeldt et al. (2020),
sucrose syrup was mixed to the magnetic concentrate before
centrifugation for retention of cell residues. Afterward, the
concentrate was eluted in a second MSC, for the final removal of
impurities. The final product was a magnetic colloid containing
1 mg/mL BMNs suspended in a phosphate buffer.

TABLE 2 | Parameters considered for simulation—downstream section (base case).

Parameter Value References

Number of passes at high 4
pressure homogenizer

Rosenfeldt et al., 2020

Magnetic separation column Stainless steel Adapted from Guo

(MSC) matrix 2-mm beads etal. (2011)

Binding capacity of MSC matrix 85% Estimated from Guo
etal. (2011) and
Rosenfeldt et al. (2020)

MSC material Aluminum Assumed

+ neodymium plates

MSC flowrate 3 bed volumes/h Assumed

Centrifuge sedimentation 90% Assumed

efficiency

Sensitivity Analyses

The influence of changes in economic and operational conditions
was studied for both fermentation processes by altering each
parameter within modeling software and updating material
balance and economic calculations.

RESULTS

The plant capacity assumed from the market study calculations is
640 kg BMNs per year in our base case. From the assumptions
described throughout the methodology section, our process
flowsheet was designed in SuperPro and is displayed in Figure 3.
Plant and operating costs are summarized in Table 3, as
well as batch scheduling information. From the initial project
investment, approximately 20% is for equipment purchase in
both single-stage and semicontinuous. The remaining project
investment is directed to plant engineering and construction,
including equipment installation, electrical setup, and piping.
The main bioreactor of the fermentation sector represents 30.6%
of all equipment cost in a single-stage setting (Supplementary
Table 8) and 38.2% in semicontinuous (Supplementary Table 9).

Operating costs breakdowns for single stage (US$ 6.64
million/year) and semicontinuous (US$ 7.15 million/year) modes
are summarized in Figure 4. However, for both cases, indirect
operating costs (i.e., maintenance, equipment depreciation, local
taxes, etc.) are 3-4 times higher (Figure 4A) than direct costs
(i.e, raw material, labor, quality control, etc.). In single-stage,
about half the operating costs are related to the fermentation
section, whereas this share increases at 7% in semicontinuous
(Figure 4B). In both operation modes, material costs represent
more than half the direct operating costs (Figure 4C). Although
total operating costs are higher in semicontinuous mode, direct
operating costs are slightly higher in a single stage. This is caused
by a 9% growth in labor-dependent cost in a single stage. Lactic
acid and urea represent the highest share of material costs in
fermentation (64%) and downstream (87%) sections, respectively
(Figures 4D,E).

Considering the scenarios listed in Table 1, MSPs of
BMNs are US$ 36.7 and 50.9 thousand/kg Fe3;Oy4 for single-
stage and semicontinuous processes, respectively (Figure 5).
Sensitivity analyses indicate economic parameters (material costs,
dollar/real exchange rates) seem to have a more slight effect
on operating costs and MSP of BMNs than operational and
microbial parameters (Figure 6 and Supplementary Figure 3).
For example, while a variation from US$ 0.05 to 0.75 in the urea
purchasing price caused the operating costs to fall between US$
9,700 and 12,000/kg (Figure 6A and Supplementary Figure 3A),
a magnetite yield of 80 mg/mL might raise operating costs to US$
32,000 (Figure 6B and Supplementary Figure 3B).

DISCUSSION

In recent years, Latin American countries have focused on
nanotechnology as a stimulus for economic growth through
the production of nanometric materials and incorporation
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Bacterial magnetite nanoparticle production
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FIGURE 3 | Process flowsheet for the biomanufacturing of BMNs. The flowsheet depicts unit operations and material flows simulated in this work. The overall
process is divided into three sections: the inoculum preparation train (in green) with four sequential scale-up steps, 3L (P-1), 30L (P-2), 300L (P-3), and 3000L (P-4),
the fermentation (P-7), including media preparation (P-5), sterilization (P-6 and P-8), storage (P-9), air compression (P-10) and filtration (P-11) (in orange) and the
downstream BMN extraction, including operations for cell lysis (P-12 and P-13), centrifugation (P-15 and P-16), and magnetic separation (P-14, P-17, and P-18) (in

purple).

of nanotechnological tools into industrial processes and
products (StatNano, 2016). Despite the share of registered
nanotechnological products in the region is still small (2.4%),
programs like the Brazilian Initiative for Nanotechnology
(Ministério da Ciéncia, Tecnologia, Inova¢des e Comunicagdes
(MCTTI), 2019) and the Argentine Foundation of Nanotechnology
(Fundacion Argentina de Nanotecnologia (FAN), 2020) are
examples of government-led support for an expansion in the
nanotechnological industry.

In our assessment, indirect operating costs represented 76—
79% of all operating costs due to facility-related expenditures.
Usually, facility-related costs represent 10-70% of operating costs
while direct costs account for 50% of the total (Harrison et al.,
2015). In the Brazilian market, prices of raw material from local
suppliers, utilities, and salaries tend to be lowered in comparison
to US prices due to the exchange rate in recent years (US$

TABLE 3 | Overall bioprocess parameters and economic evaluation summary.

Single stage Semicontinuous
Annual operating time (h) 7,200
Recipe batch time (h) 161.7 193.1
Recipe cycle time (h) 46.67 85.75
Number of batches per year 151 82
Annual FezO,4 throughput (kg) 640
Capital investment 52.11 79.86
Total plant cost (US$ millions) 43.03 66.02
Equipment cost (US$ millions) 8.90 12.89
Operating cost (US$ millions/year) 6.64 7.15
Unit production cost (US$/kg FezO4) 10,372 11,169

1 =R$5.20 in June, 2020). In a process simulation for glucosidase
production (da Gama-Ferreira et al., 2018), a low direct cost
accounting (23-25%) was also attributed to Brazilian market
conditions and real-dollar exchange rate. Moreover, as our
bioprocess requires large equipment volumes, especially in the
fermentation section (Supplementary Tables 8, 9), maintenance
and depreciation costs are substantially higher than low-cost
bacterial growth media components (Supplementary Table 4).

While the fermentation section spends the higher fraction of
operating costs, BMN recovery accounted for only 22-29%. The
magnetic nature of magnetite crystals along with its high density
(5.18 g/cm?) facilitates their separation from cell lysate during the
downstream section. These material properties have facilitated
the development of continuous, large-scale strategies for BMN
recovery (Guo et al., 2011; Rosenfeldt et al., 2020). The simple
design of MSC (Supplementary Figure 2) is associated with
low purchase and installation costs (Supplementary Tables 7-9).
Additionally, the durability of the magnetizable separation
matrix reduces the necessity of operational intervention and
maintenance within the downstream section.

The increase of 7.7% in the cost for the fabrication of one ton
of BMNs by semicontinuous operation in relation to single-stage
(Figure 4) is attributed to an over 50% decrease in magnetite
yields during the second stage (Zhang et al., 2011). This reduction
is probably because a deacceleration in bacterial growth is
observed when cultivation occurs in oxygen levels under 1% and
high iron concentrations (Sun et al., 2008; Liu et al., 2010), in
which magnetosome synthesis is favored metabolically (Wang
et al., 2016). Furthermore, as shown in Figure 4A the higher
operating costs in semicontinuous are driven by the greater
indirect operating costs. The total medium volume per batch in
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semicontinuous cultivation is about twice that in a single stage.
This increase leads to a necessity of larger and/or multiple pieces
of equipment for medium preparation, fermentation, and cell
lysis (Supplementary Table 9). Consequently, an escalation in
equipment-related costs is observed.

On the other hand, the observed increase in direct operating
costs in a single stage (Figure 4C) is caused by a growth in
labor-related demand. This additional demand is explained by a
more frequent necessity of operator-supervised inoculation and
cleaning-in-place procedures within a year. In semicontinuous
cultivation, batch and cycle times are longer because two
fermentation stages are conducted from a single inoculation.
Therefore, semicontinuous operation demands fewer manual
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FIGURE 5 | Correlation between selling prices of BMNs and the investment
payback time for each bioprocess. The salmon horizontal dashed line
indicates the 5-year payback time limit for which MSPs are determined.
Vertical dashed lines indicate MSPs for single-stage (purple line, US$ 36.7
thousand) and semicontinuous (green line, US$ 50.9 thousand) processes.

steps per mass of fabricated BMNs than those for a single stage.
Our sensitivity analyses (Figure 6 and Supplementary Figure 3)
indicate that the proposed bioprocess costs and selling prices are
robust to even drastic variations in raw material prices and the
dollar-real exchange rate. The minor contribution of materials
and utilities to fabrication costs seems to buffer the effect of
such variations. Nevertheless, microbial growth and magnetite
production have more pronounced pressure on process prices.
A 50% reduction in magnetite production doubles production
costs and MSP and a 30% reduction in growth rate increases these
costs by a factor of 2.5. Such instability might have important
implications in process upscaling projects because dramatic
differences in the production of magnetite are reported for MTB
cultivation processes. For example, while Zhang et al. (2011)
reported a 356 mg/L yield, Liu et al. (2010), which used a similar
pH-coupled feeding strategy, achieved a magnetite production
of only 83.2 mg/L.

Understanding process cost perturbations due to cultures
yields are crucial for process scale-up. Yields obtained in
small-scale are not always reproduced in plant scale due to
factors, including shear forces, medium homogeneity, and gas
diffusion (Mahdinia et al., 2019). As, to our knowledge, MTB
cultivation has only been performed in bioreactors of up to
70 L (Berny et al., 2020), there is still a lack of information
on process performance in m>-scales for industrial production.
For example, the maintenance of proper microaerophilic or
anaerobic conditions for biomineralization, which requires
sophisticated control strategies in bench-scale cultivation (Sun
et al, 2008; Liu et al, 2010), can be more challenging in
larger volumes and might directly affect BMN production. Thus,
previous knowledge on the sensitivity to magnetite yields is
fundamental for risk assessment associated with processing scale-
up. Recently, a molecular engineering tool was used to increase
BMN production in Magnetospirillum magneticum strain AMB-
1 (Arakakietal, 2020). The technique consisted of inserting
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FIGURE 6 | Sensitivity analyses showing effects of variations in market (A) and bioprocess-related parameters (B) on unitary production costs and minimum selling
prices (MSP) for the single-stage process, when one of those individual parameters oscillate from the base-case (purple dashed vertical line). The results of variations
in purchase price of two important feedstocks (lactic acid and urea) and fluctuations of the exchange ratio on the final production price are analyzed in panel (A). The
effects of specific cell growth rate of Ms. gryphiswaldense MSR-1 in fermentation tanks, as well as its magnetite production rate, are analyzed in panel (B). The
efficiency in BMN extraction by the MSCs and the plant annual throughput capacity, in terms of total produced magnetite, are also assessed in panel (B). The purple
dashed vertical line indicates base-case scenario whose parameters are described in Tables 1, 2.

a plasmid containing a gene region responsible for magnetic
BMN synthesis. The transformed AMB-1 cells were able to
double their intracellular BMNs number from 21.9 £ 3.5 to
444 £+ 9.1. In a 10-L fermentation, a 14.6 increase in BMN
production was observed for the transformed strain in relation
to the wild type. This achievement provides a powerful tool to

keep high-producing MTB cells in the industry without affecting
process economics.

The efficiency of MSC in recovering BMNs also exert a
considerable influence on process economics. An efficiency
of 65% might raise the production cost to US$ 18,000/kg
(Figure 6B). As the performance of the cubic-meter scale, MSC
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might be significantly different from the bench-scale apparatus,
possible variations in separation must be evaluated. In our
simulation, the reduction in the diameter of magnetizable beads
from our reference work might prevent reductions in magnetic
separation capacity by increasing the matrix surface area.

Alternative annual process throughputs were also investigated
in the sensitivity analysis. During project development, the
production demand might expand to other regions or industrial
sectors or be restricted to a more local market. Interestingly,
duplication in the plant processing capacity leads to a 25% drop
in production price but when it is half our base case production
price and MSP reaches almost US$ 19,000/kg (Figure 6B).

Our base-case production cost (US$ 10,372/kg) is still
higher than those for magnetite nanoparticles produced by
chemical processes (Figure 7 and Table 4). Augusto et al.
(2020) reported a technical-economic analysis for the fabrication
of bare magnetite nanoparticles produced by co-precipitation
and carbon-coated nanoparticles synthesized by hydrothermal
precipitation. Fabrication costs for the latter nanomaterials are
twenty times higher because of the finer control over final
product characteristics, like size and shape uniformity and
biocompatible coating (Augusto et al., 2020). The calculated
material cost for co-precipitation was eighteen times smaller
than in our process (Table 4), yet it represented 68% of direct
operational costs (Supplementary Figures 4A,B). However,
hydrothermal synthesis shows both a material cost (Table 4)
and its relative participation on direct operational costs
(Supplementary Figure 4) very similar to the bioprocesses. These
results indicate that despite expenditures in feedstocks are very
close to other processes, non-material costs are the main factors
distinguishing bioprocess economics from chemical fabrication.
This finding is further supported by the bigger proportion
related to direct costs—54.9% for co-precipitation and 68.3% for
hydrothermal-among total operational costs (Supplementary
Figure 4A) in chemical processing. Accordingly, equipment costs
in chemical syntheses are about 6-12 times lower than those
in our process (Table 4). Thus, chemical synthesis presents
a significantly lower operational cost. Another aspect to be
considered in the techno-economic analysis is the energy
consumption by the studied processes. BMN bioprocess shows
a power consumption intermediary to co-precipitation and
hydrothermal syntheses (Supplementary Table 10). As the latter
is related to better control of nanoparticle characteristics, energy
demand is directly correlated to the quality of the nanoproducts.
In this way, BMN production is energy-efficient because even
at consumption lower than a chemical process, bioproduction
yields high-quality nanomagnets. Despite our product prices are
higher than in chemical manufacturing, our MSP (US$ 21-120/g)
still ranges significantly lower than commercial prices of most
synthetic iron oxide nanoparticles of similar sizes (Figure 7
and Supplementary Table 11). Nanoparticles traded as “iron
oxide nanopowders” are significantly cheaper, but often display
poor size and shape distribution (refer to websites listed on
Supplementary Table 11), similarly to those in Figure 1B.
Bare magnetite nanoparticles prices are US$ 10,000-11,000/kg,
values that can be 80-500 times our MSP. BMNs membrane
displays a range of functional groups (e.g., ammine, phosphate,

and carboxyl) that facilitates surface modification. Average
prices for ammine-, PEG- and carboxyl-coated nanomagnets
are approximately US$ 40,000, 32,000, and 100,000/kg. Hence,
BMNs have a competitive potential for market entry in terms of
commercial costing, even if process-related perturbations result
in increases in MSP. The discrepancy between MSP and the
market price of synthetic nanoparticles also allows an increase
in sale prices, which decreases the investment payback time
(Figure 5) and increases the return on investment in the project
as well as the revenues generated.

Production of genetically engineered BMNs designed for
specific applications have been successfully performed and
might increase BMN competitivity in the nanotechnological
market. Recently, the modification of both mineral characteristics
(morphology and size) and surface coating can be modulated
by genetic engineering (Furubayashi et al, 2020). BMNs
expressing protein A on their surface were produced for
the detection of pathogens and pollutants molecules (Xu
et al, 2019). Applications proofs showed that, when bound
to specific antibodies, the nanocomplex could be used for
high-sensitivity detection of Vibrio parahaemolyticus (detection
limit = 5 CFU/mL) and gentamicin (0.01 ng/mL). Costs
calculated for their production in a 42-L fed-batch revealed
the BMNs-protein A complexes incredibly inexpensive (US$
0.067/mg) when compared to commercial immunomagnetic
beads (US$ 3 or more).

Commercial catalogs of iron-oxide nanoparticles show some
properties of their products: size dispersion, zeta potential
(Zp), magnetization saturation (Ms), and purity (Supplementary
Table 11). It is well-documented that BMNs show a narrow size
distribution due to genetic-level controlled biomineralization.
Because size and shape directly influence magnetic properties,
like Ms (Mirabello et al., 2016), uniformity in those characteristics
ensures reproducibility in applicability outcomes. Ms of BMNs is
reportedly higher (61 emu/g at 290 K-Timko et al., 2009) than
commercial nanomagnets (20-50 emu/g). In nanomagnetism,
higher Ms values are related to better responsiveness to magnetic
fields and higher heating properties in magnetically induced
hyperthermia (Abenojar et al., 2016). Indeed, the heating capacity
of BMNs has been examined and is compatible with hyperthermal
treatments (Timko et al., 2009). Furthermore, BMNs display
a very similar Zp (—38 to —25 mV-Geng et al., 2019; Xu
et al, 2019) to carboxyl iron-oxide nanoparticles (—35 to
—15 mV). This property ensures good colloidal stability of
magnetic suspension due to electrostatic repulsion between
nanoparticles (Bhattacharjee, 2016). BMNs are single-domain
magnetic materials (Abreu et al., 2020b) and those repulsive
interactions prevent particle aggregation, which could otherwise
hinder applicability.

Although the process requires an entire downstream section
dedicated to BMN recovery, the final nanoproduct retains its
external membrane. Hence, additional coating procedures, often
present in chemical production (Zhang et al, 2012; Augusto
et al, 2020; Pinelli et al,, 2020), are dispensed. The natural
membrane envelope found in BMNs improves biocompatibility
characteristics by reducing toxicity against human and animal
cells and the environment (Revathy et al., 2017). The low affinity
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to Supplementary Table 11.

TABLE 4 | Comparison between production costs for biogenic and synthetic magnetic nanoparticles.

Nanoparticle Preparation Production costs Material costs Equipment costs References
method (US$/kg Fe3z04) (US$/kg Fe304) (US$ millions)

Biological-origin magnetic Single stage 10,372 1,472 8,898 Present work

nanoparticles (BMNs)

BMNs Semicontinuous 11,169 1,477 12,888 Present work

Bare magnetite Co-precipitation 210 78 1,036 Augusto et al., 2020

Carbon-coated magnetite Hydrothermal 4,192 1,361 2,027 Augusto et al., 2020

between phospholipids and iron oxide nanometric surfaces poses
a technical hurdle for the artificial membrane coating of synthetic
nanoparticles (Pinelli et al., 2020).

The effect and the fate of BMNs in the human organism is
a primary source of concern regarding biomedical applications
such as drug delivery and MRI contrasting. As with other
bacterial-derived products, one great concern surrounding
BMN biomedical utilization is the contamination with bacterial
endotoxins, most notably LPS (World Health Organization
(WHO), 2020). Given all known MTB are Gram-negative
(Abreu et al., 2020b), residual LPS from cell lysis procedures
might persist and invalidate use in healthcare. Nevertheless,
laboratory-scale isolation procedures, like ultrasonic crushing
and alkaline washing, greatly reduces endotoxin contamination
in BMNss to levels compared to chemically synthesized iron oxide
nanoparticles (Mandawala et al, 2017). Moreover, the MSC-
based BMN extraction has shown efficiencies of up to 99.7% in
the removal of cell debris (Rosenfeldt et al., 2020). Recently, a
long-term (135 days) in vivo study on the biocompatibility of
BMNs, showed that even at concentrations 10-50 times higher
than previously tested for synthetic nanoparticles, tissue damage
was negligible. This biocompatibility trend was maintained

even in the liver and spleen where BMN concentration was
greater (Nan et al, 2021). The same work also suggested
that BMN clearance from the body occurred through biliary
excretion, within 1 week from administration, and urinary
excretion, up to 120 days (Nan et al., 2021). Given these
elimination routes are already well-described for other drugs
(Bardal et al., 2011), the pharmacological behavior of BMNs
becomes more predictable.

The present work was elaborated in the year 2020 when the
COVID-19 pandemic took place. Effects of the pandemic on the
global economy may cast some uncertainty on market estimates
reported here. However, the production of eco-friendly, bacterial-
gestated multipurpose nanoparticles might constitute a valuable
opportunity for the urgent sustainable recovery of the Latin
American economy (Leon and Cardenas, 2020). As an example,
a team from Yachay Tech University, in Ecuador, developed
a cheap and efficient poly-amino-ester for the extraction of
RNA from SARS-Cov-2 preliminarily to PCR testing (Chacon-
Torres et al., 2020). As discussed earlier, BMNs are effectively
used in highly sensitive pathogen detection technologies through
magnetically based cell/antigen concentration (Vargas et al., 2018;
Xu et al., 2019). This relatively easy applicability, along with its
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low production prices and reproducible physical characteristics,
makes BMNs obvious candidates for large-scale use in pandemic
control purposes.

The techno-economic assessment of large-scale production
of microbial nanomagnets gives a preliminary yet valuable
understanding of how feasible the supplying of these promising
materials for technological applications is. In the final analysis,
the base production cost BMNs (US$ 10-11 thousand/kg
Fe30y4) is 2.5-53 times higher than the chemical production of
bare magnetite nanoparticles depending on the process. This
difference is mainly because of indirect operating costs (76—
79% of total process costs), which derive from higher equipment
purchase costs (6-12 times higher) and labor for maintaining a
bioprocess. Production costs and selling prices are significantly
influenced by operational parameters (e.g., bacterial magnetite
production) but only slightly altered by external economic
factors, like material purchase prices. Still, the strong discrepancy
between production costs and selling prices of coated artificial
magnetite nanoparticles (US$ 11-40 thousand/g) enables BMNs
to have economically attractive prices (US$ 21-120/g of MSP).
Therefore, it is possible to sell BMNSs at values higher than MSP
to reduce investment payback time and maximize profits. Due
to the superior characteristics of BMNs in relation to synthetic
nanoparticles and cleaner production, the bioproduction costs
are justifiably higher than chemical manufacturing. Considering
the direct functionalization of BMNs due to their natural
membrane and the possibility of customizing BMNs through
genetic engineering, biogenic nanoparticles are applicable for
diverse purposes. Moreover, the industrial production of BMNs
might have improved yields either by genetic engineering of
known strains of MTB or uncovering new culturable strains with
more efficient metabolisms.
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Abstract: Magnetotactic bacteria are the main microbial source of biogenic magnetic
nanoparticles (BMs). The structure of BMs comprises an iron mineral core and an external
biological membrane, which is made up of phospholipids and proteins dedicated to the
biosynthesis of these nanostructures. Because BM proteins are diverse in biochemical function,
BM might display intrinsic activities yet to be explored in nanobiotechnology. Thus, the present
work aims at the application of non-modified BMs extracted from the marine magnetotactic vibrio
Magnetovibrio blakemorei strain MV-1T for the decolorization of methyl blue (MB) dye. The
experiments were carried out in the presence and absence of hydrogen peroxide (H20-) and the
degradation kinetics was evaluated, as well as BM reusability. At a concentration of 80 mg/L,
BMs at were able to degrade 90% of MB within 5 min in the absence of H2O>. In the presence of
H-0., the removal achieved in the first 1 min was over 80%. Kinetic studies revealed a first-order
degradation kinetics without H.O, and a second-order kinetics with H,O,. BM performance is
optimal at neutral pH and removal of BM membrane caused dye degrading activity to cease. BMs
can be recovered and reused for, at least, 4 cycles while retaining an activity over 75% in the
presence of H,O,. Despite a slightly lower activity, their reusability is also possible at the absence
of H,O,. Taken together, these findings uncover the use of BMs as naturally-derived and
recoverable nanocatalyst for dye wastewater treatment. Moreover, their possible use without
highly oxidizing H.O- further support BM potential in environmental remediation.

Keywords: magnetic nanoparticles, dye degradation, magnetosomes, magnetotactic bacteria
1.Introduction

Since the patenting of production and large-scale commercialization of mauveine by William
Perkin in 1857, synthetic dyes have been in use in different industries, making it a billion-dollar
market worldwide (Hagan & Poulin, 2021; Zanoni & Yanamaka, 2016). Despite its market value,
estimates are that 20-50% of dyes used in textile industries are discharged in wastewater while
approximately 70% of those in hair coloring are flushed into sewage (Zanoni & Yanamaka, 2016).

Because traditional treatment processes remove only a fraction of dyes in wastewaters, receptive
waterbodies remain vulnerable to impacts related to these substances (Cardoso et al., 2016). An
evident impact of dyes in the environment is the absorption of sun light and inhibition of
photosynthesis by plants and microorganisms (Cai et al., 2020; Pereira & Alves, 2012). Further
impacts are linked to their chemical nature, which makes dyes poorly biodegradable and with a
complex toxicity profiles to aquatic organisms (Cai et al., 2020; Lellis et al., 2019).

To reduce ecotoxicity, new technologies have been developed for the treatment of high-dye
content wastewaters (Katheresan et al., 2018). Some of the advanced dye removal methods
include biocatalysis, photooxidation, and electrochemical processes (Choi, 2021; Katheresan et
al., 2018). More recently, the use of nanobased technologies, especially magnetic nanoparticles
(MNPs), have been intensely explored for decolorization and detoxication of dyes (Mondal et al.,
2020).
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Magnetic nanoparticles have been used in dye removal as supports for immobilized enzymes
(Darwesh et al., 2019) as heterogeneous catalysts in Fenton or Fenton-like reactions (Zhigiang
Wang et al., 2014; Weng et al., 2013) and as sorption agents (Zhenxing Wang et al., 2015). The
use of magnetic nanotools is advantageous because they can be easily recovery by magnetic
collection. The recoverability might cheapen dye treatment processes as removal agent can reused
multiple times.

Biosynthesized magnetic nanoparticles (BMs) are promising for application in dye removal with
additional environmental benefits as their manufacture dispenses the use of potentially toxic
chemicals (Vargas et al., 2018). The main microbial route for BMs synthesis is biomineralization
by magnetotactic bacteria (Vargas et al., 2018). BMs are composed of a mineral iron core
(magnetite - FesO4 or greigite - FesSs), which is surrounded by a biological membrane. The
biological control of the synthesis gives these nanoparticles properties superior to those of
artificial nanoparticles, such as controlled size and shape, chemical purity and unique magnetic
domain per particle (Correa et al., 2020). Nevertheless, although frequently applied for
biomedical purposes, BMs are still underexplored in environmental applications.

In the present work, we have applied non-modified BMs extracted from the marine magnetotactic
vibrio Magnetovibrio blakemorei strain MV-1T for the decolorization of methyl blue (MB) dye.
The experiments were carried out in the presence and absence of hydrogen peroxide (H20-) and
the degradation kinetics was evaluated, as well as BM reusability.

2. Methodology
2.1. Bacterial culture

A large-scale cultivation of M. blakemorei strain MV-1T was carried out in a 5-L bioreactor (3 L
working volume) using culture media and conditions (28°C, 192 h) as in Silva et al, 2013 for
obtaining prismatic BMs. An additional culture of Magnetospirillum gryphiswaldense strain
MSR-1 (DMS 6361) was performed in the same bioreactor (30 °C, 80 h) with medium and
operational settings described as in Heyen & Schiiler, 2003.

2.2. Bacterial cell lysis and BM extraction

After bioreactor cultivations, MTB cells were harvested by centrifugation at 5,700 x g for 30 min
at 4 °C and lysed by ultrasonic disruption following the method of Cypriano et al., 2019. BMs
were concentrated from magnetic cell lysate with a boron-neodymium permanent magnet (1.5 cm
h x 2.5 cm @) and washed repeatedly with 20 mM HEPES buffer until total removal of debris as
observed under electron microscope.

2.3. BM membrane removal

Membranes from M. blakemorei strain MV-1T BMs were removed using a protocol adapted from
Yoshino et al., 2008. Membrane proteins were removed by treating 1 mg BMs with a boiling
alkaline detergent solution (1% wi/v sodium dodecylsulfate, pH 9) for 30 min. Afterwards, BMs
were repeatedly washed with MilliQ with in-between magnetic collections until no foam
formation were observed. Phospholipids were then removed with a chloroform-methanol (1:1
v/v) solution with occasional stirring for 2 h. The BM-solvent suspension was stored overnight at
4 °C. Finally, BMs were magnetically collected and washed with MilliQ water.

2.4. Preparation of SMNPs

Synthetic iron-oxide nanoparticles were prepared by a co-precipitation method as described by
Santos et al., 2018.

2.5. Transmission electron microscopy
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All tested magnetic nanoparticles were examined under transmission electron microscopy (TEM)
using a FEI Morgagni apparatus (FEI Company, Hillsboro, OR, USA) operated at 80 kV. The
integrity of BMs mineral core and membrane were evaluated. Changes in membrane thickness
were measured using ImageJ (NIH, USA) image analysis software.

2.6. Dye removal assays

The removal of MB from aqueous solution by BMs extracted from M. blakemorei strain MV-1T
(unless otherwise stated) was investigated in kinetic experiments (10 min) by examining the
disappearance of color in solution during 10 min. Ultra-violet-visible (UV-Vis) spectra of MB in
solution were obtained by scanning spectrophotometry (UV-1800, Shimadzu, Kyoto, Japan) in
225-700 nm wavelength range. Discoloration kinetics were measured spectrophotometrically at
600 nm wavelength at samples collected at 0-, 1-, 2-, 3-, 4-, 5- and 10-min intervals.

Experiments were performed using a 15 mg/L MB solution, which was prepared using MilliQ
water. The first batch of experiment, removal was carried out with different BM concentrations
(20, 40 and 80 mg/L), and no H,0, was added. The second raw of experiments was carried with
the BM concentration with the best removal profile with the addition of 0, 18 and 36 mM H0;
from a 10% stock solution. Control experiments were also run in absence of BMs to record the
MB removal by H,O,. A third batch of experiments were performed with varying pHs from 7.0
to 4.8 and 8.2 using both BM and H,O.,-optimized concentrations. pHs were adjusted by adding
0.1 M NaOH or 0.1 M HCI. Membrane-removed BMs were then used in additional experiments
in the presence and absence of H,O- in optimized BM concentration and medium pH.

Two comparative experiments, one using BMs from M. gryphiswaldense MSR-1 and another
with synthetic MNPs (sMNPs), were run using optimized conditions. All experiments were
carried out in duplicates.

2.7. Reusability and iron leaching

After each degradation experiment, BMs were magnetically concentrated, washed with distilled
water and reused in new degradation reactions. The separated supernatants were used in
quantification of iron to investigate possible iron ions leaching from tested nanoparticles. Soluble
iron determination was done by colorimetric ferrozine method (Viollier et al., 2000).

3. Results and discussion
3.1. Dye chemical profile

MB is a synthetic dye widely used for histological and botanical staining and in colorization of
stationery, detergents and personal care products (Clariant, 2013; Sabnis, 2010). Its structure
possesses both aniline and triarylmethane moieties (Figure 1A), which are linked to considerable
aquatic ecotoxicity (Bhunia et al., 2003; Chen et al., 2019). Two prominent peaks are visible in
MB UV-Vis spectrum (Figure 1B): a sharper one — assigned peak a —ranging from 290-310 nm,
relative to aniline (NIST, 2018), and a broader one — peak b —in 580-620 nm, which is due to its
highly conjugated organic structure (Figure 1A).

3.2. Influence of BM concentration on MB removal

In the first group of experiments, we tested different BM concentrations for the degradation of 15
mg/L MB in the absence of H,O, (Figure 2A). Among the tested concentrations (20, 40 and 80
mg/L), the greatest concentration led to the fastest degradation, with over 90% of MB being
degraded within 5 min. Thus, reaction Kinetics is directly proportional to the nanoparticle
concentration. Both 40 and 80 mg/L were capable of virtually total removal of MB within 10 min
(Figure 2A).
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3.3. Influence of hydrogen peroxide

In the second set of experiment, the influence of H,O, of MB degradation rate was investigated
(Figure 2B). Using BMs with and without 36 mM H-0, led approximately to the same removal
rate within 5 min. Nevertheless, in the presence of H,O,, the removal achieved in the first 1 min
was over 80%, while this value was ~20% lower for the reaction using solely BM. This finding
indicates BMs may act as a catalyst by accelerating MB degradation by H.O,. However, the use
of BM in the absence of H,O, may have a greener character because it avoids a toxic, oxidizing
reagent that can be potentially hazardous itself.

3.4. Influence of reaction pH

All the results described to this point were obtained using a medium pH of 7.0. The third set of
experiments was performed to evaluate the influence of different pHs on the MB removal kinetics
using 80 mg/L BM and 36 mM H-0, (Figure 2C). When pH was set at 4.8, there was a reduction
in the initial removal rate: only 38% of MB was removed at 1 min and 64% at 2 min. This is an
important reduction in removal ability from pH 7.0, which led to approximately 90% degradation
at 2 min. The decrease in removal activity was more dramatic when the pH was 8.2. In that case,
only a 30% removal was achieved in 10 min. The highest activity in neutral pH is an indication
that the degradation mechanism is a biological catalysis rather than Fenton’s oxidation. This
hypothesis is in tandem with the work of Darwesh et al., 2019, which that demonstrated that an
MNP-immobilized peroxidase has its peak textile-dye-degrading activity at a pH 6 and
approximately 90% active in a pH 7. In that work, a substantial reduction of the activity is also
observed pHs over 7.5 and under 5.5, which further corroborates our hypothesis. On the other
hand, Fenton reactions rely on the iron-catalyzed formation of reactive oxygen species like
hydroxyls radicals (OH-) (Pignatello et al., 2006). Fenton’s reactions, which commonly applies
magnetic nanoparticles, are favored and accelerated in acidic media (Jung et al., 2009) while BM-
mediated degradation is optimal at neutrality.

3.5. Effect of membrane removal

To the fourth set of experiments, BMs were subject to membrane removal to investigate the effect
of the external coating on their activity in the presence and absence of H,O,. In the absence of
H20,, little MB degradation was observed and 82% of MB remained in medium after 10 min
(Figure 2D). The dramatic decline in MB removal performance is a strong evidence that most
catalytic activity is performed by membrane components, probably anchored proteins. This
finding also reinforces a non-Fenton mechanism underlying MB degradation. Due to
crystallographic precision of BM magnetite core, iron atoms are orderly confined within the
mineral structure and might not be available to perform Fenton’s oxidations. Intriguingly, even
in the presence of H,0O, at the same concentration of the previous experiments (36 mM), the
degradation of MB was significantly hindered when bare BMs were used. This is probably
because of H,0O, decomposition into H,O and O,, but not OH- radicals, as observed for other
heterogeneous catalysts with ordered crystalline surfaces.

These findings further support the importance of BM membrane to biotechnological applications.
The phospholipid portion of the biological membrane causes a negative external charge and, thus
provides BMs aqueous suspensions with colloidal stability (Vargas et al., 2018). Proteins, whose
functions in biomineralization process include iron uptake, crystal nucleation and growth and pH
and redox control, are also components of BM membrane (Correa et al., 2020). These intrinsic
BM protein functions could be explored for real-world applications. As described in earlier
studies, some of these proteins could be acting as natural catalysts for MB degradation by
oxidation. BMs extracted from M. gryphiswaldense strain MSR-1 (Guo et al., 2012) and
Magnetospirillum magneticum strain AMB-1 (Li et al., 2015) have already been assigned
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peroxidase-like activity linked to BMs. MSR-1 BMs also displayed a more intense activity when
applied with its original membrane than after membrane removal (Guo et al., 2012).

3.6. Kinetic profile

From the experiments using 80 mg/L BM, 36 mM H2O- and a combination of both, we used the
variation of MB concentrations along reaction time to calculate the kinetic law of the reactions,
as well as the rate constants (k). Linear regressions were performed with In[MB] (for first order
kinetics) and 1/[MB] (for second order kinetics) versus time (Figure 3). The angular coefficients
correspond to k (ki for 1% order and k. for 2" order) and R2 values were used to evaluate the
fitness of removal data to each kinetic model (either 1% or 2" order). Results for rate constants
and kinetic modelling are on table 1. While removal with BM only resulted in a first order kinetics,
the other two treatments are second order. When both BM and H20O. were employed, k2 equaled
to 0.242 L.mgt.mint, which is about 4 times that of H,O> only. These results suggest that, when
used alongside, BMs accelerates the degradation of MB by H.0,. However, the degradation of
MB by BM only probably occurs through an intrinsic mechanism, with is complemental to the
catalysis.

Linear regression analysis of kinetic data also allowed us to compare the removal efficiencies of
prismatic BMs from M. blakemorei strain MV-1T, with integer and removed membrane, with
those of cubooctahedral BMs from M. gryphiswaldense strain MSR-1 and SMNPs (Table 2). All
nanoparticles displayed a second-order kinetics, with MV-1T BMs displaying the highest activity
among them. Nevertheless, cubooctahedral BMs from MSR-1 also showed a superior activity
compared to sMNPs. This result coincides with previous work (Guo et al., 2012) in which
degrading activity of MSR-1 BMs was more similar to that of peroxidase than to synthetic
nanoparticles. Dye-degrading activities found for BMs are among the highest among
nanoparticles claiming a green synthetic route (Table 3). In a MB adsorption process using
mussel-inspired MNPs, Wang and coauthors reached up to 95% removal rate. Nevertheless, the
highest performance was reached at a pH = 4, which requires acidification during decolorization.
Considering a second-order Kinetics, dye-removing activity of BMs still seems significantly
higher than that of mussel-inspired MNPs (Table 3). Hence, the efficient decolorizing character
along with a sustainable bioproduction provide BMs with a high competitiveness due to the
increased environmental performance.

Furthermore, iron leaching from nanoparticles to the reaction media was measured. Significant
iron leaching (4% of Fe mass) was only detected using SMNPs (Table 2). This result indicates
that membranes surrounding MV-1T and MSR-1 BMs also act as a protective layer against iron
mobilization from FesOs core.

3.7. Reusability

Following MB degradation experiments with and without H,O,, BMs were recovered through
magnetic collection and their reusability was tested. The results (Figure 4) indicate BMs can be
recovered and reused for, at least, 4 cycles while maintaining an activity over 75% that of the first
use in the presence of H,O,. In the absence of H.O,, the reduction in activity after the first use
was more pronounced. Nevertheless, over 40% activity was retained for three reuse cycles. In
environmental applications, such reusability is a major advantage of biogenic nanomagnets. Costs
and resource utilization for production of novel BMs, as well as disposal volumes of used
nanoparticles, are significantly reduced. In comparison with an MNP-immobilized peroxidase,
which could be reused in up to 100 cycles (Darwesh et al. 2019), BMs seemed less resilient to
sequential reutilizations. However, the reported tests were performed against azo-dyes, whose
chemical degradability is different from triarylmethanes like MB. Despite a better reuse
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characteristic, MNP-immobilized peroxidase takes about 6 h to achieve a complete
decolorization.

Membrane integrity, which is important to maintain BM activity between reuse cycles, was
investigated by BM observation and membrane measurement under transmission electron
microscopy (Figure 5). In the experiments with H,O,, membrane thickness was virtually
preserved from first to third utilization (Figure 5A-C, Table 4) while a significantly (Table S1)
shrinking (Figure 5C, Table S1) was observed after the fourth reuse cycle. The 23-% reduction
in the mean membrane thickness is related to a 57-% decrease in dye degradation activity (Figure
4 and Table 4), evidencing that membrane disruption hinder BM catalytic activity. Moreover,
Figure 4D evidences the accumulation of a nebulous substance between BMs after 4" reuse. This
observation might suggest the accumulation of MB degradation products and detachment of BM
membrane components. A significantly reduction (77%) in BM activity is also observed when
reuse is performed in the absence of H,O,. However, as measured by microscopy (Figure S1),
the observed decrease in membrane thickness was only 6.7%. On the other hand, material
accumulation, presumably degradation products, onto the surface of BMs (Figure S1) might
prevent the contact between BM surface proteins and soluble dye, thus hindering BM degradation.
It might be suggested that, in the presence of H.O,, MB degradation products are further
decomposed by peroxidation while they accumulate in the absence of the oxidative agent.

3.8. Possible reaction mechanism

UV-Vis spectrometry analyses of treated dye samples were also performed to investigate spectral
changes arising from dye degradation after treatments. The characteristic blue chromophore peak
b decreases in magnitude in all treatments, but the sharpest reduction (98%) occurs with BMs and
H»0, treatment, which is in good agreement with spectrophotometric experiment results (Figure
1B). The peak b also shows 27% reduction with H202 and 68% with BMs. Conversely, the sharp
peak a, relative to aniline, increased after all treatments but that using solely H.O.. The observed
increase in the peak a could be associated to an accumulation of degradation MB products, like
aniline, and, thus, further supports a predominantly degradative mechanism of MB removal by
BMs. This suggestion is further supported by the fact the highest peak, 13% higher than raw dye,
is formed in the presence of BMs only. The slightly lower peaks in the treatments with H202
(with and without BMSs) an indication of unspecific oxidation of both MB and its BM-formed
degradation products by peroxidation.

4. Conclusion

In this paper, we have explored intrinsic protein-mediated activities of BMs for decolorization of
MB, an industrially important dye. BMs were capable of removing MB in the presence and
absence of H,0.and, despite commonplace for other MNPs, removal mechanism is different from
a Fenton’s catalysis. The sustainable characteristic of BM production by magnetotactic bacteria-
based bioprocesses, added to a highly efficient removal and reusability prompt BMs for use as a
green nanocatalyst in wastewater decolorization. Further research is needed to assess BMs in the
degradation of other pollutants, including other dyes, and examine the toxicity of degradation
products. Finally, due to the complexity of BMs proteome, there could be other natural activities
of BM without surface functionalization still to be explored in environmental remediation.
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Table 1. Rate constants obtained from linear regression analysis of the dye removal data by M.
blakemorei strain MV-1T BMs in different conditions. Results in bold indicate best fit to the
corresponding Kinetic law.

Treatment First order Second order

ki (min?) R? ko (L.mgltmint) R2
BM 0.3583 0.9686 0.0726 0.9042
H20; 0.2955 0.7620 0.0565 0.9203
BM + H,0, 0.5185 0.7836  0.242 0.9869

Table 2. Comparison between rate constants obtained from linear regression analysis of the dye
removal data from experiments using M. blakemorei strain MV-1T BMs, M. gryphiswaldense
strain MSR-1 BMs and synthetic MNPs. Results in bold indicate best fit to the corresponding
Kinetic law.

First order Second order Iron leaching

ki (min?) R2 k2 (L.mgt.min?) R2 % (m/m)
MV-1 0.5185 0.7836  0.242 0.9869  0,2083
MSR-1  0.7800 0.9652  0.081 0.9852  0,182263
MNP 0.1950 0.9634 0.021 0.9903  4,27015
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Table 3. Comparison between kinetic data from the present work and results available in the
literature. For this comparison, only MNPs claiming a green synthetic route were considered.

Nanoparticle dye RemO\{aI Reaction k additional results reference
mechanism order
-1 min-1
Green tea-stabilized methylene blue Fenton-like Second 0.0039 L.mg™.min > 99% removal Shahwan
iron oxide NPs catalysis within 6 h etal,
methyl orange First 0,019 min! 2011
Green tea v- . Direct . . 96% removal within Weng et
Fe,O3/Fe3O4 NPs malachite green degradation First 0.057 min 60 min al., 2013
Eucalyptus tereticornis
iron-polyphenol NPs
Melaleuca nesophila . Fenton-like . ~ _— 100% removal within Wang et
iron-polyphenol NPs acid black 194 catalysis First 0.017:min 200 min al., 2014
Rosemarinus officinalis
iron-polyphenol NPs
e i 0 .
II-E’/IDqu/EI;IEIIn ?\lp;red FesOs methyl blue 0.0034 L.mg™*.min** >95% removal in 5
S . Pseudo- min Wang et
Adsorption q L 2015
secon L. >90% activity after 3!
bengal rose 0.052 L.mg™*.min
10 cycles
L . Abate
Humic acid-stabilized malachite green Adsorption Pseudo-first 0.02811 min™* etal.,
FesO4 NPs 2020

NP = nanoparticles; PDA = poly-dopamine; PEI = polyethylenimine; k = rate constant

Table 4. Average activity (% in relation to first use) and mean values (nm) of membrane
thickness of BM after each reuse cycle in the presence of H;O,.

Activity
sd
Thickness
sd

n

Raw

100

7,215
1,225
225

1st
87.76
1.43
7,428
2,709
399

Reuse cycle
2nd 3rd
78.97 81.31
1.98 3.97
7,414 7,307
1,917 1,749
446 333

4th
43.46
11.24
5,54
1,281

292

58



Figure 1. Chemical structure of MB dye (A), showing aniline (encircled in purple dashed line)
and triarylmethane (central, encircled in green dotted line). UV-Vis spectrum of raw and treated
MB (B) indicating typical absorption peaks a, at 300 nm, and b at 600 nm. Treatment agents are
BM solely, H.O- solely and a mixture of both.

Figure 2. Kinetics of dye concentration along 10-min treatments. Effects of BM concentration
(A) in absence of H,O,, H.0, concentration (B) in the presence and absence of BM, pH (C) and
BM membrane removal (D) are plotted.

Figure 3. Linear regression plots for first (A-C) and second (D-F) order kinetics. These plots
were used to determine kinetics parameters of MB removal by 80 mg/L BMs (A and D), 36 mM
H20, (B and E) and both (C and F). Note that time considered here was only 5 min because, in
most cases, MB concentration at later times were zero.

Figure 4. Relative activity retention of BMs after four reuse cycles in removal of MB in
concentrations of 0 and 36 mM H:O..

Figure 5. Transmission electron microscopy of BMs after first to fourth (A-D, respectively)
reuse cycles. Arrows indicate BM membranes. * indicates a nebulous substance, presumably
degradation products, accumulated between BMs after four cycles.
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Figure 5.
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5. Consideracdes finais

No presente trabalho de tese, foram simulados os processos de fabricacdo de
NMOBs em escala industrial para os processos de batelada alimentada e cultivo
semicontinuo do espirilo magnetotatico Ms. gryphiswaldense cepa MSR-1. Apesar de as
BMTs terem sido descritas h& cinco décadas e os cultivos em biorreatores terem sido
iniciados ha vinte anos, até 0 momento ndo é do nosso conhecimento a comercializacao
de NMOB:s. Portanto, faz-se necessario prever os possiveis desafios relacionados ao

escalonamento do bioprocesso.

Apesar de os custos para a fabricagho de NMOBs, o0s quais derivam
essencialmente de custos indiretos de processos, ainda serem superiores agueles
relacionados a processos quimicos, as caracteristicas superiores das NMOBs em relacao

as sinteticas justificam o maior valor de produgao.

Os fatores operacionais, tais como os rendimentos em magnetita e a eficiéncia de
separacdo magnetica, influenciam mais o custo de producdo que fatores econémicos,
como preco de matérias-primas, taxa de cambio e capacidade de producdo.
Independentemente das eventuais variagdes causadas por tais fatores, 0s custos minimos
de venda estipulados para as NMOBs sdo substancialmente inferiores aos valores de
mercado de NPMs concorrentes. Essa discrepancia pode permitir a comercializacdo de
NMOBs a precos mais elevados e favorecer um répido retorno aos investimentos de
projeto.

Deste modo, a simulacdo do bioprocesso corrobora a viabilidade da fabricacdo de
NMOBs com vistas a aplicacfes para fins tecnolégicos. Nos curto e médio prazos, 0s
dados gerados neste trabalho irdo subsidiar a busca por financiamento de pesquisas para
escalonamento dos processos em projetos-piloto. Além disso, o trabalho contribuiu para
um levantamento detalhado sobre consumo de matérias-primas, agua e energia, além de
ter gerado informagdes sobre emissdes ambientais. Esses dados estdo atualmente sendo
utilizados pelo nosso grupo na elaboracdo de uma avaliacdo de ciclo de vida, a qual busca
identificar e mensurar 0s impactos ambientais relacionados a cadeia produtiva do

processo estudado.

Ainda como parte do presente trabalho, foi desenvolvida uma solucéo inovadora

para a remocao de um corante téxtil utilizando-se de propriedades intrinsecas de NMOBs.
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Nas condi¢cOes experimentais, obteve-se 100% de degradacao do corante azul de metila,
inclusive na auséncia de peroxido de hidrogénio. A atividade descolorante das NMOBs
na auséncia de peroxido, que possui uma alta toxicidade devido ao seu carater oxidante,

torna os processos de remediacao de corantes mais “verdes”.

Os nossos resultados sugerem que a descoloragdo ocorre através de uma catélise
oxidativa, provavelmente desempenhada por proteinas com atividades de peroxidase
inseridas na membrana das NMOBs. O reuso das NMOBs em multiplas reacfes de
degradacdo com retencdo, ainda que parcial, de sua atividade aumenta o carater

econdmico da utilizacdo de NPMs microbianas, assim como seus baixos valores de venda.

Como perspectiva, pretende-se expandir a aplicabilidade de NMOBs para a
remogé&o de outros poluentes organicos, incluindo outros corantes, presentes em efluentes
industriais, principalmente do estado do Rio de Janeiro. Pretende-se, também, realizar
avaliacGes de toxicidade entre as amostras brutas e tratadas, a fim de se confirmar a
reducdo dos potenciais impactos causados pelos efluentes ap6s seu tratamento com
NMOB:s.
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1 Supplementary Information - Downstream section design

Guo et al., (2011) designed a magnetic isolation system comprised of a high-pressure homogenizer, a
magnetic separation column (MSC), an ultrasonic bath tank, and an electro-elution tank. Because of
extreme energy consumption and heat release — and the consequent need for refrigeration — ultrasonic
lysis is not adapted for industrial scales (de Carvalho, 2017). Thus, we have not considered this
operation in our simulation. Another magnetic separation system has been developed by Rosenfeldt et
al., (2020), where, like the previous one, high-pressure cell lysate goes through an MSC for BMNs
enrichment. Nevertheless, the designs of MSCs in those two works show a crucial difference. While
5-mm carbon stells beads are used as the magnetizable matrix in the first work, the matrix in the latter
is a ferromagnetic fiber. The matrix material seems to substantially influence BMNSs separation. In the
first case, 300 mg BMNs are recovered from 6 L culture — approximately 50 mg/L of final yield. Using
a fibrous matrix, it was related that only 66.5% of adsorbed iron (in form of BMNS) is recovered after
column percolation. Therefore, our simulated MSC matrix is composed of 2-mm stainless beads
(Figure S2), assuming a presumably better BMNs recovery. Here, the bead diameter is reduced for a
larger adsorbing surface. Additionally, the column wall material, aluminum, was chosen because it is
a non-ferromagnetic metal. In Rosenfeldt et al.,, (2020), MSC elution is followed by an
ultracentrifugation step in which BMNs are sedimented onto a sucrose cushion. In industry,
ultracentrifugation is not usually used for large-scale separation (Harrison et al., 2015). Alternatively,
we opted for a disk-stack centrifuge due to its versatility in separating small-dimension solids, high
rotation speeds, and large-volume processing capacity (Talerton & Wakeman, 2006).

2 Supplementary Figures
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Supplementary Figure 4. Operating costs composition breakdowns for the production of magnetic
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and indirect cost contributions for co-precipitation and hydrothermal processes (A). Direct operating
costs breakdown showing cost types (B). Material costs compositions from co-precipitation (C) and
hydrothermal (D) processes.



3 Supplementary Tables

Supplementary Table 1. Iron oxide nanoparticle demand estimation for the selected market
Parameter Value Reference

Nano-Powder Factory
International consumption (2019) 3500 ton (2020)

Demand increase for the period 2020- Nano-Powder Factory
2022 12% (2020)
Registered nanotechnological products Nano-Powder Factory
- World 8963 (2020)
Share of nanotechnological products in Nano-Powder Factory
Latin America 2.4% (2020)
Share of products in the biomedical Nano-Powder Factory
and environmental sectors 4.6% (2020)

Estimated annual demand in Latin
America for the selected sectors 640 kg estimated

Supplementary Table 2. Method used for plant cost calculations.
Parameter Method of calculation

TPDC = PC + Cinstallation + Cpiping + Cinstrumentation +
Total plant direct cost (TPDC) Cinsulation + Celectrical + Chuildings + Cyard + Cauxiliary

Equipment purchase cost (PC) Simulated based on process sizing and cost indexes

= PC x 0.30 (for fermentation section and seed
train)

Instalation (Cinstallation) = PC x 0.50 (for nanoparticle extraction section)

Process piping (Cpiping) =PC x0.35
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Instrumentation (Cinstrumentation) =PC x 0.40
Insulation (Cinsuation) = PC x 0.03
Electrical facilities (Celectrical) =PC x0.10
Buildings (Chouildings) =PC x 0.45
Yard improvement (Cyard) =PC x 0.15
Auxiliary facilities (Cauxiliary) =PC x0.40

Total plant indirect cost (TPIC) PIC = Cengineering + Cconstruction

Engineering (Cengineering) = TPDC x 0.25

Construction (Cconstruction) =TPDC x 0.35

Total plant cost (TPC) TPC =TPDC + TPIC

Contractor’s fee =TPC x 0.05

Contingency =TPC x 0.10

Direct fixed capital (DFC) DFC = TPC + Contractor’s fee + Contingency
Working capital = DFC x 0.003

Start-up validation = DFC x 0.05

Capital Investment = DFC + Working capital + Start-up validation

Supplementary Table 3. Method used for operating cost calculations.

Cost item Type Method of calculation



Raw materials

Labor

Consumables

Laboratory / Quality control

Waste treatment and disposal

Utilities
Facility-related

Miscellaneous

Direct

Direct

Direct

Direct

Direct

Direct

Indirect

Indirect

Supplementary Table 4. Cost of raw material

Material

Lactic acid

Sodium lactate

NH;OH

NH4CI

Yeast extract

FeCls

MgSO4

Simulated based on prices listed on
Table S2

= Basic rate (Table S4) x 1.3

Simulated based on prices listed on
Table S5

= Labor x 0.15

Simulated based on prices listed on
Table S3

Simulated based on prices listed on
Table S3

Equipment-dependent

=0.08 x TPC

US$/kg Source

3.00

1.50

0.45

0.093

2.5

0.49

0.086

Adicel.com.br

Molbase.com

Echemi.com

Echemi.com

Molbase.com

Echemi.com

Echemi.com
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NaNO3 1.25 Echemi.com
Mineral elixir? 0.32 Echemi.com
NaHPO4 5.06 Molbase.com
KH2PO4 1.13 Echemi.com
NaCl 0.335  Echemi.com
KCI 0.269  Echemi.com
Urea 0.25 Echemi.com
Sucrose 0.26 Mfrural.com.br
NaOH 0.01 Molbase.com
H3PO4 0.03 Echemi.com
Process water 5.91°  de Andrade (2014)

& calculated from individual components as in Wolin, Wolin
and Wolfe (1963)

b price in US$/m3, based on the process of BioManguinhos,
Rio de Janeiro, Brazil

Supplementary Table 5. Cost of utilities

Material Price (US$) Source

Potable water 3.27/m3 de Andrade (2014)
Steam? 16.82/MT Ruediger (2014)
Electricity 86.11/MWh ANEEL (2020)



Effluent treatment® 0.63/m3

Dalri-Cecato et al.
(2019)

& for steam generated on natural gas

b for a membrane bioreactor treatment

Supplementary Table 6. Cost of labor, financing conditions and price indices

Labour

Average salary for pharma-

chemical sector R$ 52 746.57/year
Financing

Debt up to 80% of project
Loan period up to 10 years

Loan interest rate 8.42%

Price indices

CE Plant Cost Index 607.5 (for 2019)

Producer Price Index

(Brazil) 116.29 (for 2020)

IBGE (2019)

Finep (2020)
Finep (2020)

Calculated Finep rate for
innovative medium-sized
industrial projects

Chemical Engineering (2020)

IBGE (2020)

Dollar/Real exchange rate  5.20 (as of June, 2020) Banco Central do Brasil (2020)

Supplementary Table 7. Material factors and prices for magnetic separation columns

Material
factor or price

Iltem

Reference



Carbon steel

Aluminium and bronze

Aluminium plus neodymium

plates

Stainless steel beads (2

Neodymium plates

Supplementary Material

1.0 Towler & Sinnott (2013)

1.07 Towler & Sinnott (2013)

Calculated from Towler

1.27

& Sinnott (2013) and

neodymium magnet

prices

mm) US$ 24/kg  mercadolivre.com.br

US$ 0.44/cm3 mercadolivre.com.br

Supplementary Table 8. Purchase costs of equipment for single-stage fed batch

Section / Equipment
ID

Inoculum train

SFR-102
SFR-103

SFR-104

Fermentation

BR-101
V-10
V-102

ST-101

Description

Seed Fermentor (24.7 L)
Seed Fermentor (247 L)

Seed Fermentor (2470 L)

Bioreactor (29 m?)
Blending Tank (2.8 m3)
Blending Tank (20 m?)

Heat Sterilizer (Feed medium)

Purchase
cost (US$)

588 000
630 000

872 000

2 724 000
263 000
348 000

489 000

10



ST-102

G-101

AF-101

HG-101

Heat Sterilizer (Fermentation
medium)

Centrifugal Air Compressor
Air Filter

High-pressure homogenizer

Nanoparticle Extraction

MIC-102
MIC-101

DS-101

Whole process

Not tagged

MS Column (725 L)
MS Column (2250 L)

Disk-Stack Centrifuge

Pumping, inoculum media
sterilizers, etc.

TOTAL

574 000

87 000

9000

125 000

100 000

177 000

133 000

1780 000

8898 000

Supplementary Table 9. Purchase costs of equipment for a semicontinuous process

Section / Equipment ID Description

Inoculum train

SFR-102

SFR-103

Seed Fermentor (36.1 L)

Seed Fermentor (361 L)

Purchase
cost (US$)

588 000

665 000

11



SFR-104

Fermentation

BR-101

V-10

V-102

ST-101

ST-102

G-101

AF-101

HG-101

Seed Fermentor (3610 L)

Bioreactor (22.6 m3 x 2)
Blending Tank (3.9 m3 x 2)
Blending Tank (32 m?)

Heat Sterilizer (Feed medium)

Heat Sterilizer (Fermentation
medium) (x 2)

Centrifugal Air Compressor
Air Filter

High-pressure homogenizer (x 3)

Nanoparticle Extraction

MIC-102
MIC-101

DS-101

Whole process

Not tagged

MS Column (1334 L)
MS Column (4140 L)

Disk-Stack Centrifuge

Pumping, inoculum media
sterilizers, etc.

TOTAL

Supplementary Material

920 000

4924 000
552 000
390 000

673 000

1175000

87 000
9000

354 000

136 000
240 000

133 000

1990 000

12 888 000

12



Supplementary Table 10. Comparison between approximate energy demands for biogenic and

synthetic magnetic nanoparticles.

Nanoparticle - reparation

method

BMNs Single stage 1334.14 112.47
BMNs Semicontinuous 1795.48 151.36
Bare Co- N/A 42.00
magnetite  precipitation

el N/A 838.40
coated Hydrothermal

magnetite

Power consumption Energy costs
(kWh/kg Fe30Os4) (US$/kg FesO4) Fabrication Reference

%

costs
4.5 Present
work
6.3 Present
work

20 Augusto et
al., 2020

20
Augusto et
al., 2020

Supplementary Table 11. Comparison between minimum selling price of biogenic magnetite and

commercial prices of synthetic iron oxide nanoparticles

Nanoparticle Size Price
’ (hm)  (US$/g)
21-120
Magnetosomes 23 =

Ocean Nanotech (https://www.oceannanotech.com/products/)

Amine iron oxide nanopaticles 30 31960
Carboxyl iron oxide nanoparticles 30 15980
PEG iron oxide nanoparticles 30 31960

Available description

see text

ZP =+5t0 +15 mV
ZP =-35t0-15 mV

ZP=-10to 0 mV

13
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Cytodiagnostics (https://www.cytodiagnostics.com/)

Iron oxide magnetic nanoparticles 203 11000 Ms > 20 emul/g

Millipore-Sigma (https://www.sigmaaldrich.com/)

Iron (11,111) oxide nanopowder 50-100 1.30 97% purity
Iron oxide (11,111), nanoparticles 30 10 480 -

Iron oxide (11,111), nanoparticles, amine
functionalized 30 48 600 Ms > 45 emul/g

Iron oxide (11,111), nanoparticles, carboxilic
functionalized 30 255 000 Ms > 45 emul/g

Iron oxide (11,111), nanoparticles, PEG 30 34 800 Ms > 48 emul/g

SkySpring Nanomaterials Inc. (https://ssnano.com/)

Iron Oxide Nanopowder 20-30 0.34 98% purity
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Figure S1. Transmission electron microscopy of BMs after four reuse cycles in the absence of
H,0,. Arrows indicate BM membranes. * indicates a nebulous substance, presumably
degradation products, accumulated between BMs after four cycles.




Table S1. Adjusted P values in nonparametric, posthoc multiple-comparison tests (MCTs)
between membrane thicknesses of BMNs after each reuse cycle in the presence of H,0,.

Dunns's MCT

1st cycle 0,6586

2nd cycle >0,9999 0,1047

3rd cycle >0,9999 0,9735 >0,9999

4th cycle <0,0001 <0,0001 <0,0001 <0,0001

Raw 1st cycle 2nd cycle 3rd cycle

Dunnett's MCT (considering raw BMNs as control group)
1st cycle 2nd cycle 3rd cycle 4th cycle

Raw 0,445 0,4886 0,938 <0,0001
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Magnetotactic bacteria, which synthesize biological magnetite nanoparticles (BMs), are the main microbial
source of magnetic nanomaterials. Although the use of BMs has been explored in vitro and in vivo for new
anticancer formulations, targeted treatments of fungal and parasitic diseases would also benefit from
biogenic magnetic nanoformulations. Due to the necessity of new formulations of amphotericin B, we
developed a magnetic-nanoparticle based conjugate of this drug using bacterial magnetosomes.
Different amphotericin B preparations were obtained using BMs extracted from Magnetovibrio
blakemorei strain MV-1T as well as glutaraldehyde and poly-L-lysine as linking reagents. The highest
capture efficiencies and drug loadings were achieved using 0.1%, poly-L-lysine as the only linking agent
(52.7 £ 2.1%, and 25.3 + 1.9 pg per 100 pg, respectively) and 0.1%, poly-L-lysine and glutaraldehyde
12.5% (45.0 + 5.4%, and 21.6 + 4.9 pg per 100 ng, respectively). Transmission electron microscopy and
infrared spectroscopy analyses confirmed the association of amphotericin B to the BM surface.

Moreover, controlled drug release from these nanoparticles was achieved by applying an alternating
Received 20th May 2021 tic field. In this condition the rel f amphotericin B in PBS i d imately four-fold
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Introduction

Magnetic nanoparticles have extensive usage in nanomedicine,
mainly because of their employability in drug delivery,
biomolecule immobilization, and cell separation." In drug
immobilization, nanoparticles lead to the increased biocom-
patibility of these compounds as they reduce toxic effects by
preventing systemic distribution.” Besides, they drive thera-
peutic molecules to the site of interest (i.e., site of infection or
tumors) leading to a higher local concentration than when
using non-immobilized drugs.” Several magnetic nanoparticle
systems have been developed in the last decades.” Most of them
comprise synthesis of nanoparticles by precipitation of iron
minerals such as magnetite."* Surface modifications of these
nanoparticles are usually performed to make them able to bind
to functional moieties.* However, processes of chemical
synthesis may not yield particles with uniform sizes, and shapes
and their magnetic properties are difficult to predict.*

“Instituto de Microbiologia Paulo de Gdes, Universidade Federal do Rio de Janeiro,
Avenida Carlos Chagas Filho, 373, CCS, UFRJ, Rio de Janeiro, R] 21941-902, Brazil.
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release profile, thus, enabling its potential in the treatment of fungal and parasitic diseases.

Bacterial magnetite nanoparticles (BMs), known as magne-
tosomes, overcome these limitations.> These nanoparticles,
which are synthesized in a finely-controlled biomineralization
process by magnetotactic bacteria,® comprise a core mineral
crystal of magnetite or greigite enveloped by a lipid bilayer
membrane.” Biomineralization process yields single domain
magnetic nanoparticles within a narrow size range (30-100 nm)
and uniform shape.®? Further surface modification steps are
straightforward because of the natural membrane bilayer of
these nanoparticles. Proteins responsible for the magnetosome
synthesis are embedded in this outer lipid bilayer,® being useful
for functionalization processes.*'® They can work as anchors for
expression genetically-engineered fusion proteins such as
enzymes or antibodies.’™'*> Alternatively, their amino groups
(-NH,) may serve as sites for crosslinking with other molecules,
such as drugs."**

All those characteristics are advantageous for biomedical
applications.>® Additionally, bacterial synthesis of magnetite
nanoparticles is considered environmentally friendly.*>® Several
applications for BMs have been described. In small-molecule
immobilization, gangliosides and the antitumor drugs doxo-
rubicin and cytarabine have been surface-bound to BMs and, in
all cases, their activities were shown to be enhanced in the
magnetic conjugate.'*'>'® However, all of these tests were per-
formed with highly hydrophilic molecules and both drugs
tested were anticancer.'*'>'®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Unlike the examples above, amphotericin B (AmB) is a poorly
water-soluble, antifungal and leishmanicidal drug belonging to
polyene class.'” Because of poor dispersibility in aqueous media
and serious toxic side-effects, nanoparticle formulations for this
drug could come as beneficial for its therapeutic use.'*?>°
Different formulations have been developed for AmB such as
Fungizone® and AmBisome®, which are less toxic and disperse
well in bodily fluids.*® Zaioncz et al.** reviewed several works on
AmB formulations using nanoparticles as carriers, including
polymeric-based, protein-based, and solid lipid-based nano-
particles, some of the which with more efficacy, bioavailability,
and less toxicity than other formulations on market. More
recently, a formulation of AmB-loaded polycaprolactone (PCL)
was designed for topical treatment with significant lower ICs,
compared with free AmB and AmBisome®.?* To benefit from the
stimuli-responsiveness of magnetic materials, Niemirowicz and
colleagues developed a magnetic nanoformulation that was
efficient at inhibiting biofilm formation of Candida sp. and
increase the antifungal activity of polyene antibiotics, even in
resistant Candida strains.”® Nevertheless, the nanoparticle
tested was chemically synthesised. The use of BMs for immo-
bilizing AmB could bring additional advantages to magnetic
formulations, such as low side-effects, and, additionally, the
surrounding biological membrane could facilitate functionali-
zation because of the availability of functional groups on their
surface for chemical modification. In addition, AmB biocom-
patibility and dispersibility would be enhanced.

In the present work, we describe a rapid and simple prepa-
ration of BMs-AmB conjugates. The drug was attached to the
surface of elongated prismatic BMs from the magnetotactic
vibrio Magnetovibrio blakemorei strain MV-1" through cross-
linking with glutaraldehyde (GA), coating with poly-i-lysine
(PLL) and a combination of both in different concentrations.
Finally, we investigate AmB release under standard condition
and under application of an alternating magnetic field (AMF).

Experimental
Materials

All reagents used in experiments were purchased from Sigma-
Aldrich (St. Louis, MO, USA) with the exception of AmB, that
was purchased from Inlab (Sdo Paulo, Brazil). PLL was of
a molecular weight range of 70 000-150 000 in a solution at
0.01%.

Bacterial culture

Cells of Mv. blakemorei strain MV-1" were anaerobically cultured
in an optimized medium® in vials for 48 hours at 28 °C before
being used in fermentation experiments.

Bioreactor culture

Volumes corresponding to a final cell concentration of 10° cells
per mL were inoculated into a 5 L benchtop bioreactor (2 L
working volume) (Minifors, Infors HT-Basel, Switzerland) con-
taining fresh optimized medium. The culture parameters were
set as it follows: pH 7.0 (adjusted with 1.0 N NaOH or HCI), stir

© 2021 The Author(s). Published by the Royal Society of Chemistry
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rate of 100 rpm, temperature 28 °C and undetectable oxygen.
The anaerobic condition was achieved by purging sterile
nitrogen and in fresh medium until the oxygen sensor reading
reached zero. The medium was then purged with N,O for 15
minutes.

Isolation of BMs

At the end of the growth period in bioreactor, cells were
collected by centrifugation at 6100 x g at 4 °C for 15 min. The
cell pellets were washed and resuspended in 15 mL of HEPES
buffer (10 mM). Afterwards, the cells were lysed in ultrasonic
cell crusher (VCX 500, Sonics, Newtown, CT, USA) at 40%
amplitude, 20 kHz frequency, in 60 cycles of 30 s between
intervals of 30 s. The BMs were magnetically concentrated by
a neodymium-boron magnet attached to the outside of the tube
for 12 h at 4 °C. The crystals were transferred into 1.5 mL
polypropylene tubes and resuspended in HEPES buffer (10 mM)
with NaCl (200 mM). The crystals were then washed in an
ultrasonic bath (Branson 2200, Emerson, Rochester, NY, USA)
for 4 cycles of 30 min, with magnetic concentration and
exchange of the buffer at each cycle. The washing efficiency and
conservation of the BM membrane were verified by trans-
mission electron microscopy.

Transmission electronic microscopy

Suspensions of pure and functionalized BMs were added on
Formvar-coated copper grids and vacuum-dried. Samples were
observed in a transmission electron microscope (FEI Morgagni,
Hillsboro, OR, USA) operating at 80 kV in magnifications of
16 000 and 42 000 times.

Size measurements of BMs

Measurements of length and width of the BMs used in this
study as well as evaluation of the membrane thickness
surrounding the BMs before and after functionalization were
performed using the iTEM (Olympus, Tokyo, Japan) program.
The length and width of the crystals were obtained from the
measurements of maximum diameter and minimum diameter,
respectively. Graphs and statistical analyzes of the data were
carried out with the aid of the Prism 5.0 program (GraphPad
Software, San Diego, CA, USA).

Preparation of functionalized nanoparticles

The functionalization of the isolated BMs with AmB were per-
formed by an adapted method.> Briefly, 100 ng of BMs were
added to 100 pL of 0.1 M phosphate buffer (pH 7.4). GA was
added for crosslinking at different final concentrations (0.2, 3.5
and 12.5% v/v). AmB dispersed in DMSO was then added to
a final concentration of 125 ug mL~". The system was subjected
to 5 cycles of 10 minutes sonication at 60 W in a sonicator bath,
at 10 min intervals under ice bath cooling. The same procedure
was performed with BMs pre-treated with PLL at different
concentrations (0.1, 0.01 and 0.0019%,). At the end, the func-
tionalized BMs were magnetically concentrated and the super-
natant was removed and used to estimate the capture efficiency

RSC Adv, 2021, 11, 28000-28007 | 28001
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of AmB by absorbance at 410 nm. The loading of drug was also
calculated from the amount of drug captured and the mass of
magnetite added to the functionalization reaction. Aliquots of
them were also submitted to transmission electron microscopy
observation, as previously described. The experiments were
performed in triplicate and the capture efficiency displayed by
each system was compared statistically by the ANOVA test using
the Prism 5.0 program. The functionalized nanoparticles were
vacuum dried and stored frozen at —20 °C until used for
experiments.

Fourier transform infrared spectroscopy

Lyophilized samples of approximately 1 mg were placed in
direct contact with the infrared attenuated total reflection (ATR)
diamond crystal of an IRPrestige-21 Spectrometer (Shimadzu,
Kyoto, Japan). All preparations were analysed in the wave-
number range of 3000 to 500 cm ' by co-adding 80 scans with

a resolution of 1 cm ™.

Ultraviolet-visible spectrometry

The preparations showing the highest drug loadings were
analysed according to the Identity Test described in The Inter-
national Pharmacopoeia.”® The protocol has been slightly
adapted to allow the analysis of magnetic nanoparticles. Briefly,
lyophilized samples of 100 ng were treated with methanol for
the extraction of membrane-bound material. The extracts were,
then, analysed in a UV-1800 (Shimadzu, Kyoto, Japan) spectro-
photometer operating in scanning mode in the wavelength
range of 300-450 nm. A negative control was performed using
raw BMs. A positive control with free AmB was performed
according to the Pharmacopoeia without adaptations.

Zeta potential

The zeta potential of resuspended nanoparticles in ultrapure
water (30 ug mL™") was measured on a Zeta Analyzer (ZetaPlus,
Brookhaven Instruments Corp., Holtsville, USA). Ten measure-
ments were performed on each sample and the individual
values were used to calculate the mean and standard deviation.

Magnetic hyperthermia

The heating capacity of the BMs in response to the application
of AMF was investigated. The analysis was performed on
a magnetic induction heating system (DM2-s53, Nanoscale
Biomagnetics, Zaragoza, Spain) equipped with an optic fiber
temperature probe and vacuum thermal insulation. Suspen-
sions of BMs in PBS (pH 7.4) were transferred to a glass vial (1
mL) at concentrations of 1.2 and 4.8 mg mL™'. The system
temperature was stabilized at 22 °C for 8 min and the AMF was
applied at a frequency of 307 kHz and magnetic field strength of
200 Oe.

Drug release profile

Three types of conjugates were tested for the released profile of
AmB. Basically, BM-PLL-AmB and BM-PLL-GA-AmB
complexes were dispersed in PBS and incubated at 37 °C under
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agitation at 60 rpm.*® At 5, 10, 20 and 60 minutes, magnetic
nanoparticles were magnetically concentrated and a superna-
tant sample was collected for the determination of AmB in
a spectrophotometer (UV 330G, Gehaka, Sdo Paulo, Brazil) at
410 nm. Thereafter, the BMs were redistributed and the PBS
volume was restored. To assess the release of AmB from the
nanoparticles in response to AMF, the same procedure was
performed for supernatant collection and released drug
quantification.

Magnetic measurements

The magnetization properties of BMs was investigated at room
temperature using a SQUID vibration sample magnetometer
(MPMS3, Quantum Design, San Diego, CA, USA). An amount of
13.9 mg of lyophilized BMs were placed inside a gelatin capsule
prior to insertion into SQUID sample holder. Measurements
were performed at 300 K.

Results & discussion
BM production

BMs were obtained from a culture of Mv. blakemorei strain MV-
1T grown in a 5 L bioreactor using medium and operational
optimized conditions.>* Cells were then lysed by sonication and
extracted BMs were washed four times using HEPES buffer
(10 mM; pH 6.8) before their utilization in the experiments. Size
of isolated BMs (n = 540) averaged 64.3 £ 0.5 nm in length and
41.6 £ 0.3 nm in width (Fig. S1t) as measured from trans-
mission electron microscopy (TEM) images.

Preparation of functionalized nanoparticles

Although the abundance of phosphatidyl components of BM
membrane™ gives these nanostructures an overall negative
charge, other functional groups are present.> The functional
groups available on the BM surface are those from side chains
of amino acid residues making up membrane proteins.> The
most important for chemical modifications are amino groups,
as these groups have been extensively reported in literature®****
as anchors for covalent binding of functional molecules. The
immobilization of drug molecules onto BMs is usually achieved
with iminium-forming crosslinkers, like GA.** From that
knowledge, different concentrations of GA, ranging from 0.2%
to 12.5%, were used for the treatment of BM with AmB (BM-GA-
AmB) in this work. In addition, polyaminoacids are also
promising agents for adsorption of drugs onto these nano-
particles based on charge interactions.>'® Thus, BMs were
coated with PLL (concentrations ranging from 0.001 to 0.1%,)
before treatment with AmB. PLL-coated BMs were also treated
with AmB in the presence and absence of GA (BM-PLL-GA-AmB
and BM-PLL-AmB, respectively) in the concentration that yiel-
ded the best drug capture efficiency (0.1%, PLL). When applied
as the only linking agent, maximum tested concentrations of
either GA and PLL returned the most substantial encapsulation
efficiency (35.2 £+ 3.5% for BM-GA-AmB and 52.7 + 2.1% for
BM-PLL-AmB) and drug loading (15.5 £ 3.1 pg per 100 pg for
BM-GA-AmB and 25.3 + 1.9 ug per 100 pg for BM-PLL-AmB)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Encapsulation efficiencies (%) and drug loadings (ug per 100 pg)
(A) for different concentrations of GA and PLL in functionalization of
BMs. Average zeta potential (B) (n = 10) for each preparation. In both
analysis PLL and GA were used in the maximum tested concentrations
(0.1%, and 12.5%, respectively). ANOVA tests showed statistically
significant difference in efficiencies (p < 0.0001, ***%*).

(Fig. 1A). Overall, all BMs treated with tested PLL concentrations
returned better drug entrapment than those using GA. This is
probably due to the fact GA links only to amino groups located
in proteins of BM membrane whereas PLL covers BM surface as
a whole because of net negative charge provided by phospho-
lipids. No statistically significant difference in encapsulation
efficiency and drug loading was found between BM-PLL-AmB
(0.1%, PLL; 45.0 £+ 5.4% and 21.6 + 4.9 pg per 100 pg, respec-
tively) and when both reagents (BM-PLL-GA-AmB) were used
(0.1%, PLL + 12.5% GA; 52.7 & 2.1% and 25.3 & 1.9 ug per 100
ug, respectively).

Spectroscopy analyses and chemical structure

The attachment and adsorption of AmB onto BMs were then
confirmed using ATR-FTIR spectroscopy analyses (Fig. S21) and
a schematic representation of each preparation is displayed on
Fig. 2. Fe-O stretching vibration peaks from magnetite were
found in all nanoparticle preparations, ranging from 534 to
564 cm ‘. Additionally, the multiplicity of functional groups,
including primary amines, has been confirmed in our spectro-
scopic analysis of raw BMs by the characteristic fingerprint
region (1400 to 500 cm™"). The peaks 1643 and 1654 cm ™' in
BM-GA-AmB and BM-PLL-GA-AmB are assigned to (-CN)
vibrations, suggesting the covalent attachment of AmB,*>* as
illustrated in structures (Fig. 2B and C). The bands ranging from
2943 and 2827 cm ™! correspond to ~CH, and -CH; stretching
vibrations of the polyene structure of AmB.*”” In BM-PLL-AmB
and BM-PLL-GA-AmB the peak 1622 cm™ ' is assigned to
bending vibration of N-H of amide groups from polyaminoacid
backbone of PLL?® (Fig. 2D and E). Peaks 1528 cm ™' in BM-PLL-
AmB and BM-PLL-GA-AmB and 1562 cm ' in BM-GA-AmB
and AmB correspond to superposed -NH, bending and -COO™
stretching vibrations from AmB*’ (Fig. 2D and E). Peaks 1383-
1401 cm ' in functionalized nanoparticles and AmB corre-
spond to -COO™ stretching and -C=0 bending vibrations from
AmB.? Finally, peaks 1072-1037 cm™ ' and 1000-1014 cm "
from the same spectra are assigned to pyranose C-O-C
stretching and -CH trans bending from polyene structure®

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

i /
Ny m o oty i

Fig. 2 Representation of free magnetosome (A) and structures of free
amphotericin B, with the mycosamine ring at the bottom right, (B) and
their conjugates: BM—GA-AmB (C), BM—PLL-GA-AmMB (D) and BM—
PLL-AmB (E).

(Fig. 2B-E). These findings support the effective binding of AmB
in these preparations and indicate the possible mechanisms in
which GA, PLL and AmB interacts with BMs during the prepa-
ration of nanoconjugates. When used as the sole linking agent
(BM-GA-AmB), GA activates BM surfaces for the covalent
binding to molecules containing primary or secondary amino
groups through iminium formation.'®* When AmB is added to
a GA-activated BM suspension, the amino group presents within
the mycosamine ring (Fig. 2B) reacts with GA-derived aldehyde
group to form a second covalent iminium bond (Fig. 2C). In
preparations containing PLL (BM-PLL-AmB and BM-PLL-GA-
AmB), the polyaminoacid side chain, which is comprised of
a four-carbon chain with a terminal primary amine, is positively
charged at neutral pH. Thus, positively charged PLL side chains
electrostatically binds to negatively charged phospholipids on
the surface of BMs (Fig. 2D and E). The interaction of AmB with
PLL in BM-PLL-AmB probably occurs by a hydrogen bond
between amine side chain of PLL and carboxyl group present in
AmB (Fig. 2E). For BM-PLL-GA-AmB, the BMs are first coated
with PLL prior to activation by GA (refer to Preparation of
functionalized nanoparticles in Experimental section). In this
sense, one of aldehyde groups of GA forms an iminium bond
with the aliphatic amino group of the PLL coating (Fig. 2D).
Then, the GA-activated complex binds covalently to AmB
molecules in a manner analogous to that of BM—-GA-AmB.
The adsorption and the stability of AmB attached to the BM-
PLL-AmB and BM-PLL-GA-AmB - chosen due to the highest

RSC Adv, 2021, 11, 28000-28007 | 28003
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drug loadings - were investigated through UV-vis spectroscopy.
For both preparations, absorption peaks were observed, in
crescent intensity order, at 364, 382 and 406 nm (Fig. S31). The
relative intensities between peaks were maintained for the
tested nanoformulations, as enforced by the International
Pharmacopoeia.* This finding corroborates that our synthe-
sized nanoformulations are in accordance to regulatory
requirements and meet quality standards for pharmaceutical
use.

Membrane thickening measurements

Measurements of membrane thickness of different BMs prepa-
rations from TEM images revealed the surface interactions
observed after functionalization experiments. All preparations
had progressively larger membrane thickness measurements than
non-functionalized BMs (Fig. 3 and S4t), with the largest
membrane thickness observed for BM-PLL-GA-AmB, when most
reagents were attached to the surface of BMs. These results
suggest the BM membrane became thicker as more functional
moieties were added to its surface. The increase in BM membrane
thickness as result of insertion of organic molecules has also been
observed in other works."** It is suggested that such phenom-
enon could prevent aggregation of BMs caused by interaction
between nuclei of single magnetic domain.** TEM images also
suggested some level of aggregation of nanoparticles, especially in
those prepared with GA. This is probably due to unspecific BM-
BM crosslinking, which could also explain a lower encapsulation
efficiency when using this GA as crosslinking agent.

Zeta potential

The zeta potential was measured to evaluate the dispersive
properties of the functionalized nanoparticles. For non-
functionalized BMs, a zeta potential of —33.6 £ 2.3 mV was
found and agrees with values found for cuboctahedral BM from
Magnetospirillum strains'*** (Fig. 1B). As in other Magneto-
spirillum, BMs in Mv. blakemorei strain MV-1" are formed from
vesicles internalized from the inner cell membrane,** which is
composed of negatively charged phospholipids and causes
a negative zeta potential. Values between —33 and —28 mV were
observed for preparations tested, except BM-PLL-AmB, whose
potential was —15.1 + 3.8 mV (Fig. 1B). Despite the increase of
zeta potential value towards zero, all dispersions of tested
preparations may be considered at least relatively stable.*® The
change in zeta potential of particles derived from different
functionalization methods showed the response of membrane
charge to the interaction with the foreign molecules, as
corroborated by the encapsulation, membrane thickening and
spectroscopic results. This trend has been recently discussed by
another work,” in which immobilization of anthracycline
molecules also leads to significant changes in BM surface
charges, as evaluated by zeta potential.

Magnetic characterization

To our knowledge, this is the first time BMs of prismatic shape
have its functionalization potential explored. Because of that,
magnetic properties for this type of nanoparticle were not
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Fig. 3 TEM images of free BMs (A) and its conjugates: BM—GA-AmB
(B), BM—-PLL-GA-AmB (C) and BM-PLL-AmB (D). Note the
membrane thickness increase for different preparations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Heating profile of BM samples (1.2 mg mL™* and 4.8 mg mL™?)
subjected to an AMF of 200 Oe and frequency of 307 kHz.

available and had to be evaluated. Magnetization measure-
ments were performed on non-functionalized BMs and pre-
sented a behaviour of single magnetic domain particle, as
expected (Fig. 4). The values for saturation magnetization and
coercivity were 52 emu g * and 115 Oe. These characteristics
and measured values were compatible with the values reported
for the cuboctahedral BM of Magnetospirillum magneticum
strain AMB-1 (ref. 34) and bioinspired greigite nanoparticles.*
These findings reflect similar applicability potential for the
elongated prismatic BMs from Mv. blakemorei strain MV-1T and
those nanoparticles already studied.

Heating capacities of suspensions containing 1.2 and 4.8 mg
mL ™" of magnetite in water were examined under an AMF (field
amplitude = 200 Gs; frequency = 307 kHz). The increase in
temperature in response to the application of an AMF was the
highest (6.3 °C) in the suspension containing the largest
amount of magnetite (Fig. 5). When the concentration of
magnetite was 1.2 mg mL™ ", the temperature increase was also

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cumulative release profile of AmB from different preparations
under standard (37 °C) and AMF. PLL and GA were used in the
maximum tested concentrations (0.19, and 12.5%, respectively).

lower (1.4 °C). The specific absorption rate (SAR) is defined as
the rate in which magnetic energy is converted into thermal
energy by unit of mass.*® This property is dependent on mass,
shape, size of nanoparticle and on the frequency and the
intensity of the applied magnetic field.** The SAR values
calculated from our experiments are 2.9 and 7.0 W gge 0, ' for
suspensions of BMs with 1.2 and 4.8 mg mL ™', respectively.
Both the temperature variation and SAR value achieved here are
lower than previously reported values for hyperthermia using
BMs.***” However, a similar temperature increase was obtained
using similar parameters for AMF-induced heating of BMs from
Magnetospirillum gryphiswaldense strain MSR-1.%®

AmB-releasing profile

The amount of AmB released into the medium relative to the
amount of drug associated within the nanoparticle was
measured in the standard drug release condition (37 °C)** and
under the application of an AMF. For these experiments, only
the preparations with the highest loading of AmB were used
(Fig. 6). The release in the standard condition within 1 h was
11.1 £+ 0.4% for BM-PLL-GA-AmB and 15.0 £+ 1.2% for BM-
PLL-AmB. When the suspension was subjected to the AMF, the
drug release in the same time interval increased by approxi-
mately four times, reaching 41.3 + 0.5% for BM-PLL-GA-AmB
and 53.8 &+ 6.2% for BM-PLL-AmB. This increase in the release
is attributed to Brown relaxation, which responds for rotation of
nanoparticles under AMF, rather than hyperthermia.**** This
was also observed in a study in which an increase of about four
times of doxorubicin release from cyclodextrin-decorated
magnetite nanoparticles was observed without the rise in
temperature.*” In another study, a sharp release of rhodamine B
from rhodamine B-fluorescent BMs in response to an AMF
occurred in a temperature variation smaller than 2.5 °C.*°

Conclusions

Here we first demonstrated the functionalization of magneto-
somes from Mv. blakemorei strain MV-1" and the decoration of
magnetosomes with an antifungal/antiparasitic drug.] In our

1 The results obtained in this study have been registered under the patent number
BR1020210056835 held in Brazil.
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experiments, it is evidenced that PLL increase binding of AmB
onto magnetosomes in the presence and absence of GA. We also
demonstrated the controlled drug release from these conju-
gates with the application of an AMF, which can be useful in
localized chemotherapy. These results expand the potential
applicability of these magnetic nanoparticles in the treatment
of neglected diseases.
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continua e em larga escala de magnetossomos através do
cultivo de bactérias magnetotaticas Magnetovibrio blakemorei
cepa MV-1T em biorreator. Este processo em larga escala
possui maior produtividade de magnetossomos, com baixo custo
e caracteristicas fisico-quimicas controladas, tornando

viavel a sua aplicagéo. A otimizagao do cultivo de Mv.
blakemorei cepa MV-1T em biorreator é vantajosa pois seus
magnetossomos prismaticos apresentam uma superficie
disponivel maior que a dos magnetossomos cuboctaédricos do
género Magnetospirillum. Adicionalmente, a presente invengao
promove uma produgao estavel de magnetossomos por periodos
mais extensos de cultivo, sendo uma das vantagens da invengao
frente ao estado da técnica atual. As aplicagdes dos
magnetossomos incluem o carreamento e liberagéo de farmacos,
hipertermia induzida magneticamente, separagao de células e
biomoléculas e imobilizagdo de enzimas
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PROCESSO PARA PRODUGCAO CONTINUA DE MAGNETOSSOMOS ATRAVES DO
CULTIVO DE BACTERIAS MAGNETOTATICAS EM BIORREATOR

CAMPO DE APLICAGAO

[0001] A presente invencdo se aplica no campo medicinal
e/ou laboratorial e descreve a produgdo continua e em larga
escala de magnetossomos através do cultivo da bactéria
magnetotdtica Magnetovibrio blakemorei cepa MV-1T em
biorreator. As aplicacdes dos magnetossomos incluem o
carreamento e liberacdo de féarmacos, hipertermia induzida
magneticamente, separacdo de células e Dbiomoléculas, a
imobilizacdo de enzimas, O seu uso como agente de contraste
para imageamento por ressondncia magnética nuclear. Também
podem ser aplicadas a catédlise heterogénea para degradacao
de poluentes orgénicos, a adsorcdo e precipitacdo de metais
pesados e 6leo bruto e ao melhoramento de difusdo de gases
em bioprocessos aerdbicos e anaerdbicos.

FUNDAMENTOS DA INVENCAO

[0002] A nanotecnologia e a biotecnologia se
desenvolveram expressivamente nas tltimas décadas, a
interface entre essas duas &reas de conhecimento tem
aumentado, gerando conhecimentos basicos e aplicados sobre a
sintese Dbioldgica de nanomateriais e a wutilizacdo de
ferramentas nanotecnoldégicas para fins Dbiomédicos. As
nanoparticulas magnéticas, ou magnetossomos, evidenciam
grandemente esta interface.

[0003] A principal fonte de magnetossomos sdo @ as
bactérias magnetotdticas e eles se encontram organizados em
uma ou mais cadeias no citoplasma bacteriano. Eles séao
compostos por um cristal magnético constituido por mineral

ferro envolto em membrana fosfolipidica.
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[0004] A morfologia dos cristais dos magnetossomos tende
a ser Unica para uma espécie particular, sendo que as trés
principais morfologias de cristais de magnetita encontradas
sdo a cuboctaédrica, a prismatica alongada e a anisotrdépica
em forma de “ponta de lanca”.

[0005] Porém, a obtencdo de grandes quantidades dessas
nanoparticulas é um desafio devido ao crescimento fastidioso
das Dbactérias magnetotaticas e do baixo rendimento de
magnetossomos durante o cultivo, dificultando a sua
aplicacdo em biotecnologia. Uma vez atingida a producdo em
larga escala com alta produtividade, Dbaixo custo e
caracteristicas fisico-quimicas controladas, torna-se viavel
a aplicacdo de magnetossomos em ciéncias farmacéuticas e
biomédicas.

[0006] Portanto, com o intuito de solucionar os problemas
enfrentados, a presente invencdo se refere a um processo de
producdo continua e em larga escala de magnetossomos através
do cultivo da bactéria magnetotatica Magnetovibrio
blakemorei cepa MV-1T em biorreator. Este processo em larga
escala possul maior produtividade de magnetossomos, com
baixo custo e caracteristicas fisico-guimicas controladas,
tornando viadvel a aplicacdo dos mesmos. A otimizacdo do
cultivo de Mv. blakemorei cepa MV-1T em biorreator é
vantajosa pois seus magnetossomos prismdticos apresentam uma
superficie disponivel maior que a dos magnetossomos
cuboctaédricos do género Magnetospirillum, além de
beneficiar a funcionalizacéao e a aplicacéo destes
magnetossomos.

[0007] Outra vantagem trazida pelo cultivo de Mv.

blakemorei cepa MV-1T em biorreator é por permitir o controle
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mais simples na gasificacéao do meio. No género
Magnetospirillum ocorre a condicdo na qual o crescimento
celular é maior na presenca de oxigénio, enquanto que a
producdo de magnetossomos é& maior em anaerobiose. Portanto,
neste género, had a necessidade de um controle fino de aeracéo
e agitacdo para manter um nivel de oxigénio condizente com
uma condicdo microaerdbica (0,5 a 2%) ou um sistema de
retroalimentacdo no qual ocorra a alternacdo entre condicgdes
anaerdbicas e aerdbdbicas a fim de se balancear o crescimento
com a formacdo de magnetossomos.

[0008] Adicionalmente, a presente invencdo promove uma
producdo estavel de magnetossomos por periodos mais extensos
de cultivo, sendo uma das vantagens da invencdo frente ao
estado da técnica atual.

ESTADO DA TECNICA

[0009] O artigo “Optimization of magnetosome production
and growth by the magnetotactic vibrio magnetovibrio
blakemorei strain MV-1 through a statistics based
experimental design”, de Silva et. al (2013), descreve um
estudo com a finalidade de encontrar meios de otimizar a
producdo de magnetossomos a partir da bactéria Magnetovibrio
blakemorei cepa MV-1T através de um processo de producdo do
tipo batelada alimentada. A bactéria é cultivada em meio
contendo N0, depois sdo dispostas em biorreator, onde
oxigénio é retirado por purga para obter um meio anaerdbio.
Adiciona-se ao reator cisteina e solucdo de sulfato de ferro.
H& a adicd&o de FeSOs4, como substrato, a medida que o ferro é
consumido no meio e tal fonte de FeSOs ¢é controlada

manualmente.
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[00010] Na presente invencdo o ferro é adicionado em
conjunto com o meio de cultivo e tal diferenca acarreta na
homogeneidade da disponibilidade do nutriente ferro ao longo
do cultivo. Isso garante que, durante a continuidade do
cultivo, a concentracdo deste nutriente ndo sofra alteracdes
bruscas, como no caso descrito no artigo. Além disso, este
artigo ndo contempla a adicdo do aceptor final de elétrons
(N20), assim como ndo ha disponibilidade imediata do produto
bacteriano. Ademais, o aumento de producdo de magnetita pela
presente invencdo é de 4,2% em relacdo ao trabalho de Silva
e colaboradores (2003) e a manutencdo da produtividade em
22,7 mg.L1.dl em 120 h representa um aumento de 3 vezes em
relacdo a produtividade reportada nesse trabalho. Além
disso, o tempo morto de processo, que é relacionado ao
esvaziamento, lavagem, esterilizacdo e inoculacdo do
biorreator, é estimado em 18 h para o processo em batelada.
Através do cultivo continuo, o volume de cultura equivalente
a 2 ou mais bateladas pode ser obtido sem a necessidade desse
intervalo ocioso.

[00011] O documento US20020012698, que aqui é incorporado
por referéncia, compreende um  pProcesso para obter
magnetossomos a partir da bactéria Magnetospirillum
gryphiswaldense utilizando um meio de cultura simples com
concentracdo de oxigénio abaixo de 2%, com adicdo de acetato
de sbédio e FeSOs. As células magnéticas s&o coletadas por
centrifugacdo e sdo rompidas para se obter os magnetossomos
apds serem separados dos fragmentos de células.

[00012] Apesar de o referido documento apresentar o mesmo
objetivo da presente invencdo, eles se distanciam, pois se

trata de um processo em batelada em fermentador, com processo

Petigdo 870200097179, de 03/08/2020, pag. 13/39



5/18

produtivo e meio de cultura empregados que sdo distintos dos
revelados pela presente invencdo. Além disso, a otimizacéao
do cultivo de Mv. blakemorei cepa MV-1T em biorreator ¢é
vantajosa pois seus magnetossomos prismaticos apresentam uma
superficie disponivel maior que a dos magnetossomos
cuboctaédricos do género Magnetospirillum.

[00013] J& o artigo entitulado “Large-scale production of
magnetosomes by chemostat culture of Magnetospirillum
gryphiswaldense at high cell density”, de Liu et. al. (2010),
descreve um processo para produzir magnetossomos a partir de
Magnetospirillum gryphiswaldense em larga escala. E revelada
uma cultura quimiostatica que se baseia no refinamento da
alimentacdo, levando a um réapido crescimento celular e a uma
formacdo de magnetossomos maximizada. Nessa técnica, ¢é
adicionado mais substrato a medida que o pH se altera, sendo
um processo do tipo batelada alimentada, por se tratar de um
sistema fechado e que permite apenas a adicdo de substrato
conforme necesséario.

[00014] No entanto, o referido documento se distancia da
presente invencdo, poils na presente invengdo a producdo de
magnetossomos ocorre de maneira continua. Adicionalmente, a
escolha do momento de inicio de entrada de meio de cultura
fresco na presente invencdo diferencia-se da apresentada por
este documento, por ser baseada no tempo em que ocorre a
maior concentracdo de magnetossomos no meio. Deste modo, a
presente 1invencdo baseia-se na manutencdo de um estado
fisioldégico das células, o de maior numero de magnetossomos,
por um periodo prolongado. Em Liu et. al. (2010), o meio de
alimentacédo é cerca de 100 vezes mais concentrado em termos

de fonte de carbono e lactato do que o meio de alimentacéo
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empregado pela presente invencéo, o que implica na
alimentacdo de pequenos volumes deste meio. Desta forma, o
isolamento dos magnetossomos sb se torna pratico apds o
término da batelada. Deste modo, a presente invencéo
diferencia-se deste documento, visto que ndo hd a necessidade
de agquardo pelo fim do cultivo, uma vez gue ocorre a saida

do meio contendo magnetossomos durante o processo, Jque é

continuo.
[00015] O artigo intitulado “Continuous cultivation and
recovery of magnetotactic bacteria”, de Bahajet al. (1997),

descreve um processo de producdo continua de magnetossomos
a partir de bactérias do género Magnetospirillum.

[00016] Porém o referido documento se distancia da
presente invencdo, pois o processo é fechado, sendo permitida
apenas a adicdo de nutrientes e injecdo de gas nitrogénio.
Outro ponto de diferenca é a forma de manejar o meio, onde,
na invencédo, o meio fresco é introduzido e o meio gasto é
retirado do biorreator, com as bactérias crescidas e, no
documento, o meio é recirculado dentro do sistema, retornando
ao reservatdério onde ocorre o cultivo. Por conta do exposto,
entendemos que essa diferenca acarreta na diminuicdo da
presenca de metabdlitos tdéxicos, sendo uma das vantagens da
invencdo proposta. Adicionalmente, a presente invencdo se
distancia deste documento, pois prevé a otimizacdo do cultivo
de magnetossomos de Mv. blakemorei cepa MV-1T em biorreator,
gue possuem magnetossomos prismadticos com uma superficie
disponivel maior que a dos magnetossomos cuboctaédricos do
género Magnetospirillum.

SUMARIO DA INVENCAO
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[00017] A presente invencdo descreve um processo para
producdo continua e em larga escala de magnetossomos através
do cultivo de Dbactérias magnetotaticas Magnetovibrio
blakemorei cepa MV-1T em biorreator. Este processo em larga
escala possui maior produtivade de magnetossomos, com baixo
custo e caracteristicas fisico-quimicas controladas,
tornando vidvel a sua aplicacdo. Adicionalmente, a presente
invencdo promove uma producdo estivel de magnetossomos por
periodos mais extensos de cultivo, sendo uma das vantagens
da invencdo frente ao estado da técnica atual.

BREVE DESCRICAO DAS FIGURAS

[00018] A Figura 1 demonstra vista externa do wvaso do
biorreator contendo tubo amostrador.

[00019] A Figura 2 descreve as indicac¢des da conexdo entre
o tubo coletor e a tubulacdo de saida e do recipiente
coletor.

[00020] A Figura 3 demonstra as indicacdes dos sensores de
oxigénio e pH, da véalvula controladora de fluxo de massa e
da tubulacdo de N20.

[00021] A Figura 4 descreve a vista interna da tampa da
garrafa do meio de alimentacdo mostrando a saida de meio e
a saida de ar.

[00022] A Figura 5 mostra as bombas peristédlticas de
alimentacdo e de efluxo.

[00023] A Figura 6 descreve a garrafa contendo meio de
alimentacdo, evidenciando a tubulacdo de saida de meio e o
filtro de saida de ar.

[00024] A Figura 7 mostra Imagens em microscopia eletrdnica
de transmissédo e percentual de PLL-FITC ligada a superficie

de magnetossomos das cepas MV-1T e AMB-1.
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DESCRICAO DETALHADA DA INVENCAO

[00025] A presente invencdo descreve um processo de
producdo continua e em larga escala de magnetossomos através
do cultivo de Dbactérias magnetotaticas Magnetovibrio
blakemorei cepa MV-1T em biorreator, de acordo com as
seguintes etapas:

(a)inocular o meio otimizado com as células da
bactéria Magnetovibrio blakemorei cepa MV-1T, wutilizando
inéculo com densidade éptica de 0,01 no biorreator;

(b)etapa em batelada simples do referido processo,
com duracdo na faixa entre 60 a 84 horas, na qual as células
de Magnetovibrio blakemorei cepa MV-1T sdo cultivadas até
atingirem a fase exponencial de crescimento;

(c)etapa continua através da entrada de meio
otimizado fresco no biorreator e da saida de meio (11)
otimizado contendo magnetossomos do mesmo, em vazdao
calculada a partir da taxa de <crescimento na fase
exponencial;

(d) recuperar os magnetossomos.

[00026] Antes do inicio da etapa (a) do referido processo,
precisa-se preparar o 1inéculo de células da Dbactéria
Magnetovibrio blakemorei cepa MV-1Te o meio de cultivo que
serd empregado no processo de cultivo. Estas células séao
criopreservadas em nitrogénio liquido na forma de aliquotas
de 2mL contendo meio de cultivo padrdo definido por

Bazylinski et al. (2013) e glicerol a 20%. Tais células

encontram-se depositadas na Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ) sob o registro
23250.
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[00027] Em seguida, prepara-se o 1indéculo, por meio do
cultivo destas células em meio otimizado e anaerdbio, cuja
composicdo é conforme descrita em Silva et al. (2013), em
frascos de 50 mL por 36 a 60 h a 28 °C. O volume de indculo
é calculado a partir de sua densidade éptica (DO) e do volume
de meio otimizado no biorreator, neste caso, entre 2 L a 10
L. Este volume deve ser aquele necessario para se obter uma
DO de 0,01 no biorreator apds a inoculacdo. A densidade de
células bacterianas ¢é determinada através da medida
densidade ¢ptica (DO) em uma aliquota do meio em
espectrofotdbmetro a um comprimento de onda de 600 nm.
[00028] O processo de producdo das referidas células em
biorreator ocorre utilizando o mesmo meio de cultivo
otimizado que é empregado para preparar o indculo, gque deve
ser esterilizado antes de ser empregado no cultivo. A
esterilizacdo ocorre em autoclave numa faixa de 110 a 130°C
e latm entre 10 a 30 min. A adicdo das solucgdes de cisteina
(0,2 g / 5 mL de &dgua) e sulfato ferroso (FeSOs4) a 10 mM é
feita apds a esterilizacdo do meio. Apds a adicdo desses
componentes pela tubulacdo de N0 (9), a purga com NO é
feita e, em seguida, a inoculacdo é realizada. A coleta para
medicdo da DO deve ser feita em intervalos regulares para se
determinar o crescimento bacteriano, sendo que o intervalo
minimo de tempo para se medir a DO é entre a faixa de 6 até
24 h desde o inicio do processo.

[00029] Finalmente, a etapa (a) do referido processo
inicia-se com a inoculacdo do meio otimizado com as células
da bactéria Magnetovibrio blakemorei cepa MV-1T, utilizando
inéculo com densidade éptica de 0,01 no biorreator gquando a

condicdo anaerdbica é alcancada. Tal condicd&o anaerdbica é
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alcancada pela purga de nitrogénio (N2) estéril a uma vazéo
na faixa de 0,2 a 1,5 L.min! por 15 min no meio otimizado
fresco até a leitura do sensor de Oz chegar a zero. O
biorreator empregado neste processo é do tipo tanque agitado
com capacidade de 5 L. Preferencialmente, o equipamento é o
modelo Minifors do fabricante Infors.

[00030] Consecutivamente, a etapa (b) do referido processo
é iniciada com o cultivo em batelada simples, com duracdo na
faixa de 60 a 84 h, na qual as células de Magnetovibrio
blakemorei cepa MV-1T sdo cultivadas até atingirem a fase
exponencial de crescimento. Os parémetros de cultura sao
configurados da seguinte forma: pH na faixa entre 6,8 a 7,2,
velocidade de agitacdo na faixa entre 90 a 110 RPM,
temperatura na faixa entre 26 a 30°C e 0O, ndo detectavel. O
pH é medido em linha através de um sensor de pH (7) tipo
gel-filled acoplado no biorreator e ajustado para 7,0 com
solucdo de NaOH 1-5% ou solucdo de HCl 1-2 mol/L, estéril a
medida em que for necessdrio. O sensor de oxigénio (6) é do
tipo polarografico. H& a suplementacdo da fonte de ferro,
cujo volume adequado é calculado com base na concentracdo
atual, medida através do método colorimétrico da ferrozina.
Uma solucdo estéril e livre de oxigénio de sulfato ferroso
10mM ¢é aliquotada utilizando wuma seringa com agulha. A
seringa/agulha injeta o stopper de borracha presente na parte
superior do vaso do biorreator e o pistdo é pressionado até
a completa transferéncia do volume. O N2O é injetado em
pulsos a uma vazdo na faixa entre 0,2 a 1,5 L.min! por 15
min, a cada 24 h.

[00031] A etapa (c) do referido processo, que é uma etapa

de cultivo continua do tipo quimiostato, é iniciada através
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da entrada de meio otimizado fresco no biorreator e da saida
de meio (11) otimizado contendo magnetossomos do mesmo, em
vazdo calculada a partir da taxa de crescimento na fase
exponencial. A taxa de crescimento (u) em h! entre dois
tempos (1 e 2), por sua vez, é calculada como mostra a
equacdo 1 abaixo:

_ [(n(DOtempo ))—(In (DOtempo1)]

[00032] u= (Equacgdo 1)

tempo 2—tempo 1

[00033] A vazdo de entrada e saida de meio é calculada

conforme a equacdo 2 a seguir:

[00034] Vazdo= p*0, 7*Volume de meio no biorreator (Equacdo 2)
[00035] onde a vazdo é dada em L.h™1l.
[00036] 0 referido de cultivo otimizado ja estéa

previamente pronto e parte dele é transferido para uma
garrafa de 2 L, denominada de recipiente alimentador (5),
que é vedada com uma tampa em rosca com duas saidas: um
filtro de ar (10) com porosidade na faixa de 0,20 a 0,22 um
e uma saida de meio (11), conectada a tubulacdo de saida de
meio (2). Uma tubulacdo i1interna de saida de meio (11)
otimizado deve ser ligada, em uma de suas extremidades, na
parte inferior da tampa e deve ter comprimento suficiente
para gque a outra extremidade atinja o fundo da garrafa.

[00037] A parte externa da tubulacd&o de saida de meio (2)
é ligada na entrada de uma bomba peristadltica de alimentacéo,
a qual bombeia o meio otimizado do recipiente alimentador
(5) para o vaso do biorreator. O meio otimizado contendo
crescimento é removido do interior do biorreator através da
ligagcdo de uma tubulacdo conectada em uma de suas
extremidades na saida do tubo amostrador (16) e a outra em

outra bomba peristédltica de efluxo. A partir da bomba de
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efluxo, o meio contendo crescimento ¢é Dbombeado para um
recipiente coletor (4).
[00038] Durante a fase de producgdo continua, a injecdo de
N2O é feita em pulsos a cada 8 horas, a uma vazdo de 0,2 a
1,5 L.min"! por 5 min, a cada 24 h. Nesta etapa o pH encontra-
se na faixa entre 6,9 a 7,1, a temperatura estd na faixa
entre 26 a 30°C, a concentracdo dos componentes é a mesma
que a do cultivo em batelada e o tempo de residéncia é de
28,5 h. O regime de injecdo deste gas foi determinado
experimentalmente e inicia-se Jjuntamente com o cultivo
continuo, no periodo de tempo entre 60 a 84 h. Em cada pulso,
0 gas é injetado durante 5 minutos em uma vazédo de 0,5 L.min~
1 e a velocidade de agitacdo das pas é aumentada de 100 para
200 RPM durante o tempo de injecéo.
[00039] A vazdo de injecdo do N0 é controlada por uma
valvula controladora de fluxo de massa (8). O controle remoto
das funcgdes do biorreator e da valvula controladora de fluxo
de massa (8) é feito de forma integrada através do software
IRIS versdo 6 (INFORSTM, Suica), arquitetado em um sistema
do tipo SCADA (Supervisory Control And Data Acquisition). O
regime de injecdo intermitente de N0 desenvolvido para esta
invencdo é controlado através da insercdo da linha de comando
abaixo no software de controle de processo:
[00040] #0

stirrer.sp=100

MVC. sp=0

IF (SEQ TIME>28800) {SEQ=1}
[00041] #1

stirrer.sp=200

MVC.sp=40

Petigdo 870200097179, de 03/08/2020, pag. 21/39



13/18

IF (SEQ TIME>300) {SEQ=0}

[00042] As condig¢des basais de cultivo, que sdo agitacéo
a 100 RPM e sem injecdo de Nz0, estdo configuradas na
sequéncia #0: stirrer.sp=100 (100 RPM), MVC.sp=0 (MVC
desligado), IF(SEQ TIME>28800) {SEQ=1} (se o tempo decorrido
desde o inicio da sequéncia #0 for maior que 8 h ou 28800 s,
a sequéncia #1 é iniciada). A sequéncia #1 ¢é configurada
como: stirrer.sp=200 (agitacdo aumentada para 200 RPM),
MVC. sp=40 (equivalente a 0,5 L.min-1 de N20),
IF (SEQ TIME>300) {SEQ=1} (se o tempo decorrido desde o inicio
da sequéncia #1 for maior que 5 min ou 300 s, a sequéncia #0
é reestabelecida).

[00043] Em seguida, os magnetossomos sdo recuperados,
consistindo na etapa (d) do referido processo. Os
magnetossomos produzidos sdo recuperados através das

seguintes etapas:

d.1) coletar as células sdo coletadas por sifonamento;
d.2) centrifugd-las a 6100 x g a 4 °C por 15 min;
d.3) lavar e ressuspender os pellets de células em 15

mL de tampdo Hepes (20 mM, pH 6,8);

d.4) realizar a lise por desrupcdo ultrassdnica em
sonicador de ponteiras na amplitude de 40%, frequéncia 20
kHz, em 60 ciclos com duracdo de 30 s com intervalos de 30
s entre si;

d.b) concentrar os magnetossomos de modo magnético por
um im& de neodimio-boro fixado na parte externa do tubo por
12 h a 4 °C;

d.o6) transferir os cristais para tubos de polipropileno
de 1,5 mL e ressuspensos em tampdo Hepes com 10 mM e pH 6,8

e com NaCl 200 mM;
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d.7) lavar os cristais sdo lavados com tampdo Hepes com
10 mM e pH 6,8 e com NaCl 200 mM em banho de ultrassom por
4 ciclos de 30 min, com concentracdo magnética e troca do
tampdo a cada ciclo;

d.8) armazenar oS magnetossomos extraidos em tampdo
Hepes 20 mM e pH 6, 8.

[00044] Para a recuperacdo dos magnetossomos, as células
sdo coletadas por sifonamento e centrifugadas a 6100 x g a
4 °C por 15 min. Os pellets de células sdo lavados e
ressuspendidos em 15 mL de tampdo Hepes (20 mM, pH 6,8). Em
seguida, as células sdo submetidas a lise por desrupcgéo
ultrassbébnica em sonicador de ponteiras (VCX 500, Sonics,
Newtown, EUA) na amplitude de 40%, frequéncia 20 kHz, em 60
ciclos com duracdo de 30 s com intervalos de 30 s entre si.
Os magnetossomos sdo concentrados magneticamente por um imé
de neodimio-boro fixado na parte externa do tubo por 12 h a
4 °C. Os cristais sdo transferidos ©para tubos de
polipropileno de 1,5 mL e ressuspensos em tampdo Hepes (10
mM, pH 6,8) com NaCl (200 mM). Em seguida, os cristais sé&o
lavados com o mesmo tampdo em banho de ultrassom (Branson
2200, Emerson, Rochester, EUA) por 4 ciclos de 30 min, com
concentracdo magnética e troca do tampdo a cada ciclo. Os
magnetossomos extraidos sdo armazenados em tampdo Hepes (20
mM, pH 6,8).

[00045] As configuracdes das estruturas empregadas para
este processo sdo conforme ilustradas pelas figuras 1, 2, 3,
4, 5 e 6. As figuras 1, 2 e 3 mostram vistas externas do
biorreator adaptado para cultivo continuo do tipo

quimiostato.
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[000406] A Figura 1 mostra a vista externa do wvaso do
biorreator contendo tubo amostrador (1), o qual seréa
conectado a tubulacdo de saida de meio (2) com crescimento.
[00047] Especificamente, a Figura 2 mostra as indicacdes
da conexdo (3) entre o tubo coletor (1) e a tubulacdo de
saida (2) e do recipiente coletor (4).

[00048] A figura 3 mostra as indicacdes dos sensores de
oxigénio (6) e pH (7), da valvula controladora de fluxo de
massa (8) e da tubulacdo de NO (9).

[00049] Os componentes do Dbiorreator relacionados a
invencdo s&o mostrados nas figuras 1, 4, 5, e 6.

[00050] A Figura 4 mostra a vista interna da tampa da
garrafa do meio de alimentacd&o mostrando a saida de ar (12)
e a saida de meio (11) onde serdo conectadas,
respectivamente, o filtro de ar (10) e as tubulacdes de saida
de meio de alimentacdo para o vaso (15).

[00051] A figura 5 mostra as bombas peristédlticas de
alimentacédo e de efluxo. A Figura 6 mostra a garrafa contendo
meio de alimentacdo, evidenciando a tubulacdo de saida de
meio (2) e o filtro de ar (10).

EXEMPLOS ILUSTRATIVOS

ExemElo 1

[00052] Como um experimento preliminar, foi realizado o
cultivo em batelada alimentada com suplementacdo de FeSOs e
injecdo de N20 em pulsos de 24 h a 0,5 L.min! sem alteracédo
da agitacdo, com pH na faixa de 6,9 a 7,1, temperatura na
faixa de 26 a 30°C e agitacdo na faixa de 90 a 110 rpm. Apds
120 h de cultivo, a producdo de magnetita atingiu 24,5 mg.L-
1. A produtividade madxima (16,8 mg.Ll.d"l) foi atingida entre

48 e 72 h. Entretanto, a produtividade e o numero médio de
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magnetossomos por célula diminuiu 25% entre 72 h a 96 h,
enquanto que a produtividade caiu para 4,5 mg.L-t.d"! . Diante
disso, o cultivo continuo na modalidade quimiostato com
injecdo intermitente de 6xido nitroso foi estabelecido. O
cultivo continuo foi capaz de manter a cultura com producdo
e produtividade de magnetita de 27,1 mg.Ll! e 22,7 mg.Ll.d-
1, respectivamente, em 120 h, mantendo valores prdéximos até
168 h. Esta condicédo foi atingida pois foram evitadas a perda
de sintese de magnetita e reducdo no numero de magnetossomos
por célula, como havia ocorrido no cultivo em batelada
alimentada.

Exemplo 2

[00053] A  maior capacidade de ligacéo a moléculas
funcionais por magnetossomos prismaticos de Mv. blakemorei
cepa MV-1T em comparacdo aos magnetossomos cuboctaédricos de
Magnetospirillum magneticum cepa AMB-1 foi comprovada
através do experimento descrito a seguir.

[00054] O experimento consistiu na incubacdo de 100 ug de
magnetossomos de ambas as cepas com uma 1 mL de uma solucgdo
de poli-L-1lisina ligada ao marcador fluorescente
isotiocianato de fluoresceina (PLL-FITC). A solucdo de PLL-
FITC possuia uma concentracdo de 200 ug/L em tampdo fosfato
0,1 M (pH 7,4). A incubacdo foi feira em um banho de ultrassom
(Branson 2200) a 60 W durante 3 ciclos de 5 min. Em seguida,
0s magnetossomos foram concentrados por meio de um im& de
neodimio colocado externamente ao tubo. Em seguida, o
sobrenadante foi removido e armazenado para leitura
fluorimétrica. Foram feitas duas lavagens consecutivas com
dgua ultrapura e o0s sobrenadantes foram guardados para

leitura fluorimétrica.
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[00055] A quantificacéo de PLL-FITC ligado aos
magnetossomos foi feita através da leitura da intensidade de
fluorescéncia dos sobrenadantes em um fluorimetro. Foram
utilizados os comprimentos de onda de 488 nm para excitacdo
e 525 nm para emissdo. Foi realizada a leitura de um controle
de PLL-FITC na concentracdo 200 ug/L. A proporcdo de PLL-
FITC ligada aos magnetossomos foi calculada pela diferenca
entre a leitura do controle e a leitura dos sobrenadantes
dividida pela leitura do controle.

[00056] Os magnetossomos de Mv. blakemorei cepa MV-1T
apresentaram maior eficiéncia de ligacdo a PLL-FITC, com uma
média de 65,05 + 2,77% (n=7) (Figura 7). Os magnetossomos de
Ms. magneticum cepa AMB-1 apresentaram uma média de 39,55 *
7,6% (n=7) de eficiéncia.

[00057] A presente invencdo foil revelada neste relatdrio
descritivo em termos de sua modalidade preferida.
Entretanto, outras modificacdes e variacdes s&o possiveis a
partir da presente descricgdo, estando ainda inseridas no
escopo da invencdo aqui revelada.

SINAIS DE REFERENCIA

1- tubo coletor;

2—- tubulacdo de saida de meio;

3- conexdo;

4- recipiente coletor;

5- recipiente alimentador;

6- sensor de oxigénio;

7- sensor de pH;

8- védlvula controladora de fluxo de massa;
9- tubulacdo de N20;

10— filtro de ar;
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11- saida de meio;

12- saida de ar;

13- entrada de meio proveniente do vaso;

14- efluxo de meio para recipiente coletor;
15- saida de meio de alimentacdo para o vaso;

16- entrada de meio de alimentacédo;
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REIVINDICACOES

1. Processo ©para produgcdo continua de magnetossomos
através do cultivo de bactérias magnetotédticas Magnetovibrio

blakemorei cepa MV-1T em biorreator CARACTERIZADO pelo fato

de cumprir as seguintes etapas:

(a)inocular o meio otimizado com as células da bactéria
Magnetovibrio blakemorei cepa MV-1T, utilizando indéculo com
densidade o6ptica de 0,01 a um comprimento de onda de 600 nm
no biorreator;

(b)etapa em batelada simples do referido processo, com
duracdo na faixa entre 60 a 84 horas, na qual as células de
Magnetovibrio blakemorei cepa MV-1T s&do cultivadas até
atingirem a fase exponencial de crescimento com
suplementacdo da fonte de ferro;

(c)etapa continua do tipo quimiostato através da entrada
de meio otimizado fresco no biorreator e da saida de meio
otimizado contendo magnetossomos do mesmo, em vazdao
calculada a partir da taxa de <crescimento na fase
exponencial;

(d) recuperar os magnetossomos.

2. Processo, de acordo com a reivindicacéo 1,

CARACTERIZADO pelo fato de gque os pardmetros do processo em

batelada simples sdo pH na faixa entre 6,8 a 7,2, velocidade
de agitacdo na faixa entre 90 a 110 RPM, temperatura na faixa
entre 26 a 30°C, Oz ndo detectdvel e com a injecdo de N0 em
pulsos a uma vazdo na faixa entre 0,2 a 1,5 L.min-1 por 15
min, a cada 24 h.

3. Processo, de acordo com a reivindicacéo 1,

CARACTERIZADO pelo fato de que os pardmetros do processo em

batelada continua s&o pH na faixa entre 6,9 a 7,1,
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temperatura na faixa entre 26 a 30°C, a concentracdo dos
componentes é a mesma que a do cultivo em batelada, o tempo
de residéncia de 28,5 h, injecdo de N2O em feita em pulsos a
cada 8 horas, a uma vazdo de 0,2 a 1,5 L.min! por 5 min, com
velocidade de agitacdo das pés na faixa de 100 a 200 RPM.
4. Processo, de acordo com gqualquer uma das reivindicacdes

de 1 a 3, CARACTERIZADO pelo fato de qgue a condicéo

anaerdbica no biorreator é alcancada pela purga de nitrogénio
(N2) estéril a uma vazdo na faixa de 0,2 a 1,5 L.min! por 15
min no meio otimizado fresco até a leitura do sensor de O2
chegar a zero.

5. Processo, de acordo com qualquer uma das reivindicacdes

de 1 a 4, CARACTERIZADO pelo fato de gque o biorreator é do

tipo tangque agitado com capacidade de 5 L.
6. Processo, de acordo com qualgquer uma das reivindicacdes

de 1 a 5, CARACTERIZADO pelo fato de que o sensor de pH é do

tipo gel-filled acoplado no biorreator e ajustado para 7,0
com solucdo de NaOH 1-5% ou solucdo de HC1 1-2 mol/L, estéril
a medida em que for necesséario.

7. Processo, de acordo com qualquer uma das reivindicacdes

de 1 a 6, CARACTERIZADO pelo fato de gue o sensor de oxigénio

é do tipo polarografico.
8. Processo, de acordo com qualquer uma das reivindicacdes

de 1 a 7, CARACTERIZADO pelo fato de que o volume adequado

para suplementar a fonte de ferro é calculado com base na
concentracdo atual a partir da injecdo de uma aliquota de
uma solucdo estéril e livre de oxigénio de sulfato ferroso

10mM no biorreator.
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9. Processo, de acordo com qualguer uma das reivindicacdes

de 1 a 8, CARACTERIZADO pelo fato de que a taxa de crescimento

(1) em h! entre dois tempos é calculada da seguinte forma:
_ [ln(DOtempoz)) - (ln (Dotempol)]
tempo 2 — tempo 1

10. Processo, de acordo com qualquer uma das

reivindicagcdes de 1 a 9, CARACTERIZADO pelo fato de que a

vazdo de entrada e saida de meio é calculada pela relacéao
Vaz&do= p*0,7*Volume de meio no biorreator.
11. Processo, de acordo com qualquer uma das

reivindicagcdes de 1 a 10, CARACTERIZADO pelo fato de que a

etapa (d) de recuperacdo dos magnetossomos ocorre através

das seguintes etapas:

d.l) coletar as células s&o coletadas por sifonamento;
d.2) centrifugé-las a 6100 x g a 4 °C por 15 min;
d.3) lavar e ressuspender os pellets de células em 15

ml, de tampdo Hepes (20 mM, pH 6,8);

d.4) realizar a lise celular por desrupcdo ultrassdnica
em sonicador de ponteiras na amplitude de 40%, frequéncia 20
kHz, em 60 ciclos com duracdo de 30 s com intervalos de 30
s entre si;

d.b) concentrar os magnetossomos de modo magnético por
um imd de neodimio-boro fixado na parte externa do tubo por
12 h a 4 °C;

d. o) transferir os cristais para tubos de polipropileno
de 1,5 mL e ressuspensos em tampdo Hepes com 10 mM e pH 6,8
e com NaCl 200 mM;

d.7) lavar os cristais sdo lavados com tampdo Hepes com

10 mM e pH 6,8 e com NaCl 200 mM em banho de ultrassom por
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4 ciclos de 30 min, com concentracdo magnética e troca do
tampdo a cada ciclo;
d.8) armazenar os magnetossomos extraidos em tampdo

Hepes 20 mM e pH 6, 8.
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Figura 2
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Figura 3
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Figura 4
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Figura 5
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Figura 6
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RESUMO

PROCESSO PARA PRODUCAO CONTINUA DE MAGNETOSSOMOS ATRAVES DO

CULTIVO DE BACTERIAS MAGNETOTATICAS EM BIORREATOR

A presente invencdo descreve um processo de producdo
continua e em larga escala de magnetossomos através do
cultivo de bactérias magnetotaticas Magnetovibrio blakemorei
cepa MV-1T em Dbiorreator. Este processo em larga escala
possui maior produtividade de magnetossomos, com baixo custo
e caracteristicas fisico-quimicas controladas, tornando
vidvel a sua aplicacdo. A otimizacdo do cultivo de Mv.
blakemorei cepa MV-1T em biorreator é vantajosa pois seus
magnetossomos prismaticos apresentam uma superficie
disponivel maior que a dos magnetossomos cuboctaédricos do
género Magnetospirillum. Adicionalmente, a presente invencgéo
promove uma producdo estavel de magnetossomos por periodos
mais extensos de cultivo, sendo uma das vantagens da invencdo
frente ao estado da técnica atual. As aplicacdes dos
magnetossomos incluem o carreamento e liberacdo de farmacos,
hipertermia induzida magneticamente, separacdo de células e

biomoléculas e imobilizacdo de enzimas.
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PROCESSO DE SINTESE DE MAGNETOSSOMO FUNCIONALIZADO COM
FARMACO E MAGNETOSSOMO FUNCIONALIZADO OBTIDO A PARTIR DESTE

CAMPO DE APLICAGAO

[0001] A presente invencdo se aplica no campo guimico e
da nanotecnologia e revela um processo de sintese de
nanoparticulas magnéticas de origem bacteriana
funcionalizadas com farmacos.

FUNDAMENTOS DA INVENCAO

[0002] A nanotecnologia e a biotecnologia se
desenvolveram expressivamente nas Ultimas décadas. A
interface entre essas duas &reas de conhecimento tem
aumentado, gerando conhecimentos béasicos e aplicados sobre a
sintese bioldgica de nanomateriais e a wutilizacdo de
ferramentas nanotecnoldgicas para fins biomédicos.

[0003] Dentre a diversidade de nanoparticulas que sé&o
utilizadas como ferramenta em aplicacdes médicas, existem as
nanoparticulas magnéticas. Uma propriedade importante das
nanoparticulas magnéticas é a possibilidade de manipulacéo
das mesmas por meio de um campo magnético externo, o que é
vantajoso em 1inuUmeras abordagens, como o transporte de
farmacos para uma regido especifica do corpo humano.

[0004] Propriedades das nanoparticulas magnéticas, como
o tamanho nanométrico (1 a 100 nm), a capacidade de
manipulacdo por campo magnético externo e a possibilidade de
revestimento com compostos que as tornam biocompativeis e
viabilizam sua funcionalizacdo, permitem sua aplicacdo em

diversas abordagens biotecnoldgicas.

[0005] As nanoparticulas magnéticas sdo sintetizadas por
métodos variados. Convencionalmente, sdo wutilizados os
métodos de co-precipitacéo, sintese hidrotérmica,
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microemulsdo, processo poliol e pirdlise em aerossol. Além
de tais metodologias sintéticas convencionais, as
nanoparticulas magnéticas podem ser produzidas
bioclogicamente por bactérias magnetotaticas, nas quais os
nanocristais magnéticos sdo produzidos sob controle genético
em uma vesicula formada pela invaginacdo da membrana
citoplasmética, contendo proteinas exclusivas do processo de
biomineralizacdo. As nanoparticulas magnéticas derivadas por
meio deste método s&do denominadas magnetossomos (BMs, do
inglés bacterial magnetosomes). O cultivo em batelada de
bactérias para a producdo de magnetossomos foi revelado no
documento BR 10 2020 015831 7.
[0006] A utilizacdo de BMs apresenta as seguintes
vantagens quando comparada com O uso de nanoparticulas
magnéticas sintéticas:

e (Citotoxicidade mais baixa;

e Melhor internalizacdo por células de mamiferos;

e Menor custo de producdo;

e Menor impacto ambiental na producédo por apenas utilizar

produtos biocompativeis; e

e Maior estabilidade em relacdo a degradacéo.
[0007] Até o momento, as aplicacdes dos magnetossomos
incluem carreamento e liberacdo de farmacos, hipertermia
induzida magneticamente, separacdo de células e biomoléculas
e imobilizacdo de enzimas.
[0008] O tratamento disponivel para diversas doencas
infecciosas faz uso de fadrmacos que geram elevada toxicidade,
devido a distribuicd&o inespecifica desses para varios
tecidos do organismo vivo, o que, por vezes, torna a

biodisponibilidade destes farmacos reduzida no tecido alvo,
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diminuindo sua eficiéncia.

[0009] Portanto, com o intuito de solucionar tais
problemas, a presente invencdo se refere a um processo de
sintese magnetossomos funcionalizados com farmacos de acgéo
antimicrobiana, para a liberacdo controlada de féarmaco e
direcionamento para o local de acdo, através da utilizacéo
de campo magnético externo. Acrescenta-se ainda, a
possibilidade de associacdo do invento com a técnica de
hipertermia magnética, a fim de realizar o tratamento de
doencas causadas por microrganismos.

ESTADO DA TECNICA

[0001] O documento BR 11 2012 011767 0, gque aqui é
incorporado por referéncia, revela cadeias extraidas de
magnetossomos obtidas pela sintese bacteriana, as gquais
podem ser encapsuladas dentro de uma vesicula lipidica na
presenca ou ndo de um principio ativo e utilizadas desta
forma em termoterapia. O documento ainda ensina que a rotacdo
das cadeias de magnetossomos in vivo pode ser melhorada pelo
seu encapsulamento dentro de uma vesicula lipidica ou de um

tipo semelhante de estrutura.

[0002] O revelado por este documento se diferencia da
presente invencéo por n&o revelar magnetossomos
funcionalizados com um farmaco, e especificamente

anfotericina b. O magnetossomo, encapsulado em uma vesicula
lipidica, esta estritamente relacionado com o direcionamento
do farmaco, ndo estando necessariamente ligado ao féarmaco,
conforme a presente invencgdo revela.

[0003] O documento CN105193733A descreve um medicamento
de nanoparticulas de liberacéo lenta que envolve

magnetossomos de origem bioldgica e um método de preparacdo
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desse medicamento. O método compreende as etapas: (1) coleta
das bactérias magnetotdticas e quebra da parede por ultrassom
para liberacdo dos magnetossomos, apds é aplicado um campo
magnético externo para adsorver e separar 0s magnetossomos;
(2) O corpo magnético é lavado véarias vezes com SOro
fisioldgico, e o gquitosano, o material auxiliar (um dentre:
metilcelulose, hidroxietilcelulose, hidroxietilcelulose,
hidroxipropilcelulose, hidroxipropilmetilcelulose,
hidroximetilcelulose, carboximetilcelulose de soédio,
lactose, mananol, pectina, alginato de sdédio, alginato de
potadssio, Aagar, gelatina e dentre outros) e o ingrediente
farmacéutico (um ou mailis dos medicamentos antitumorais
camptotecina, doxorubicina, vincristina, paclitaxel,
colchicina e puromicina) s&o misturados uniformemente; (3)
As nanosferas obtidas, por fim, s&o preparadas secando a
mistura da etapa (2).

[0004] A diferenca entre este documento e a presente
invencdo é que os constituintes do medicamento revelado por
este documento estdo aderidos em um excipiente farmacéutico,
ou seja, tanto o fédrmaco como o magnetossomo ndo estédo
diretamente ligados. O método revelado por este documento
baseia-se em um procedimento fisico, basicamente de misturar
os componentes até chegar em um aspecto uniforme, conforme
descrito no documento. Além disso os farmacos relacionados
sdo antitumorais como camptotecina, doxorubicina,
vincristina, paclitaxel, colchicina e puromicina, ndo sendo
ensinado e nem sugerido farmacos de acdo antimicrobiana.
[0005] O artigo “Preparation and in vitro antitumor
effects of <cytosine arabinoside-loaded genipin-poly-L-

glutamic acid-modified bacterial magnetosomes”, de Liu YG
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et. al (2015), descreve uma preparacdo e estudo in vitro de
magnetossomos de origem bioldgica (BM) modificados com
farmacos antitumorais, especificamente citosina-
arabinosideo (ara-C). A imobilizacdo do farmaco é realizada
pelos agentes de 1ligacdo é&cido poli-L-glutdmico (PLGA),
genipina (GP) e EDC. A genipina promove a ligacdo covalente
entre o grupamento amino (-NH2) do PLGA e do magnetossomo.
O EDC, por sua vez, realiza a ligacdo covalente, entre o
grupamento carboxila (-COOH) do PLGA com o grupamento -NH2
da molécula de AraC.

[0006] Sendo assim, uma das diferencas entre este
documento e a presente invencdo ¢é a fixacdo da AraC aos
magnetossomos, que ocorre, mesmo que indiretamente, por meio
de ligacdes covalentes. Por outro lado, a presente invencéo
faz uso de agentes de 1ligacdo dque propiciam interacgdes
eletrostdticas com os magnetossomos e o farmaco. Com isso,
a interacdo da AmB com os magnetossomos ocorre de forma mais
fraca, o que possibilita uma liberacdo controlada da AmB
quando se faz uso de um campo magnético alternado, como
descrito no exemplo 3 do presente relatdrio descritivo. Deste
modo, a controlabilidade da liberacdo da AmB, conforme a
presente invencdo, ¢é maior. Importante ressaltar que este
documento acima referenciado apenas testou a liberacdo do
farmaco wutilizando a condicdo de agitacdo de 60 rpm e
temperatura de 37 °C, sem aplicacdo de um campo magnético
alternado.

[0007] A dissertacéo de mestrado “Sintese,
caracterizacdo, estabilidade e efeitos bioldgicos in wvitro
de nanoparticula magnética associada a anfotericina B”, de

Diégo Cesar Iocca (2013), fornece uma sintese de
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nanoparticulas de maguemita estabilizadas com &cido laurico
(BCL) sendo estas conjugadas com anfotericina B (BCL-AmB),
a funcionalizacdo de uma nanoparticula magnética com AmB. A
origem das nanoparticulas de maguemita decorre a partir de
uma sintese inorgénica.

[0008] A diferenca entre este documento e a presente
invencdo é que a presente invencdo revela a funcionalizacgédo
e aplicacdo de magnetossomos prismadticos produzidos pela
espécie Magnetovibrio blakemorei cepa MV-1T. Devido a
natureza quimica do a4cido laurico e de acordo com o documento
acima mencionado, a molécula de anfotericina B se ancora a
BCL por meio de interacdes hidrofdébicas. Com isso, a presente
invencdo difere pelo fato de a AmB se acoplar ao magnetossomo
recoberto com poli-L-lisina (PLL) por meio de interacdes
eletrostdticas. Essa diferenca implica diretamente na
liberacdo do farmaco da nanoparticula funcionalizada.

[0009] O artigo “Preparation and anti-tumor efficiency
evaluation of doxorubicin-loaded bacterial magnetosomes:
Magnetic nanoparticles as drug carriers isolated from
Magnetospirillum gryphiswaldense”, de Sun JB et. al (2008),
fornece uma anadlise comportamental, bem como uma sintese de
magnetossomos bacterianos (BM) , originario de
Magnetospirillum gryphiswaldense cepa MRS-1, acoplados ao
farmaco doxorrubicina (DBM) com o auxilio do agente ligante
glutaraldeido (GA). Obtiveram como resultado um alto indice
de complexacdo do farmaco no magnetossomo, bem como
observaram a ndo perda de atividade antitumoral com a
complexacdo dos constituintes. Outro resultado apontado foi
a alta estabilidade do complexo formado.

[00010] A diferenca entre este artigo e a presente invencéo
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é gue neste artigo foi utilizado o glutaraldeido como agente
de ligacédo, gque promove a ligacdo covalente -entre o
magnetossomo e o farmaco em questdo. Com isso e como descrito
no artigo supracitado, 95% do farmaco DOX permanece ligado
a nanoparticula funcionalizada apdés 2 h de teste de liberacéo
em PBS. Como j& dito anteriormente, a presente invencéo
utiliza a poli-L-lisina, que promove a interacéo
eletrostédtica, que proporcionou a invencdo um controle e uma
maior liberacdo da AmB frente a aplicacdo de um campo
magnético alternado.

SUMARIO DA INVENCAO

[00011] A presente invencdo descreve um processo de
sintese de uma nanoparticula magnética de origem bioldbgica,
magnetossomos, funcionalizada com farmaco, assim como a
nanoparticula obtida a partir deste.

[00012] O objetivo da producdo destes magnetossomos
funcionalizados é a sua aplicacdo médica, incluindo medicina
veterinéria, no tratamento de doencas infecciosas de
etiologia fungica ou parasitaria.

[00013] O processo, ora revelado, reduz custos de producgédo
se comparado com metodologias convencionais sintéticas, além
de produzir nanoparticulas funcionalizadas com uma melhor
acdo e estabilidade.

BREVE DESCRICAO DAS FIGURAS

[00014] A Figura 1 revela a representacdo estrutural dos
magnetossomos (A), da anfotericina B (B) e dos magnetossomos
funcionalizados, BMs-GA-AmB (C), BMs-PLL-GA-AmB (D) e BMs-
PLL-AmB (E) .

[00015] A Figura 2 mostra os resultados dos testes de

percentual de Anfotericina B 1ligada e carregamento do
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fadrmaco.
[00016] A Figura 3 mostra os resultados obtidos através de
Microscopia eletrdnica de transmisséo (MET) para oOs

magnetossomos livres (A) e seus conjugados: BM-AmB (B), BM-
GA-AmB (C), BM-PLL-GA-AmB (D) e BM-PLL-AmB (E) e o0s
resultados de testes de andlise de varidncia por ANOVA (F).
[00017] A Figura 4 mostra os resultados obtidos para os
testes de potencial zeta para os magnetossomos livres e com
conjugados. Os simbolos representam cada medida individual
do potencial em milivolts (mV) .

[00018] A Figura 5 mostra os resultados obtidos para os
espectros de Espectrometria no infravermelho com
transformada de Fourier (FTIR) dos magnetossomos, Amb e
conjugados.

[00019] A Figura 6 mostra o espectro de UV-Vis de
preparacdes selecionadas (BM-PLL-AmB, BM-PLL-GA-AmB)
indicando os trés picos de absorcdo caracteristicos da AmB.
[00020] A Figura 7 mostra a curva de magnetizacdo de
magnetossomos de Mv. blakemorei liofilizados.

[00021] A Figura 8 mostra a variacdo de temperatura em
suspensdes de BMs de Mv. blakemorei cepa MV-1T em duas
diferentes concentracdes (1,2 e 4,8 mg.mL!) ao longo de 50
min.

[00022] A Figura 9 mostra o perfil de liberacdo cumulativa
de AmB a partir de BM-PLL-GA-AmB e BM-PLL-AmB sob condig¢des-
padrdo (37°C) e sob aplicacdo de um campo magnético alternado
(AFM) .

[00023] A Figura 10 mostra a estabilidade de
nanoparticulas funcionalizadas em termos de quantidade de

AmB que permanece ligada a nanoparticulas apds 3 ciclos
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consecutivos de congelamento-descongelamento.

[00024] A Figura 11 mostra a analise da atividade
antimicrobiana de magnetossomos e magnetossomos
funcionalizados em L. amazonensis. Promastigotas de L.
amazonensis foram tratadas por 72 horas com diferentes
concentracdes de BMs, BMs-PLL, BMs-PLL-AmB e AmB, teste de
ANOVA, **** p < (0,0001.

[00025] A Figura 12 mostra a avaliacdo da citotoxicidade
em células (A) queratindédcitos HaCaT, (B) fibroblastos hFB e
(C) macrdédfagos J774.16 através do ensaio MTS, com células
incubadas com BMs-PLL-AmB, em diversas concentracgdes por 24
horas, 48 horas e 72 horas. Teste de ANOVA. *p < 0,05; **p
< 0,01; *** p < 0,001.

[00026] A  Figura 13 mostra 1imagens em microscopia
eletrdnica de transmissédo e percentual de PLL-FITC ligada a
superficie de magnetossomos das cepas MV-1T e AMB-1.

DESCRICAO DETALHADA DA INVENCAO

[00027] A presente invencdo revela um processo sintese de
um magnetossomo funcionalizado com farmaco por meio de um
agente de ligacdo e o magnetossomo funcionalizado obtido a
partir deste processo.

[00028] 0 processo sintese de um magnetossomo

funcionalizado com farmaco compreende as seguintes etapas

de:
a) preparacdo dos magnetossomos e farmaco;
b) funcionalizar os precursores das etapas a) com O
agente de ligacéo; e
c) separacdo dos magnetossomos funcionalizados.
[00029] Os magnetossomos sao extraidos de bactéria
magnetotatica. Preferencialmente, 0s magnetossomos  sdo
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extraidos de bactéria magnetotdtica selecionada do grupo
compreendendo: a espécie Magnetovibrio blakemorei cepa MV-
1T, Desulfovibrio magneticus cepa RS-1, Magnetospirillum

magneticum cepa AMB-1, Magnetospirillum magneticum strain

MGT-1, Magnetospirillum magneticum cepa RSS-1,
Magnetospirillum gryphiswaldense cepa MSR-
1, Magnetospirillum magnetotacticum cepa MS-

1, Magnetospirillum sp. cepa ME-1, Magnetovibrio blakemorei
cepa MV-2, Magnetospira thiophila cepa MMS-1, Magnetococcus
marinus cepa MC-1 e Magnetofaba australis cepa 1IT-1 e
combinacdes entre as mesmas. Preferencialmente, os
magnetossomos sdo prismadticos da espécie Magnetovibrio
blakemorei cepa MV-1T, pois esses magnetossomos sdo capazes
de adsorver uma quantidade 1,6 vezes maior conforme
evidenciado pelo exemplo comparativo 6 e figura 13.

[00030] Os féarmacos alvos da presente invencéao, sdo
fadrmacos da classe dos polienos, sendo selecionado do grupo
consistindo em nistatina, anfotericina B e filipina. Em uma
modalidade preferida o farmaco utilizado é a anfotericina B
(AmB) .

[00031] 0 agente de ligacéao é um constituinte
intermedidrio entre o magnetossomo e o farmaco, que estéa
relacionado diretamente a velocidade de liberacdo do
farmaco. O agente de ligacdo alvo para a presente invencéao
necessariamente deve ser um biopolimero catidnico, uma vez
gque ocasiona interacdes eletrostédticas fracas com a
superficie negativas dos magnetossomos e com O grupamento -
COOH da molécula do féarmaco. Os agentes de ligacdo séo
selecionados do grupo consistindo em poli-L-lisina,

poliarginina, polietilenimina, glutaraldeido, ou combinacgéo
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destes. Em uma modalidade preferida o agente de ligacédo é a
poli-L-lisina (PLL), ou o glutaraldeido (GA), ou combinacédo
destes.

[00032] A preparacdo dos magnetossomos, etapa a), se da
pela adicéo de 50 a 150 pl de tampdo fosfato entre 0,05 a
0,2 M compH 7,2 a 7,6 a 50 a 150 ug de magnetossomos. Sendo
preferencialmente, 100 pl de tampdo fosfato (0,1 M, pH 7,4)
a 100 pg de magnetossomos.

[00033] Na etapa a), também, o farmaco é solubilizado em
um solvente dimetilsulféxido (DMSO) até concentracdo final
de 80 a 200 ug.mL!, sendo preferencialmente 125 ug.mL7l.
[00034] A ordem de preparacdo dos magnetossomos e do
farmaco na etapa a) ¢é independente, ou seja, a ordem de
execucdo das preparacdes ndo altera os precursores obtidos
da etapa a).

[00035] Sequencialmente, na etapa b), o agente de ligacéo
é adicionado aos magnetossomos da etapa a) na proporcido de
1:1, sendo que o agente de ligacdo estd na concentracdo entre
0,02% a 25% v/v. O farmaco solubilizado da etapa a) ¢é entéo
adicionado a mistura do agente de ligacdo e magnetossomo. A
mistura resultante é submetida a 4 a 6 ciclos de 5 a 15
minutos de sonicacdo a 50 a 120 W em banho de ultrassom, com
intervalos de 5 a 30 minutos sob resfriamento com banho de
gelo estando entre — 4 a 4°C. Em uma modalidade preferida a
mistura resultante é submetida a 5 ciclos de 10 minutos de
sonicacdo a 60 W em banho de ultrassom, com intervalos de 10
min sob resfriamento com banho de gelo entre - 4 a 4°C.
[00036] Alternativamente, na etapa b) guando utilizado o
agente de 1ligacdo poli-L-lisina, este ¢é adicionado aos

magnetossomos da etapa a) na proporcdo de 1:1, sendo que o
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agente de ligacdo estd na concentracdo entre 0,0001 a 0,05%
v/v; a mistura é submetida a 5 a 15 minutos de ultrassom de
50 a 120 W em Dbanho de ultrassom, sendo o sobrenadante
separado por iméd, fixado na parte externa do recipiente, e
o produto resultante é lavado com 75 a 150 puL de &gua e
suspensos com 100 pL de tampdo fosfato 0,1 M e pH 7,4;
sequencialmente, o farmaco precursor da etapa a) ou o farmaco
precursor da etapa a) e outro agente de ligagcdo na
concentracdo entre 0,02% a 25% v/v, serem adicionados a
mistura e submetidos a 4 a 6 ciclos de 5 a 15 minutos de
sonicacdo a 50 a 120 W em banho de ultrassom, com intervalos
de 5 a 30 minutos sob resfriamento com banho de gelo entre
-4 a 4°C. Em uma modalidade preferida a mistura resultante
é submetida a 5 ciclos de 10 minutos de sonicacdo a 60 W em
banho de ultrassom, com intervalos de 10 min sob resfriamento
com banho de gelo entre — 4 a 4°C.

[00037] A concentracdo de PLL, na etapa b), é& de 0,0001 a
0,05%, preferencialmente 0,005% a 0,02% e GA nas
concentracdes finais de 0,2 a 25% v/v, preferencialmente 10
a 25% v/v.

[00038] As estruturas relacionadas com as modalidades
preferidas da presente invencdo se encontram na Figura 1.
Sequencialmente na etapa c), a separagdo dos magnetossomos
funcionalizados ocorre pela acdo de um campo magnético
externo onde é removido o sobrenadante. O campo magnético
externo utilizado foi um 1im&, ©podendo ser de forma
cilindrica, de aresta, cubica ou paralelepidica de quaisquer
dimensdes, sendo preferencialmente um imd cilindrico entre
0,5 a 5 cm de diédmetro, mais preferencialmente um ima

cilindrico de 1 cm de espessura e 1,5 cm de didmetro. O imé
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é fixado, de forma removivel, na parte externa do recipiente
onde se encontra a suspensdo de magnetossomos, e em seguida
o0 recipiente é reservado entre 15 minutos a 24 horas,
preferencialmente 15 minutos, em temperatura de 2 a 8°C.
Sequencialmente, o sobrenadante é retirado, e somente apds
isso, o imd ¢é removido da superficie do recipiente em
questao.

[00039] Como resultado é obtido um magnetossomo
funcionalizado com farmaco devido ao auxilio de um agente de
ligacdo, em uma modalidade preferida é obtido um magnetossomo
funcionalizado com anfotericina B e agente de 1ligacéo,
podendo ser poli-L-lisina (PLL), ou glutaraldeido (GA), ou
combinacdo destes (PLL-GA).

[00040] 0 tamanho dos magnetossomos funcionalizados
isolados medidos em microscopia eletrdnica de transmisséo
foram, em média, de 63,3 £ 3,9 nm (n = 120) em comprimento
e 39,7 £ 3,5 nm em largura (Figura 3). A esses valores devem
ser somadas as espessuras de membrana: 5,2 £ 0,9 nm para os
magnetossomos puros, 8,9 £ 1,1 nm para a preparacdo obtida
apenas com glurataldeido, 12,0 £ 1,2 nm para a preparacao
obtida apenas com poli-L-lisina e 13,5 £ 1,3 para a
preparacdo obtida com ambos os agentes (Figura 3).

[00041] A preparacdo feita apenas com poli-L-lisina teve
estabilidade média de 65,6 £ 2,9% em pH 7,4 apdés 5 dias em
agitacdo de 60 rpm a 37° C. Nas mesmas condicdes, a
preparacdo feita apenas com glutaraldeido teve estabilidade
média de 75,8 £ 6,7%, enquanto aquela feita com os dois
agentes apresentou estabilidade de 80,9 £ 0,5%.

[00042] Quando a suspensdo contendo os nanoconjugados foi

submetida ao campo magnético alternado, a liberacdo do
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fadrmaco durante 60 minutos aumentou aproximadamente quatro
vezes, atingindo 41,3 £ 0,5% para a preparacdo feita com
poli-L-lisina e glutaraldeido e 53,8 £ 6,2% para a
preparacdo feita apenas com a poli-L-lisina (Figura 9).
[00043] Valores de potencial zeta entre -35 e -25 mV foram
observados para todos o©os métodos de funcionalizacéo
testados, com excecdo dagquele em gque apenas a PLL foi
empregada como unico reagente de ligacdo, cujo potencial foi
de 15,1 £ 3,8 mV (Figura 4).

[00044] O magnetossomo funcionalizado conforme a presente
invencdo pode ser aplicado na preparacdo de medicamentos
para o tratamento de doencas causadas por microrganismos,
que abrange tratamentos com farmacos antimicrobianos, como
os da classe dos polienos. O magnetossomo funcionalizado
obtido conforme a presente invencdo pode ser uma alternativa
em tratamentos que utilizam a formulacdo lipossomal da
anfotericina de forma a atenuar os seus efeitos colaterais
e a melhorar a biocompatibilidade e a dispersibilidade do
farmaco em condig¢des fisioldgicas devido a presenca da
membrana. A anfotericina B lipossomal pode, por exemplo, ser
substituida pelo nanoconjugado magnético ora revelado em
uma segunda linha de tratamento farmacoldégico contra
leishmanioses viscerais e cutdneas e em combinacdes
antifingicas contra meningite criptocdécica em pacientes HIV-
positivos. Nestes exemplos, o nanoconjugado pode ser
aplicado no desenvolvimento de terapias combinadas, por
exemplo, com hipertermia por aplicacdo de campo magnético
alternado para liberacdo controlada do féarmaco.

Exemplos

[00045] Para fins de comparacéo, foram utilizados
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magnetossomos funcionalizados com AmB e PLL, magnetossomos
funcionalizados com AmB e GA, magnetossomos funcionalizados
com AmB, PLL e GA e magnetossomos funcionalizados diretamente
com AmB.

[00046] Os nanoconjugados foram congelados durante a noite
a -20 °C e entdo submetidos ao processo de liofilizacéo
durante 2 horas. O processo de liofilizacdo inicia-se no
processamento dos nanoconjugados, ou seja, na etapa de
congelamento. Os microtubos contendo os nanoconjugados
congelados sdo inseridos com a tampa aberta no liofilizador,
para a secagem das amostras através da remocgdo da agua por
sublimacéo. Apbs a liofilizacdo, a esterilizacdo dos
nanoconjugados ¢é realizada através da irradiacdo por
cobalto-60 (60Co) (15 kGy) e entdo sdo armazenados a -20 °C.
[00047] Apobs a liofilizacéo e esterilizacéo, os
nanoconjugados seguiram para as avaliagdes que serdo

descritas a seguir.

Exemplo comparativo 1 - Avaliacdo da eficacia de
funcionalizacdo
[00048] Amostras liofilizadas de aproximadamente 100 ug

foram tratadas com metanol e analisadas por absorbédncia a
410 nm em espectrofotdmetro equipado com ultravioleta.

[00049] A maior eficiéncia de ligacdo pelo processo
descrito se apresentou pelo emprego da PLL, sendo a
eficiéncia de 52,7 £ 5,1%, conforme mostra a Figura 2A. O
carregamento de farmaco também foi calculado a partir da
razdo quantidade de farmaco capturado e a massa de magnetita
adicionada a reacdo de funcionalizacéo. Nesse mesmo
nanoconjugado, o carregamento de AmB foi de 25,3 * 1,9 ug

por 100 pg de magnetossomos, conforme Figura 2B.
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Exemplo comparativo 2 - Caracterizacdo dos magnetossomos
Métodos utilizados

1. Microscopia eletrdbnica de transmissdo (MET) e medidas
dos magnetossomos

[00050] Magnetossomos virgens e funcionalizados foram
adicionados sobre grades de cobre revestidas com filme-
suporte de polivinilformal e carbono, sendo secas ao ar para
observacdo em microscdépio eletrdnico de transmissdo (FEI
Morgagni, Hilsboro, EUA) operando a 80 kV em um aumento
direto de 36.000 e 89.000 vezes para cada caso,
respectivamente. Avaliacdes da espessura da membrana dJue
envolve os magnetossomos antes e apds funcionalizacdo foram
realizadas utilizando o programa 1TEM. Os gréaficos e as
analises estatisticas dos dados foram realizados com o©
auxilio do programa Prism 5.0 (GraphPad Software, San Diego,
EUA) .

2. Espectrometria no infravermelho com transformada de
Fourier (FTIR)

[00051] Amostras 1liofilizadas de aproximadamente 1 mg
foram colocadas em contato direto com o cristal de diamante
de reflexdo total atenuada de um Espectrdmetro IRPrestige-
21 (Shimadzu, Kyoto, Japdo). As preparacdes foram analisadas
na faixa de numero de onda de 3000 a 500 cm! e foram
realizadas 80 varreduras com uma resolucdo de 1 cml.

3. Espectrometria no ultravioleta-visivel (UV-Vis)

[00052] As preparacdes que apresentaram os maiores
carregamentos de farmacos foram analisadas de acordo com o
Teste de Identidade constante na Farmacopeia Internacional
(OMS, 2018) adaptado para as nanoparticulas magnéticas

funcionalizadas. De forma resumida, amostras liofilizadas de
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aproximadamente 100 ug foram tratadas com metanol para a
extracdo da membrana e moléculas ligadas. As preparacdes
foram analisadas em espectrofotdmetro UV-1800 (Shimadzu,
Kyoto, Japdo) na faixa de comprimento de onda de 300 a 450
nm. Um controle com AmB livre foi realizado de acordo com o
método farmacopeico sem adaptacdes (OMS, 2018).

4. Potencial =zeta

[00053] O potencial =zeta das nanoparticulas ressuspensas
em Agua ultrapura (30 upug.mL™!) foi medido em um analisador
Zeta (ZetaPlus, Brookhaven Instruments Corp., Holtsville,
EUA) . Foram realizadas 10 medigcbes em cada amostra e o0s
valores individuais foram utilizados para calcular a média
e o desvio padréo.

5. Medida de magnetizacéo

[00054] A propriedade de magnetizacdo dos magnetossomos
foi investigada em temperatura ambiente utilizando um
magnetdbmetro de vibracdo SQUID (MPMS3, Quantum Design, San
Diego, EUA). Uma amostra de 13,9 mg de magnetossomos
liofilizados foram transferidas para uma capsula de gelatina
para a insercdo no porta-amostras do magnetdmetro. As medidas
foram executadas a 300 K.

6. Hipertermia magnética

[00055] Foi investigada a capacidade de aquecimento dos
magnetossomos em resposta a aplicacdo de um campo magnético
alternado. A analise foi realizada em um sistema de
aquecimento por inducdo magnética (DM2-s53, ©Nanoscale
Biomagnetics, Zaragoza, Espanha) equipado com uma sonda de
temperatura de fibra éptica e isolamento térmico a vacuo. As
suspensdes de magnetossomos em tampdo fosfato salino (PBS)

com pH 7,4 foram transferidas para um vial de vidro (1 mL)
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em concentragcdes de 0,5, 1 e 5 mg.mL!. Primeiramente,
deixou-se o) sistema atingir o) equilibrio térmico
(aproximadamente 25 °C) e, em seguida, o campo magnético
alternado foi aplicado a uma frequéncia de 307 kHz e
intensidade de campo magnético de 200 Oe por 60 min.
Resultados

[00056] A observacdo das nanoparticulas funcionalizadas
por MET evidenciou o aumento na espessura da membrana quando
as nanoparticulas eram submetidas aos diferentes processos
de funcionalizacdo (Figura 3). A maior espessura média de
membrana (13,5 + 1,3 nm) foi observada quando as
nanoparticulas foram funcionalizadas com ambos os agentes de
ligacdo (BM-PLL-GA-AmB; Figura 3D e 3E). As medidas foram
submetidas ao teste ANOVA apresentando diferenca estatistica
relevante (p < 0,0001; Figura 3E).

[00057] A medida do potencial =zeta foili realizada para
avaliar as propriedades dispersivas das nanoparticulas
funcionalizadas. Valores entre -35 e -25 mV foram observados
para todos os métodos de funcionalizacdo testados, com
excecdo dagquele em que apenas a PLL foi empregada como Gnico
reagente de ligacdo, cujo potencial foi de 15,1 * 3,8 mV
(Figura 4).

[00058] A ligacdo covalente da AmB aos magnetossomos nas
preparacdes que utilizaram GA foi verificada através da
anadlise por FTIR. Os picos gque foram analisados para se
inferir a estrutura dos conjugados encontram-se sinalizados
nos espectros, nota-se a auséncia desses picos na amostra
contendo apenas BMs (Figura 5). A adsorcdo e a estabilidade
da AmB incorporada as nanoparticulas foram investigadas

através da analise por UV-Vis. Nas trés preparacgdes podem
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ser observados os picos de absorcdo, em ordem crescente de
intensidade, em 364, 382 e 406 nm, no inserto, nota-se a
histerese exibida pelas nanoparticulas (Figura 6). As
intensidades relativas entre os picos de absorcdo séo
mantidas entre as nanoparticulas funcionalizadas.

[00059] Medidas de magnetizacdo foram realizadas em
magnetossomos ndo-funcionalizados e revelaram valores de
magnetizacdo de saturacdo e coercividade de 52 emu.g-1 e 115
Oe, respectivamente (Figura 7).

[00060] A capacidade de agquecimento de suspensdes contendo
magnetossomos nas concentracdes de 1,2 e 4,8 mg.mL-1 foi
examinada sob um campo magnético alternado nas condicdes
descritas anteriormente. O aumento da temperatura em
resposta a aplicacdo de um campo magnético alternado foi o
mais alto (6,3 °C) na suspensdo contendo a maior quantidade
de magnetita (Figura 8). Quando a concentracdo de magnetita
foi de 1,2 mg.mL™l, o aumento da temperatura também foi menor
(1,4 °C).

Exemplo comparativo 3 - Estabilidade e liberagdo

Métodos utilizados

1. Perfil de liberacdo do farmaco

[00061] Trés tipos de conjugados foram testados quanto ao
perfil 1liberado da AmB segundo o método de Legrand e
colaboradores (1997). Basicamente, os complexos BMs-AmB
obtidos com tratamento com GA, PLL, GA com PLL e os obtidos
sem quaisquer reagentes de ligacdo foram dispersos em PBS e
incubados a 37 °C sob agitacdo a 60 RPM. Em intervalos de 12
h, os magnetossomos foram concentrados magneticamente e uma
amostra de sobrenadante foi coletada para determinacdo da

AmB em espectrofotdmetro a 410 nm. Depois disso o0s
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magnetossomos foram redistribuidos e foi restaurado o volume
de PBS. Para avaliar a liberacdo de AmB das nanoparticulas
submetidas ao campo magnético, o mesmo procedimento foi
realizado por 1 h com as duas preparacgdes de maior
carregamento nas condicdes de hipertermia descritas no item
anterior, excetuando-se a incubacdo e a agitacéo.

2. Estabilidade durante congelamento-descongelamento
[00062] Uma aliquota de 100 ug das duas preparacgdes de
maior carregamento foram dispersas em PBS e armazenadas a -
20 °C por 16 h. Ao final deste tempo, as suspensdes foram
descongeladas em temperatura ambiente e, sob concentracédo
magnética dos magnetossomos, uma amostra de sobrenadante foi
coletada para determinacdo da AmB em espectrofotbdmetro a 410
nm. Depois disso, o volume de PBS foi restaurado e as
aliquotas foram submetidas a outros 3 ciclos de congelamento-
descongelamento.

Resultados

[00063] A liberacdo de AmB na condicdo padrdao (37 °C)
dentro de 1 h foi de 11,1 * 0,4% para o BM-PLL-GA-AmB e de
15,0 + 1,2% para o BM-PLL-AmB (Figura 9). Quando a suspenséao
contendo os nanoconjugados foi submetida ao campo magnético
alternado (AMF), a liberacdo do farmaco no mesmo intervalo
de tempo aumentou aproximadamente quatro vezes, atingindo
41,3 £+ 0,5% para o BM-PLL-GA-AmB e 53,8 * 6,2% para o BM-
PLL-AmB (Figura 9).

[00064] O estudo de 1liberacdo frente ao congelamento-
descongelamento revelou que apds 4 ciclos desse tratamento
a nanoparticula funcionalizada retém 43,8 + 10,6% do
carregamento inicial de AmB para BM-PLL-AmB e 45,7 + 3,2%

para o BM-PLL-GA-AmB (Figura 10).
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Exemplo comparativo 4 - atividade antimicrobiana

[00065] A atividade antimicrobiana do nanoconjugado de
magnetossomos funcionalizados com anfotericina B (AmB)
utilizando poli-L-lisina (PLL) como agente de ligacdo foi
testada contra o) protozoario Leishmania amazonensis
MHOM/BR/PHS8.

[00066] O experimento realizado consistiu em incubar
promastigotas de L. amazonensis com diferentes concentracdes
do nanoconjugado por 72h na presenca das nanoparticulas. As
formas promastigotas de L. amazonensis foram obtidas apds
repiques semanais em meio Schneider suplementado com 10% de
soro fetal bovino inativado por calor, em estufa a 28 °C.
Apods 3 dias de cultivo, as células foram coletadas e contadas
em cidmara de Neubauer. Uma suspensédo de células foi preparada
e foram depositados 10° células em cada poco de uma placa de
96 pocos. Em seguida, foram adicionados os tratamentos dos
nanoconjugados de magnetossomos com PLL e AmB nas
concentracdes de 0,40 pg/mL a 25 pg/mL, totalizando um volume
de 100 pL em cada pogo da placa.

[00067] Ao todo, foram feitos 4 experimentos para estudo
da atividade antimicrobiana do nanoconjugado e em cada um
dos experimentos, cada concentracdo do tratamento foi
repetida 6 vezes. Em cada um dos experimentos, células sem
adicdo de nenhum tipo de tratamento de L. amazonensis foram
utilizadas como controle para efeitos de comparacédo.

[00068] As placas contendo células tratadas com O
nanoconjugado foram incubadas durante 72 horas em estufa a
28 °C. Apds o periodo de incubacdo com o tratamento, o
reagente MTT (brometo de 3-(4,5-dimetil-2-tiazolil)-2, 5-

difenil-2H-tetrazdlio) foi utilizado para analisar a
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suscetibilidade do protozodrio ao nanoconjugado. Foi
adicionado em cada poco da placa 10 uL de MTT e a placa foi
incubada por 4 horas, a 28 °C e sem contato com luz. Depois
da incubacédo, 100 uL de DMSO foi adicionado em cada poco.
Por fim, a placa foi lida no comprimento de onda de 570 nm
em leitor de placas.

[00069] Foi observado atividade antimicrobiana a partir da
concentracdo de 12,5 nug/mL de BMs funcionalizados, onde é
observado uma queda de mais de 50% na viabilidade celular do
protozoario L. amazonensis, demonstrando assim que o
nanoconjugado é efetivo contra o protozoario in vitro (Figura
11A) .

[00070] Quando comparadas a AmB, a eficiéncia da AmB
funcionalizada diretamente nos magnetossomos foi reduzida.
Em 25 upg de BMs-PLL-AmB h& 6,25 ug de AmB encapsulada,
enquanto concentracdes muito menores de AmB (0,20, 0,40,
0,80 e 1,56 ug/ml) apresentaram atividade —contra o
protozoadrio (Figura 11B). Dessa forma, o composto né&o
apresentou redugcdo da concentracdo da AmB que possui
atividade contra a L. amazonensis.

Exemplo comparativo 5 - citotoxicidade do nanoconjugado
[00071] O estudo da citotoxicidade do nanoconjugado a base
de BMs funcionalizados com anfotericina B (AmB) utilizando
poli-L-lisina (PLL) como agente de ligacdo (BMs-PLL-AmB) foi
feito em trés linhagens celulares de mamiferos. As linhagens
utilizadas foram macréfagos (J774.16), fibroblastos (hFB) e
queratindécitos (HaCaT).

[00072] Para realizacdo dos testes, as trés linhagens
celulares foram cultivadas em meio DMEM (Dulbecco’s modified

Fagle’s medium) High Glucose (pH 7,2) enriquecido com 10% de
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soro fetal bovino (SFB) inativado por <calor e 1% do
antimicrobiano PenStrep (Penicilina-Estreptomicina 10.000
U/mL) e incubadas em estufa a 37 °C com atmosfera de 5% de
COz.
[00073] As células foram cultivadas em frascos de cultura
de 7,5 cm? e para a remocgdo das células aderidas ao frasco
foi utilizado uma solucdo de tripsina-EDTA (0,05% de 1:250
de tripsina e 0,02% de EDTA; pH 7,2). Um volume de 5 mL de
solucdo de tripsina-EDTA foi adicionado no frasco da cultura,
as células foram incubadas por 5 minutos a 37 °C e observadas
ao microscépio até a monocamada soltar do frasco. Entdo, 5
mL de meio acrescido de 10% de SFB foram adicionados, as
células foram coletadas e centrifugadas a 200 g por 3-5
minutos. As células foram ressuspendidas em meio DMEM High
glucose, contadas em cémara de Neubauer e depositadas em
placas de 96 pogos nas concentracdes como se segue:

e Queratindcitos (HaCaT): 1,25 x 105 células/mL

e Fibroblastos (hFB): 3,75 x 10° células/mL

e Macrdé6fagos (J774.16): 10° células/mL
[00074] Foi utilizado um volume total de 100 uL por pocgo.
Apds plaqueadas, as células foram incubadas por 24 horas a
37 °C em atmosfera com 5% de CO;. Entdo, o meio das células
foi removido, as células foram lavadas com PBS 1x (pH 7,2).
O nanoconjugado BMs-PLL-AmB ressuspendido em meio de cultura
foi adicionado, nas concentracdes de 0,40 pg/mL a 25 ug/mL.
As células foram incubadas nas mesmas condicdes descritas
anteriormente, por periodos de 24, 48 e 72 horas. Todos os
experimentos foram feitos em triplicata e repetidos 3 vezes.
Como controle de células vidveils, foram utilizadas células

sem nenhum tipo de tratamento em seu meio de cultura.
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[00075] Apbs o periodo de incubacdo, foi adicionado 10 uL
do reagente MTS (3-(4,5-dimetiltiazol-2-11)-5-(3-
carboximetédxifenil)-2-(4-sulfofenil)-H tetrazdlio) em cada
poco da placa. A placa foi incubada ao abrigo da luz por 3
horas, nas mesmas condigdes. A leitura de absorbéncia foi
realizada a 490 nm em leitor de placas.

[00076] Os resultados obtidos, conforme Figura 12,
demonstraram que em todas as concentracdes de BMs-PLL-AmB e
tempos testados, a viabilidade celular se manteve acima de
80% para os trés tipos celulares. Com excecdo das células
J774.16 tratadas por 72 horas, onde a viabilidade celular
foi reduzida, se mantendo acima de 60%. Os resultados obtidos
demonstram gque o nanoconjugado BMs-PLL-AmB ndo apresenta
alta citotoxicidade para células mamiferas, em especifico as
aqui testadas, como macrdéfagos (J774.16), queratindcitos
(HaCaT) e fibroblastos (hFB).

Exemplo comparativo 6 — capacidade de carreamento do farmaco
[00077] A  maior capacidade de ligacéo a moléculas
funcionais por magnetossomos prismdticos de Mv. blakemorei
cepa MV-1T em comparacdo aos magnetossomos cuboctaédricos de
Magnetospirillum magneticum cepa AMB-1 foi comprovada
através do experimento descrito a seguir.

[00078] O experimento consistiu na incubacdo de 100 upg de
magnetossomos de ambas as cepas com uma 1 mL de uma solucao
de poli-L-lisina ligada ao marcador fluorescente
isotiocianato de fluoresceina (PLL-FITC). A solucdo de PLL-
FITC possuia uma concentracdo de 200 ug/L em tampdo fosfato
0,1 M (pH 7,4). A incubacédo foi feira em um banho de ultrassom
(Branson 2200) a 60 W durante 3 ciclos de 5 min. Em seguida,

0s magnetossomos foram concentrados por meio de um im& de
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neodimio colocado externamente ao tubo. Em seguida, o
sobrenadante foi removido e armazenado para leitura
fluorimétrica. Foram feitas duas lavagens consecutivas com
dgua ultrapura e o0s sobrenadantes foram guardados para
leitura fluorimétrica.

[00079] A quantificacédo de PLL-FITC ligado aos
magnetossomos foi feita através da leitura da intensidade de
fluorescéncia dos sobrenadantes em um fluorimetro. Foram
utilizados os comprimentos de onda de 488 nm para excitacdo
e 525 nm para emissdo. Foil realizada a leitura de um controle
de PLL-FITC na concentracdo 200 ug/L. A proporcdo de PLL-
FITC ligada aos magnetossomos foi calculada pela diferenca
entre a leitura do controle e a leitura dos sobrenadantes
dividida pela leitura do controle.

[00080] Os magnetossomos de Mv. blakemorei cepa MV-1T
apresentaram maior eficiéncia de ligacdo a PLL-FITC, com uma
média de 65,05 * 2,77% (n=7) (Figura 13). Os magnetossomos
de Ms. magneticum cepa AMB-1 apresentaram uma média de 39,55
+ 7,6% (n=7) de eficiéncia.

[00081] A presente invencdo foi revelada neste relatdrio
descritivo em termos de sua modalidade preferida.
Entretanto, outras modificacdes e variacdes s&o possiveis a
partir da presente descrigdo, estando ainda inseridas no

escopo da invencdo aqui revelada.
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REIVINDICACOES

1. Processo de sintese de magnetossomo funcionalizado com

fadrmaco CARACTERIZADO por compreender as etapas de:

a) preparar os magnetossomos e o farmaco;
b) funcionalizar os precursores da etapa a) com O
agente de ligacédo; e
c) separar os magnetossomos funcionalizados.
2. Processo, de acordo com a reivindicacéo 1,

CARACTERIZADO pelo fato de os magnetossomos serem extraidos

de Magnetovibrio blakemorei cepa MV-1T, Desulfovibrio
magneticus cepa RS-1, Magnetospirillum magneticum cepa AMB-
1, Magnetospirillum magneticum strain MGT-
1, Magnetospirillum magneticum cepa RSS-1, Magnetospirillum
gryphiswaldense cepa MSR-1, Magnetospirillum
magnetotacticum cepa MS-1, Magnetospirillum sp. cepa ME-
1, Magnetovibrio blakemorei cepa MV-2, Magnetospira
thiophila cepa MMS-1, Magnetococcus marinus cepa MC-1
e Magnetofaba australis cepa IT-1.

3. Processo, de acordo com a reivindicacéo 1,

CARACTERIZADO pelo fato de magnetossomos serem

preferencialmente prismaticos da espécie Magnetovibrio
blakemorei cepa MV-1T.
4., Processo, de acordo com a reivindicacéo 1,

CARACTERIZADO pelo fato de o farmaco ser da classe dos

polienos, sendo selecionado do grupo consistindo em
anfotericina B, nistatina e filipina.
5. Processo, de acordo com a reivindicacéao 1,

CARACTERIZADO pelo fato de o farmaco ser preferencialmente

anfotericina B.

6. Processo, de acordo com a reivindicacéo 1,
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CARACTERIZADO pelo fato de o agente de 1ligacdo ser um

biopolimero catidnico selecionado do grupo consistindo em
poli-L-1lisina, poliarginina, polietilnimina e glutaraldeido,
ou combinacdo destes.

7. Processo, de acordo com a reivindicacéo 1,

CARACTERIZADO pelo fato de o agente de 1ligacdo ser

preferencialmente poli-L-lisina, ou o glutaraldeido, ou
combinacdo destes.
8. Processo, de acordo com qualquer uma das reivindicacdes

de 1 a 7, CARACTERIZADO pelo fato de, na etapa a), a

preparacdo dos magnetossomos ocorrer pela adigdo de 50 a 150
Bnl de tampdo fosfato entre 0,05 a 0,2 M com pH 7,2 a 7,6 a
50 a 150 pg de magnetossomos;
em que a preparacdo do farmaco ocorrer pela solubilizacgdo
em solvente DMSO até concentracdo final de 80 a 200 upg.mL-l.
9. Processo, de acordo com qualgquer uma das reivindicacdes

de 1 a 8, CARACTERIZADO pelo fato de, na etapa a), a ordem

de preparacdo dos magnetossomos e fadrmaco ser independente.
10. Processo, de acordo com qualgquer uma das

reivindicacdes de 1 a 9, CARACTERIZADO pelo fato de, na etapa

a), a preparacdo dos magnetossomos, preferencialmente,
ocorrer com a adicdo de 100 pl de tampédo fosfato 0,1 M e pH
7,4 a 100 pg de magnetossomos.

11. Processo, de acordo com a reivindicacéo 1,

CARACTERIZADO pelo fato de, a preparacdo do féarmaco,

preferencialmente, na etapa a), ocorrer pela solubilizacédo
em solvente DMSO até concentracdo final de 125 upg.mL7!.
12. Processo, de acordo com qualquer uma das

reivindicacdes de 1 a 11, CARACTERIZADO pelo fato de, na

etapa b), o agente de ligacdo ser adicionado aos
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magnetossomos da etapa a) na proporcdo de 1:1, sendo que o
agente de ligacdo estd na concentracdo entre 0,02% a 25%
v/v, e sequencialmente, o farmaco precursor da etapa a) ser
adicionado a mistura; e
a mistura resultante ser submetida a 4 a 6 ciclos de 5 a
15 minutos de sonicacdo de 50 a 120 W em banho de ultrassom,
com intervalos de 5 a 30 minutos sob resfriamento com banho
de gelo entre -4 a 4°C.
13. Processo, de acordo com qualquer uma das

reivindicagdes de 1 a 11, CARACTERIZADO pelo fato de, na

etapa b), o agente de ligacdo poli-L-lisina ser adicionado
aos magnetossomos da etapa a) na proporcdo de 1:1, sendo que
o agente de ligacdo estd na concentracdo entre 0,0001 a 0,05
s v/v;

a mistura ser submetida a 5 a 15 minutos de ultrassom de
50 a 120 W em banho de ultrassom, sendo o sobrenadante
separado por iméd, fixado na parte externa do recipiente, e
o produto resultante é lavado com 75 a 150 puL de &gua e
suspensos com 100 pL de tampdo fosfato 0,1 M e pH 7,4;

o farmaco precursor da etapa a) ou o fadrmaco precursor
da etapa a) e outro agente de ligacdo na concentracdo entre
0,02 % a 25% v/v, serem adicionados a mistura, sendo a
mistura resultante submetida a 4 a 6 ciclos de 5 a 15 minutos
de sonicacdo de 50 a 120 W em banho de ultrassom, com
intervalos de 5 a 30 minutos sob resfriamento com banho de
gelo entre -4 a 4°C.

14. Processo, de acordo com a reivindicacdo 12 ou 13,

CARACTERIZADO pelo fato de preferencialmente a mistura

resultante ser submetida a 5 ciclos de 10 minutos de

sonicacdo a 60 W em banho de ultrassom, com intervalos de 10
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minutos sob resfriamento com banho de gelo entre — 4 a 4°C.
15. Processo, de acordo com a reivindicacéo 13,

CARACTERIZADO pelo fato de poli-L-lisina estar

preferencialmente na concentracdo de 0,01%.
16. Processo, de acordo com a reivindicacdo 12 ou 13,

CARACTERIZADO ©pelo fato de glutaraldeido estar na

concentracdo final de 0,2 a 12,5% v/v.
17. Processo, de acordo com a reivindicacdo 12 ou 13,

CARACTERIZADO pelo fato de glutaraldeido estar

preferencialmente na concentracdo final de 12,5% v/v.
18. Processo, de acordo com qualquer uma das

reivindicagcdes de 1 a 17, CARACTERIZADO pelo fato de que na

etapa c¢) um im&d ¢é fixado, de forma removivel, na parte
externa do recipiente da suspensdo de magnetossomos, e em
seguida o recipiente é reservado entre 15 minutos a 24 horas,
preferencialmente por 15 minutos, em temperatura de 2 a 8°C,
sequencialmente, ocorre a retirada do sobrenadante e o iméa
é removido da superficie do recipiente.

19. Magnetossomo funcionalizado com farmaco obtido pelo
processo, conforme definido em qualquer uma das

reivindicagcbes de 1 a 18, CARACTERIZADO por ser um

magnetossomo funcionalizado com anfotericina B e poli-L-
lisina, ou glutaraldeido, ou combinacdo destes.
20. Magnetossomo funcionalizado com farmaco, de acordo

com a reivindicacdo 19, CARACTERIZADO por possuir o tamanho

médio de 63,3 * 3,9 nm em comprimento e 39,7 * 3,5 nm em
largura, e adicionalmente as espessuras de membrana: 8,9 =+
1,1 nm para a preparagcdo com GA; 12,0 £+ 1,2 nm para a
preparacdo obtida com PLL; e 13,5 £ 1,3 para a preparacao

obtida com PLL-GA.
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21. Magnetossomo funcionalizado com féarmaco, de acordo

com a reivindicacdo 19, CARACTERIZADO por a preparacdo com

PLL possuir estabilidade média de 65,6 £ 2,9% em pH 7,4 apds
5 dias em agitacdo de 60 rpm a 37°C.
22 . Magnetossomo funcionalizado com farmaco, de acordo

com a reivindicacdo 19, CARACTERIZADO por a preparacido com

GA possuir estabilidade média de 75,8 + 6,7% em pH 7,4 apds
5 dias em agitacdo de 60 rpm a 37°C.
23. Magnetossomo funcionalizado com farmaco, de acordo

com a reivindicacdo 19, CARACTERIZADO por a preparacdo com

GA-PLL possuir estabilidade média de 80,9 = 0,5% em pH 7,4
apés 5 dias em agitacdo de 60 rpm a 37°C.
24 . Magnetossomo funcionalizado com farmaco, de acordo

com a reivindicacdo 19, CARACTERIZADO por a liberacdo do

farmaco durante 60 minutos ser de 41,3 £+ 0,5% para a

preparacdo feita com PLL-GA e 53,8 * 6,2% para a preparacao

feita com PLL na presenca de um campo magnético alternado.
25. Magnetossomo funcionalizado com farmaco, de acordo

com a reivindicacdo 19, CARACTERIZADO por o potencial zeta

ser entre -35 e -15 mV.
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FIGURA 1
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FIGURA 3
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RESUMO
PROCESSO DE SINTESE DE MAGNETOSSOMO FUNCIONALIZADO COM

FARMACO E MAGNETOSSOMO FUNCIONALIZADO OBTIDO A PARTIR DESTE

A presente invencdo descreve um processo de sintese de
magnetossomo funcionalizado com farmaco, assim como ©
magnetossomo funcionalizado obtido a partir deste. O
magnetossomo utilizado é oriundo do cultivo de bactérias
magnetotdticas. A producdo desse composto tem por objetivo
fornecer um composto passivel de liberacdo controlada de
farmacos, especificamente fdrmaco aplicado no tratamento de
doencas infecciosas de etiologia fungica ou parasitaria.
Assim como trazer o advento de uma producdo a baixo custo e

por meio de tecnologia verde.
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Chapter 20

Antarctic microorganisms as sources
of biotechnological products

Tarcisio Correa and Fernanda Abreu

Paulo de Goes Microbiology Institute, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

20.1 Introduction

For many years, Antarctica remained an unexplored continent. In 1961, the Antarctic Treaty System (ATS) was imple-
mented and established this continent as a scientific preserve. Currently, ATS regulates international relations within
this complex and fragile environment. Despite the challenging access to this extreme environment, the number of publi-
cations about the diversity/bioprospection of microorganisms in this continent has increased significantly over the years
(Fig. 20.1). Antarctic continent is home to a substantial diversity of marine and continental environments. Extreme abi-
otic conditions of Antarctic environments like cold, high salinity, and ultraviolet light incidence play selective pressures
over bacterial and fungal aquatic and terrestrial communities [2,3]. Antarctic microorganisms had evolved survival
strategies to resist such harsh conditions, and these include but are not limited to cold-tolerant enzymes, antimicrobials,
and antifreezing components [4]. As depicted in Fig. 20.2, bioactive compounds are known to be produced in a diver-
sity of microbial habitats, such as sediments of lakes and bays, seawater, soils, and permafrost [4,5].
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FIGURE 20.1 Global publication records (January 1, 1980—May 29, 2019) for Antarctic microbial diversity. The search using keywords “Antarctic”
and “Antarctica” combined with “microorganism(s),” “bacterium(a),” “fungus(i),” and “yeast(s)” was performed on Scopus database. Selection of data
was done as described in Ref. [1].
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FIGURE 20.2 Diversity of Antarctic environments and bioactive compounds obtained from Antarctic microbiota.

20.2 Bioprospection of microbial derived bioactive compounds in Antarctica

In this chapter, we focus on Antarctic-derived-enzymes, which are by far the most explored microbial products from
Antarctica, but we also give some insights in drug discovery, antifreezing biomolecules, and nanotechnology.

20.2.1 Enzymes

Extremophilic enzymes are preferred for use in diverse industrial processes because of their stability under harsh condi-
tions [6]. While thermophilic enzymes are advantageous because they preserve activity under high temperatures, psy-
chrophilic enzymes can dispense the use of heat in productive processes, since their activity is relatively high at low
temperatures [6]. This property would be economically beneficial because energy consumption costs for heat generation
are saved. Moreover, when heating is avoided, degradation of thermolabile products in bioreactors is prevented [6].
Here, we focus on describing purified, partially purified, or extracellular enzymes with potential to industrial application
from microorganisms isolated from different Antarctic environments. Most enzymes display maximum activities in the
range 30°C—37°C, but they are able to significantly retain their activities in temperatures as low as 5°C—15°C.
Table 20.1 summarizes isolated Antarctic enzymes and their potential applications.

20.2.1.1 Discovery and purification

The first step of discovery of cold-adapted enzymes is the isolation and identification of producing microorganisms
from environmental samples. One classic approach for the enzyme discovery is the detection of substrate degradation in
diagnostic growth media by microorganisms. In a search for proteolytic enzymes [25], water samples were collected
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TABLE 20.1 Enzyme classes isolated from Antarctic microorganisms, their activity and potential uses.

Enzyme class

Source
microorganisms

Higher classification

Activity

Application

Reference

Photoliase Hymenobacter sp. Flavobacteria UV-induced DNA Formulation of Marizcurrena
UV-11 damage repair dermatological etal. [7]
cosmetics
Leucine Pseudoalteromonas Gammaproteobacteria Conversion of Pharmaceutical Wang et al.
dehydrogenase sp. ANT178 branched chain synthesis [8]
amino acids into
alpha-ketoacids
Homoserine- Planococcus Firmicutes Degradation of Inhibition of See-Too et al.
lactonase versutus L10.15 homoserine-latones phytopathogens [9]
(quorum-sensing
mediators)
B-Galactosidase Halorubrum Archaea Hydrolysis of Production of Laye et al.
lacusprofundi B-galactosides into lactose-free dairy [10]
monosaccharides products
Pseudoalteromonas Gammaproteobacteria Turkiewicz
sp. 22b etal. [11]
Alicyclobacillus Firmicutes Gul-Guven
acidocaldarius etal. [12]
Alcohol Flavobacterium sp. Flavobacteria Enantioselective Pharmaceutical Araujo et al.
dehydrogenase oxidation of alcohols and [13]
agrochemical
synthesis
Arthrobacter sp. Actinobacteria
Alkaline TAB5 Dephosphorylation Molecular Guthrie et al.
phosphatase of 5" and 3’ ends of biology (cloning, [14]
DNA and RNA probes
phosphomonoesters preparation)
Keratinase Lysobacter sp. AO3 Gammaproteobacteria Proteolysis of keratin Recycling of Pereira et al.
poultry wastes [15]
into livestock
feed
Chitinase Lecanicillium Ascomycota Hydrolysis of chitin Control of fungal Barghini et al.
muscarium into N-acetyl- infections and [16]
glucosamine dimers treatment of
chitin-rich waste
Sanguibacter Actinobacteria Park et al.
antarcticus [17]
Xylanases Cladosporium sp. Ascomycota Hydrolysis of 31— 4 Biobleaching of Gil-Duran
linkages of xylan paper and pulps etal. [18]
Lipases Janibacter sp. R02 Actinobacteria Hydrolysis of acyl- Biodiesel Castilla et al.
glicerols, release of production; [19]
fatty acids bioremediation;
and detergents
Pseudomonas sp. Gammaproteobacteria Ganasen
AMS8 etal. [20]
Geomyces sp. P7 Ascomycota Florczak
etal. [21]

(Continued)
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TABLE 20.1 (Continued)

Enzyme class Source Higher classification Activity Application Reference
microorganisms

Amylases Nocardiopsis sp. Actinobacteria Breakdown of starch Baking and Zhang and
7326 polysaccharides brewing and Zeng [22]
food industries
Tetracladium sp. Ascomycota Carrasco
etal. [23]
Geomyces Ascomycota He et al. [24]
pannorum

from an Antarctic lake and aliquots were plated onto Luria—Bertani solid agar. Petri dishes were incubated at 4°C to
obtain isolated colonies. Then, isolated colonies were streaked onto minimal milk medium for the detection of protease-
producing colonies through formation of milk-degradation halo during incubation. It is worth highlighting the impor-
tance of incubation at low temperatures for mimicking natural psychrophile conditions at searching cold-active
enzymes. A qualitative screening of multiple hydrolytic activities of different yeast strains cultivated from soil, bay,
and lake samples collected on King George Island revealed 12 strains produced extracellular proteases when incubated
at 8°C but not at 20°C [26]. Among isolated bacteria, Guehomyces pullulans showed the most diverse enzyme produc-
tion profile at psychrophilic conditions, with the presence of proteases, esterases, amylases, pectinases, and inulinases
being detected. This finding corroborates the idea that the bioprocesses for enzyme production themselves benefit from
psychrophile characters of Antarctic microorganisms.

Enrichment techniques are also used for the screening of certain types of microbial biocatalysts. In these techniques,
media compositions are changed so that the survival and growth of microorganisms that are capable of producing a par-
ticular type of enzymes are stimulated over other microorganisms. As an example, microorganisms from sediments and
soils from King George Island were isolated in media containing (RS)-1-(phenyl)ethanol as the carbon source [23]. This
approach led to the isolation of organisms producing enantioselective alcohol-degrading oxidases or dehydrogenases
either by selecting constitutively producing microorganisms or by inducting formation of these oxidative enzymes.

Classical screening techniques have led to the discovery of most enzymes isolated from Antarctic microbiota,
including the notable enzymatic product Antarctic phosphatase derived from psychrophilic strain TABS5 and marketed
by New England Biolabs Inc [14,27]. On the other hand, a significant portion of enzymes may not be detected by clas-
sic screening due to lack of cultivability of some producing microorganisms [27]. In this sense, genome-based discovery
can be useful for enzyme discovery as it dispenses cultivation steps during screening [27].

A typical workflow for identification and laboratory-scale production of cold-tolerant enzymes is described in
Fig. 20.3 and comprises the following: (i) screening of degrading enzyme—producing bacteria or fungi, usually by the
detection of substrate-degradation halo formed during growth of inoculated organism from an environmental sample on
agar plate; (ii) isolation of substrate-degrading colony and cultivation in enrichment liquid media under low temperature
(4°C—15°C); (iii) cell concentration and lysis in the case of intracellular enzymes or supernatant concentration in the
case of extracellular enzymes; and (iv) multistep purification of lysate or concentrated supernatant (e.g., precipitation
and affinity and ionic chromatography). More recently, molecular tools are often used for phylogenetic analyses and
enzyme-coding gene identification, cloning, and construction of expression vectors for recombinant production.

20.2.1.2  Activity retention

Enzymes obtained from Antarctic microorganisms have been reported as thermostable [12,21,19,25], halotolerant
[19,28], acidophilic [12], alkaliphilic [20], organic-solvent-tolerant [20], in addition to cold-adapted activity. Despite
that, little is known about biochemical adaptation of biocatalysts in Antarctic environment.

One study analyzed (3-galactosidase from Halorubrum lacusprofundi (archaeon) from deep-lake sediment and found
a small number of differences in enzyme amino acid sequence underlies stability and activity retention [10]. H. lacu-
sprofundi (B-galactosidase have been described as polyextremophile, maintaining activity under low temperatures and
high salinity and even elevated concentrations of highly oxidative perchlorate salts [29], making this enzyme a good
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FIGURE 20.3 A typical workflow describing steps of Antarctic enzymes discovery process.

model for understanding superstability mechanisms. The alignment of (3-galactosidases sequences of closely related
mesophilic archaea allowed the identification of conserved amino acid residues that differed from those of H. lacuspro-
Sfundi. Only a small number (<1%) of residues differed from mesophilic enzyme and these were attributed to the reten-
tion of enzymatic activity in cold and highly saline environment. Nonconserved residues were substituted by conserved
ones in (-galactosidase sequences by site-directed mutagenesis to generate mutated enzymes. Kinetics studies of
mutated and wild-type (3-galactosidases indicated that those minor differences in amino acid residues are responsible for
the reduced surface charge, which loosens binding of water molecules, permitting greater flexibility in low tempera-
tures; the increased negative internal charge, which prevents aggregation in cold and high salinity and the decreased
internal amino acid packing, possibly enhancing substrate binding to active site [10].

20.2.1.3 Enzymes for biorefinery and biodiesel production

The ability of some microorganisms to grow feeding on complex biopolymeric substrates relies on the secretion of
digestive enzymes that degrades these polymers into smaller fragments that can be taken up by the cells [30]. For this
reason, many of enzymes used for industrial degradation of such matrixes have been obtained from microorganisms iso-
lated from sources rich in that substrate. In this context, a keratinolytic bacterium Lysobacter sp. A03 has been isolated
from decomposing feathers from penguins inhabiting Elephant Island, Antarctica [15]. This bacterium was then culti-
vated in feather-meal broth, from where a cold-active keratinase was partially isolated [15].

As in the case of keratin, polymeric substrates are usually available from renewable and low-cost sources and may
be employed as substrate for biotechnological production of hydrolytic enzymes. Crustacean shells are rich in chitin, an
N-acetyl-glucosamine polymer, which can be used as substrate for chitinolytic microorganisms [31]. An optimized
large-scale (3 L) cultivation of shrimp-shell degrading Antarctic fungus Lecanicillium muscarium was developed for
cold-tolerant chitinase production [16]. The developed bioprocess led to a chitinase production of 243 U/L, with an
enzymatic activity described as an endochitinase (i.e., cleaving nonreducing ends of chitin chain). Complimentarily, an
endochitinase, which cleaves internal sites of chitin generating shorter fragments, was isolated from Sanguibacter ant-
arcticus [17]. This bacterium was isolated from Antarctic seawater and the purified enzyme retained 40% and 60% of
its activity at 0°C and 10°C, respectively. Another example of hydrolytic enzymes are xylanases, which degrades
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B1—4 linkages of xylan, a major component of plant cell walls [32]. Degradation products of xylan varies depending
on the hydrolysing enzyme [32]. A thermolabile endoxylanase (a type of xylanase that releases xylooligosaccharides)
from sponge-associated fungus Cladosporium sp. has been heterologously expressed and purified [18]. The purified
enzyme showed higher activity on arabinose-rich xylans (rye arabinoylan and wheat arabinoxylan). The advantage of
applying cold-active degrading enzymes in industrial processes is the reduction of production costs deriving from heat
generation. Processes of conversion of poultry waste into reusable materials (for keratinase), treatment of chitin-rich
wastes (for chitinases), and pulp and paper bleaching (for xylanases) would benefit from the hydrolytic activities at low
or moderate temperatures.

Lipases catalyse the hydrolysis of long-chain triacylglycerols yielding free fatty acids, glycerol, and mono- and di-
glycerols [30]. These enzymes have been applied in food, detergents, and pharmaceutical industries, probably making
lipase the most important enzyme class for industrial catalyzes. In biodiesel production, lipases catalyse two-step trans-
esterifications of vegetable, animal, and algal oils [33]. Lipases from Antarctic microorganisms present unusual stability
profiles. A lipase from soil bacterium Janibacter sp. RO2 presents a thermophilic, halophilic, and alkaliphilic profile
[19]. Its optimum activity occurs in pH 8§-9, at 80°C, at a 10 mM concentration of NaCl/KCl mixture with a higher
affinity for short-chain butyrate (C4) than for heptanoate (C;) and oleate (C;g). A cold-tolerant lipase purified from
Pseudomonas sp. AMS8 showed good stability in the presence of organic solvents. It displayed 92%, 109%, and 88%
of its control (i.e., absence of organic solvents) activity in the presence of 25% (v/v) xylene, octane, and methanol,
respectively [20]. Due to the tolerance for usually toxic organic solvents, a simpler method for purifying Pseudomonas
sp. AMSS lipase has been developed [34]. The method consists of a two-step (from aqueous phase to an organic phase
and back to an aqueous phase) liquid—liquid extraction using a mixture of toluene and Triton X-100, a non-ionic sur-
factant, as organic phase. The extraction recovered 43% of the enzymatic activity when performed at 10°C—for com-
parison purposes, gel-filtration chromatography recovers 23% of activity. This extraction method dispenses the need of
onerous chromatographic steps, making purification more suitable for industrial settings.

20.2.1.4 Enzymes for pharmaceuticals and cosmetics production

As discussed earlier, Antarctic environment acts as pressure to produce biomolecules that enable organisms’ survival in
that extreme environment. In the case of UV light, its incidence in Antarctic region is more intense due to ozone layer
depletion [2]. Photolyase is a class of enzymes with the ability of repairing UV-damaged DNA [7]. UV lights induced
the formation of pyrimidine dimers, impairing the transcription process by RNA polymerase and ultimately leading to
skin cancer [7]. A photolyase gene has been identified in genome of lake bacterium Hymenobacter sp. UV-11 [7].
Heterologous expression of this gene in Escherichia coli allowed the purification of the recombinant enzyme preserving
its UV-photoprotective activity. Recombinant photolyase could remove pyrimidine dimers of UV-irradiated DNA and
repair UV-induced DNA damage in CHO and HaCat cells. The application of the Antarctic photolyase in the dermato-
logical formulations could generate valuable product with skin cancer preventive action.

A leucine dehydrogenase from the Antarctic sea-ice bacterial strain Pseudoalteromonas sp. ANT178 was purified
after heterologous expression in an E. coli DE3 vector [8]. This enzyme catalyzes the conversion of branched chain
amino acids (with the highest specificity for leucine), to their corresponding a-ketoacids by oxidative deamination.
This type of catalysis is important for pharmaceutical industry because the conversion products (e.g., L-tert-leucine) are
used as active ingredients in pharmaceutical industry [8]. The cold-active leucine dehydrogenase obtained from
Pseudoalteromonas sp. ANT178 showed a maximum activity at 30°C and pH 9. However, the enzyme retained 40% of
its activity at 0°C and 65% at 15°C. The most prominent example of L-tert-leucine derivative is atazanavir, one of most
prescribed antiretroviral drugs for the treatment of HIV infection [35].

20.2.1.5 Enzymes for agriculture and brewing

N-Acylhomoserine-lactones are a group of signaling molecules used in quorum-sensing of bacterial communities [9].
The Antarctic bacterium Planococcus versutus L10.15 is known to produce the enzyme N-acylhomoserine-lactonase,
which degrades homoserine-lactones at high rates [9]. The optimum degrading activity is at 28°C, but the enzyme
retains 60% of this activity at 18°C. Thus P. versutus N-acylhomoserine-lactone might be used in quorum-quenching
(i.e., interrupting quorum-sensing communication between bacteria) for inhibiting some plant diseases. Soft-rot disease
in cabbage is caused by phytopathogen Pectobacterium carotovorum, the phytopathogeny mechanism of which relies
on homoserine-lactones-based quorum-sensing. In one experiment, P. versutus N-acylhomoserine-lactone was able to
inhibit rotting of Chinese cabbage caused by P. carotovorum. This inhibition was due to quorum-quenching, which
attenuated plant-tissue degradation by the phytopathogen [9]. In another approach, enzymes from Antarctica
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microorganisms have been used in the brewing process optimization. Amylases are responsible for the degradation of
starch into mono- and oligosaccharides and are of value for different industries, including brewing and baking [30].
Two of most important enzymes of this class are a-amylases, which break down a-(1,4) links within polysaccharide
chain, and glucoamylases, which cleave nonreducing ends of starch chains, releasing glucose [30,36]. Beer production
demands enzymes as adjuncts for brewing processes and amylases may be employed at various steps of brewing process
and they improve fermentability properties of wort [36]. As brewing fermentation processes take place at relatively low
temperatures: lagers at 10°C—15°C and ales at 15°C—20°C, the use of cold-adapted enzymes becomes beneficial.
A cold-active a-amylase was obtained from the actinomycete Nocardiopsis sp. 7326, which was isolated from
Antarctic deep-sea sediment [22]. While a-amylase activity maximum occurs in 35°C, more than 70% of that is main-
tained at 20°C and 35% at 0°C. In addition, a cold-adapted glucoamylase was isolated from Antarctic soil yeast
Tetracladium sp. through heterologous expression [23]. Activity of this enzyme was optimum at 30°C, retaining more
than 50% of this activity at 22°C. As most glucoamylases present enzymatic optimum at 45°C—50°C, Antarctic glucoa-
mylase would provide high catalytic activity in industrial process with low-temperature requirements.

20.2.1.6 Immobilization of Antarctic-derived enzymes

As discussed throughout this section, Antarctic enzymes are excellent catalysts at low and moderate temperatures, with
promising industrial applications. However, industrial processes require high-yielding biocatalysts to be reused and this
is achieved by immobilization techniques [37]. Immobilization improves physical—chemical stability, allowing
enzymes to remain active after multiple cycles [37]. Immobilization of cold-active enzymes could improve feasibility
of low-temperature processes by dispensing energy consumption and recovering usually expensive biocatalysts. An
a-amylase from Geomyces pannorum, a psychrotolerant fungus isolated from continental Antarctica, was covalently
immobilized onto iron-oxide magnetic nanoparticles, resulting in an evident stability enhancement [24]. Both soluble
and immobilized amylase displayed an activity optimum at 40°C. When immobilized, the enzyme retained more than
40% of its optimal activity at 20°C and 70°C, while soluble enzyme activity was below 25% in either case. In addition,
90% of its activity was retained after three cycles and 60% was retained after eight cycles of reutilization. In another
case, chitosan beads were used as support for covalent immobilization of (3-galactosidase from Pseudoalteromonas sp.
22b, isolated from the digestive system of Antarctic krill Thysanoessa macrura [11,26]. Retention of enzyme activity
after immobilization was 53%, with lactose hydrolysis being carried at 4°C for 48 h. From that a recycling system for
continuous lactose hydrolysis (1 mL/min) was developed with a column packed with enzyme-functionalized beads. The
system reached a steady efficiency of 93% of lactose hydrolysis at 18 h of operation. The activity of continuous lactose
hydrolysis lasted for 40 days at 15°C.

20.2.2 Drug discovery
20.2.2.1 Antimicrobial drug discovery

Antarctica’s extreme environments with different abiotic characteristics is home to a large variety of microbial species
[3]. This combination makes Antarctica a promising site for obtention of bioactive compounds due to the diversity of
metabolic pathways resulting from evolutionary adaptation to cold and nutrient-limited environments [38]. Production
of extracellular antimicrobial compounds as secondary metabolites is assumed to be an adaption strategy by conferring
producing microorganisms a competitive advantage. In one study, fungal strains isolated from marine environments
showed production of metabolites with antimicrobial action against important human pathogens [39]. Cultivation of iso-
lated strains at low temperatures positively influenced the production of antimicrobial substances: Atradidymella sp.
showed higher production at 4°C, while Pseudogymnoascus sp. and Penicillium flavigenum more intense production at
15°C. This finding highlights the adaptative ability in producing and excreting antimicrobials at polar environments and
the role of temperature in regulating production of these bioactive compounds. Table 20.2 summarizes antimicrobial
activities of compounds isolated from Antarctic microbiota and Fig. 20.4 depicts the structures of these compounds.

As most identified antimicrobial molecules are excreted during microbial growth, preliminary characterization on
their biological activity is performed using cell-free fermentation media containing metabolic products. Using this
approach, a search of antimicrobial-producing strains from Antarctic permafrost identified six Bacillus sp. strains with
relevant antimicrobial activity against pathogenic bacteria [5]. Among them, Bacillus safensis showed strong inhibition
of multidrug-resistant Pseudomonas aeruginosa ATCC 27853 and Staphylococcus aureus INA 00761. Fermentation
broth of halophilic bacterium Nocardioides sp. Al isolated from soil samples from Antarctica also showed strong activ-
ity against Bacillus subtilis and rice-phytopathogen Xanthomonas oryzae [46]. Purification, structural characterization,



276 PART | Il Biotechnological aspects

TABLE 20.2 Antimicrobial and antiviral components derived from Antarctic microorganisms.

Source Component(s) Test microorganism(s) Activity Values (ug/ Reference
microorganism measure mL)
Pseudomonas sp. Rhamnolipids C1 and C2 Burkholderia MiC 3.12 (C1 and Tedesco
BTN1 cenocepacia C2) et al. [40]
Staphylococcus aureus 1.56 (C1) and
3.12 (C2)
Aequorivita sp. Aminolipids Methycilin-resistant S. 1C50 22 Chianese
aureus etal. [41]
Penicillium sp. Questiomycin A Mycobacterium MiIC 0.83 Wang
SCSIO 05705 tuberculosis et al. [42]
Streptomyces griseus Frigocyclinone Bacillus subtilis DSM 10 MIC 4.6 Bruntner
I. [43
S. aureus 15.3 etal. [43]
Spiromastix sp. Spiromastixone | Methycilin-resistant S. ICs 1.0 Niu et al.
aureus [44]
Methycilin-resistant 0.5
Staphylococcus
epidermidis
Vancomycin-resistant 2.0
Enterococcus faecalis
Aspergillus Ochraceopone A (0a), HINT I1Csq 0.10 (as) and Wang
ochraceopetaliformis asteltoxin (as) and 0.23 (ia) et al. [45]
. ltoxin (i
isoasteltoxin (ia) H3N3 5.5 (0a), 0.28
(as), and 0.35
(ia)

Their activity against selected test strain is listed as minimal inhibitory concentration (MIC) or ICs, as available from the respective reference.

and further studies of bioactivities of isolated compounds may then proceed in the case of confirmed positive activity in
those preliminary tests. Partial characterization of organic extract of Nocardioides sp. Al growth medium revealed
active substances consisted mainly of glycolipids and/or lipopeptides [46]. This discovery is in accordance with the
described fact antimicrobial activities of lipidic compounds from natural sources [47].

Different antimicrobial lipid—based substances from Antarctic microorganisms have been isolated. Rhamnolipids, a
particular class of bacterial lipids, are structurally composed by a rhamnose sugar moiety bound to a 10- to 12-carbon
long lipid chain [40]. Rhamnolipids named C1 and C2 have been purified from the marine-sediment bacterium
Pseudomonas sp. BTN1 obtained from Antarctica samples and displayed antibacterial activity against Burkholderia
cenocepacia isolated from patients with cystic fibrosis and a standard strain of S. aureus [40]. Aminolipids are another
special class of microbial lipids. Their structural skeleton comprises a fatty acid amide chain esterified with a second
fatty acid chain through their C3 hydroxy groups [41]. Three aminolipids bearing an N-terminal glycine residue were
isolated from shallow-sea-sediment bacterium Aequorivita sp. [41]. These three compounds were effective against
methycilin-resistant S. aureus (MRSA).

Apart from lipids, a variety of compounds have also been described from Antarctic microorganisms with potential
to be used in treatments of bacterial infections of great public health concern, including in cases of antibiotic resistance.
Alkaloids questiomycin A from soil Penicillium strain SCSIO 05705 displayed potent antituberculosis activity [42].
Antibacterial activity H37Ra strain of Mycobacterium tuberculosis was close to that of antituberculosis antibiotic isoni-
azid, used as positive control [42]. Frigocyclinone, an antibiotic, the structure of which consists of a four-ring moiety
attached to an aminodeoxysugar through a C-glycosidic linkage to an aminodeoxysugar, was isolated from the soil acti-
nomycete Streptomyces griseus strain NTK 97 [43]. It has been described as a good inhibitor of B. subtilis DSM 10 and
S. aureus DSM 20231.
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FIGURE 20.4 Structure of selected antimicrobial metabolites isolated from Antarctic microorganisms.

Spiromastix sp. fungus from deep-sea sediment produces spiromastixones, the skeleton of which consists of two
chlorinated benzene rings linked through an ester and an ether bridges [44]. Structurally related spiromastixones A—O
present variable degree of antimicrobial activity against multidrug-resistant clinical strains [44]. Among them, spiro-
mastixone J is the most promising of isolated compounds with a 16-fold more potent inhibition of MRSA and 4-fold
better activity against methycilin-resistant Staphylococcus epidermidis than the control antibiotic levofloxacin. While
spiromastixone J also resulted in strong inhibition of two vancomycin-resistant Enterococcus sp. isolates, levofloxacin,
had minor effect. Antarctic bioactive molecules are effective to pathogens other than bacteria. Three compounds with
antiviral activity were extracted from fermentation broth of Aspergillus ochraceopetaliformis SCSIO05702 isolated
from an Antarctica’s soil sample [45]. These compounds, sequiterpenoids ochraceopone A, asteltoxin, and isoasteltoxin,
were more potent against HIN1 and H3N3 viruses than antiviral drug oseltamivir [45].

As we described here, Antarctic microbiome is a source of structurally diverse compounds. Harsh conditions in that
continent drives genetic-level evolutionary adaptations leading to diversified metabolic pathways [38]. The drug-
synthetizing property of psychrophiles constitutes a biotechnological potential to transpose the ability to eliminate com-
petitors in natural habitats to generate more efficient medicines to inhibit/kill human pathogens, especially when treat-
ments no longer respond to available therapies.

20.2.2.2 Anticancer drug discovery

Screening of antibiotics from natural sources has led to discovery of efficient drugs for treatment of cancers [48].
Commonly, antibiotics that made their ways to cancer chemotherapy present DNA-binding action interfere with tran-
scription or replication of DNA and block cell replication [48]. For that reason, microbial secondary metabolites from
environmental samples have inhibitory cross action against cancer cells. Thus, metabolite-producing Antarctic microor-
ganisms become good candidates for anticancer drug search. Table 20.3 summarizes anticancer activities of compounds
isolated from Antarctic microbiota and Fig. 20.5 depicts the structures of these compounds.
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TABLE 20.3 Components derived from Antarctic microorganisms and their 1Cs, against selected cell lines.

Source Component(s) Cell line(s) 1Csp (ng/ Reference
microorganism mL)
Botryidiopsidaceae sp. Ethanolic extract Hs578T (breast ~7° Suh et al.
(microalga) cancer) [49]
Hela (breast ~57
cancer)
A375 (melanoma) ~14°
Penicillium sp. PRT9N-1 1-Chloro-33-acetoxy-7-hydroxy- HL60 (leukemia) 3.34+0.05 Wu et al.
trinoreremophil-1,6,9-trien-8-one A549 (lung 3.45 * 0.03 [50]
carcinoma)
Streptomyces sp. Antartin A549 4.45 Kim et al.
SCO736 [51]
U87 (brain cancer) 8.06
Penicillium sp. SCSIO Meleagrin K562 (myelogenous 1.54+0.21 Wang et al.
05705 leukemia) [42]
U937 (lymphoma) 1.18+0.22
Neoxaline K562 1.73+0.13
U937 2.13£0.14
Oidiodendron Chetracin B HCT8 0.009 + 0.04 Li et al.
t t W3-1 52
runcatum GW3-13 Bel-7402 0.002 * 0.03 B2
Melinacidin IV HCT8 0.038 = 0.05
Bel-7402 0.004 = 0.02
Bacillus sp. N11-8 PBN11-8 (polypeptide) Bel-7402 1.56 Zheng
S
HepG2 (liver 1.57 etal. [53]
cancer)
Panc-28 (pancreatic 1.73
cancer)

“Approximately calculated from data available on paper.

In vitro studies against cancer cell lines have demonstrated the anticancer potential of metabolites present in cell
lysates and extracts as well as in culture supernatants of Antarctic microorganisms. In a screening study [54], fermenta-
tion broths from cultivation of seven microbial strains isolated from Antarctic seawaters were tested in cytotoxicity
assays against several cell cancer lines. The most promising results of this screening were inhibitions between 35% and
68% of viability of human hepatocellular carcinoma cells from Bel7402 line [54].

Although most studies describe antitumoral metabolites from fungi and bacteria, Antarctic microalgae are also
promising sources of these compounds. Dried biomass of Antarctic freshwater microalga Botryidiopsidaceae sp. was
submitted to extraction of bioactive compounds with ethanol as extractive solvent [49]. The microalgal extract dis-
played a selective antiproliferative action (i.e., no effect observed on noncancerous cell lines) against different human
cancer cell lines. The most evident results were against Hs578T and HeLa (breast cancer) and A375 (human melanoma)
cell lines, which were inhibited in a concentration- and time-dependent manner. The anticancer activity of this extract
is at least partially due to induction of apoptosis. Treatment of HeLa cells increased expression of p53 and caspase-3
(proapoptotic proteins) and decreased expression of Bcl-2 (antiapoptotic protein) [49]. In addition, it was observed an
impaired invasion and migration capacities through basement membrane [49].

Sesquiterpenes are a class of natural products of 15-carbon skeleton synthesized by biochemical pathways in plants
and marine organisms [55]. These small molecules are of great interest for drug discovery because of their varied
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FIGURE 20.5 Structures of compounds isolated from Antarctic microorganism with described anticancer activity.

biological activities, with good potential for cancer treatment, and availability from natural sources [56]. Isolation and
identification of excreted secondary metabolites belonging to sesquiterpenoid class was achieved for deep-sea-sediment
fungus Penicillium sp. PR19N-1 [50]. Among identified metabolites, a novel chlororinated eremophilane-type sesquiter-
pene 1-chloro-33-acetoxy-7-hydroxy-trinoreremophil-1,6,9-trien-8-one (molecular formula C4H;5Cl0,) was the only
one with cancer-inhibiting property. HL60 (human leukemia) and A549 (human lung carcinoma) cell lines suffered
moderate inhibition when treated with that compound [50]. Another anticancer compound, Antartin, a zizaane-type ses-
quiterpene, was purified from Streptomyces sp. SCO736 fermentation broth [51]. Treatment of cells from A549 and
H1299 (lung cancer) and U87 (brain cancer) lines with 10 pg/mL antartin led to almost complete proliferation inhibi-
tion. For lung cancer lines the formation of tumorigenic foci was prevented, indicating reversal of capacity of cells to
aggregate into tumors. Anticancer activity of antartin against lung cancer is underpinned by the suppressed expression
of Ki-67 (proliferation marker) and cyclins and cyclin-dependent kinases (cell-cycle-regulation factors) [51].

Microbial anticancer compounds of other classes have also been identified microorganisms isolated from
Antarctica’s samples. Alkaloids meleagrin and neoxaline from soil Penicillium strain SCSIO 05705 displayed potent
cytotoxic activity against U937 (lymphoma) and K562 (myelogenous leukemia) [42]. Chetracin B and melinacidin IV,
belonging to epipolythiodioxopiperazine class, were isolated from soil fungus Oidiodendron truncatum GW3-13 [52].
Chetracin B showed cytotoxic activity against HCT-8 (human colorectal tumor) and Bel-7402 (hepatocellular carci-
noma), while melinacidin IV inhibited Bel-7402 cells at nanomolar concentrations. Activities of both Penicillium and
O. truncatum metabolites were more potent than that of classic chemotherapy drug paclitaxel, which was used as a pos-
itive control in proliferation assays.

An extracellular polypeptide was identified from fermentation broth of marine Bacillus sp. N11-8 [53]. The peptide
PBNI11-8 displayed significant cytotoxicity against Bel-7402, HepG2 (liver cancer), and Panc-28 (pancreatic cancer).
Bel-7402 inhibition was further studied and a reduction in the migration and invasion abilities of tested cells was
observed. The expression of integrin 31, an important mediator of cell survival, proliferation, differentiation, and migra-
tion in cancer [57], was also downregulated in the presence of PBN11-8. The peptide also hindered the expression of
matrix metalloproteinases, which participate in metastasis process by degrading extracellular matrix [53].

20.2.3 Ice-binding proteins

One adaptive mechanism for survival in extremely cold regions is the synthesis of molecules that inhibits ice formation
inside cells [58]. Ice-binding proteins (IBPs) have the unique capacity to interact with ice surface and prevent growth of
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ice crystals [58,59]. In polar marine environments, water temperature is commonly under 0°C as salinity decreases sea-
water freezing point. In order to survive in such cold environments, IBPs are synthetized, which is essential for keeping
tissue integrity in Arctic and Antarctic fishes as ice crystal formation could cause cell disruption [58]. Due to this abil-
ity, these proteins have potential for application in process where freezing damage is undesirable such as food preserva-
tion and cell storage [58].

Despite more commonly described in fishes, antifreezing proteins may also be isolated from Antarctic psychrophile
microorganisms. Here, we describe some of microbial sources of these antifreezing agents and discuss some potential
applications. Cold-induced IBP expression has been observed in the Antarctic yeast Glaciozyma antarctica [60]. A set
of nine different genes coding for IBPs were overexpressed as temperature decreased from 15°C to —12°C.

Structural analysis of IBPs from bacteria that survived a freezing—thawing selection test revealed ice-binding
regions contains multiple and regularly spaced threonine residues [59]. IBPs from Sphingomonas GU1.7.1, Plantibacter
GU3.1.1, and Pseudomonas AFP5.1 were isolated and used as cryopreservatives of cucumber and zucchini. The fruits
were treated with IBPs in a concentration of 0.1 mg/mL and frozen at —20°C for 16 h. While disrupted cell walls and
dead cells were observed in nontreated fruits, IBP-treated tissues retained cell viability and cell wall integrity.

In another approach, an IBP from Flavobacterium frigoris was supplemented in freezing medium along with DMSO
for preservation of microalga Isochrysis galbana [61]. Cells viability after thawing was greater in comparison to DMSO
used as the only cryopreservative. Thermal hysteresis (TH) is the parameter used for measurement of cryoprotective
activity and corresponds to the difference between freezing and melting points. IBPs from marine flagellate
Pyramimonas gelidicola [62] and diatom Chaetoceros neogracile [63] have close TH values, which are also similar to
fish IBPs. Ice crystals formed in the presence of IBPs from all microorganisms presented here showed a hexagonal
shape, which is related to antifreezing activity. These results reinforce the potential of IBP to be used as cryoprotective
agents for food preservation and cell culture purposes.

20.3 Nanoparticles

Besides organic molecules, some microorganisms are excellent producers of inorganic nanoparticles through biominer-
alization processes [64]. Application of nanoparticles is present in diverse fields in technology. Microbial synthesis of
nanoparticles is considered green chemistry because it does not use expensive and toxic chemicals, which are often nec-
essary for synthetic production [64]. Quantities of produced nanoparticles may be increased by scaling up cultivation
from lab flasks to 100-L bioreactors [64]. Despite underexplored, Antarctic biomineralizing microorganisms have been
described and constitute a promising platform for the synthesis of these nanomaterials [64].

20.3.1 Cadmium nanoparticles

Peroxide-resistant psychrophile strains of Pseudomonas spp. were grown from Antarctic samples through cultivation
under in oxidative stress conditions [65]. These bacteria synthetize semiconductor cadmium sulfide (CdS) nanoparticles
when cultured at 15°C in a medium supplemented with H,O, and CdCl,. Two tellurium-resistant Pseudomonas sp. and
one Psychrobacter sp. that also produce CdS nanoparticles were isolated through tellurite enrichment [66]. For these
strains, production is better achieved at 28°C. The uptake of Cd ions from environments at relatively low temperatures
characterizes these microorganisms as excellent candidates for bioremediation of heavy-metal-contaminated waters and
soils in polar and subpolar regions [66]. In addition to removal of these pollutants, minerals formed from captured
metals can be recovered as these microorganisms accumulate these components in form of nanoparticles. These nanos-
tructures range in size from 10 to 40 nm as measured in observation of producing cells by transmission electron micros-
copy. Semiconductor nanoparticles from Antarctic bacteria have emission peaks between 500 and 600 nm when excited
at 400 nm [65]. The fluorescence properties of CdS enable nanoparticles to be used as quantum dots in medical image
diagnostics.

20.3.2 Iron-oxide nanoparticles

A peculiar group of iron-mineralizing prokaryotes has been identified in extreme aquatic environments, including
Antarctica [67]. The so-called magnetotactic bacteria synthetize iron-oxide nanoparticles, either magnetite (Fe;O0,4) or
greigite (Fe;S,) depending on the biomineralizing species. These structures, known as magnetosomes, are disposed in a
single or multiple chain along bacterial cell long axis [67]. The iron mineral is in the nanoparticle core and is sur-
rounded by a biological membrane, possibly derived from cell’s inner membrane [68]. Magnetotactic bacteria constitute
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FIGURE 20.6 Transmission electron microscopy of a magne-
totactic coccus from marine sediments from Monsiment Cove,
King George Island. Arrow indicates one of the magnetosome
chains.

250 nm

a morphologic, phylogenetically and metabolically diverse group. Phylogenetic analyses based on the gene sequence
encoding the 16S rRNA have led to the identification of magnetotatic bacteria in the phylum Proteobacteria (classes
Alpha-, Delta-, Gamma- and, more recently, Beta- and Zetaproteobacteria), in the phylum Nitrospirae, in the superphy-
lum Planctomycetes—Verrucomicrobia—Chlamydiae and possibly in the candidate phylum Latescibacteria [69].
Magnetotactic cocci (Fig. 20.6) from Antarctica marine sediments belong to the Alphaproteobacteria class and produce
elongated magnetite magnetosomes disposed in two or four chains or nonorganized in chains [70]. Dimensions of
aligned magnetosomes ranged between 117—102 nm in length and 67—72 nm in width. Unlike chemical synthesis pro-
cesses (i.e., iron precipitation), microbial production of magnetite yields nanoparticles with finely controlled size, mor-
phology, and chemical purity [68]. These unique characteristics are result of a genetically controlled biomineralization
process and enable magnetosomes to be used in a variety of applications [1]. Purified magnetosomes have been
employed as support for enzyme immobilization, nanoformulations for magnetically driven drug delivery, alternating
magnetic field—induced hyperthermia agents for cancer treatments, contrast agents for magnetic resonance imaging,
among others [1].

20.4 Conclusion and future directions

This brief review about Antarctica’s microbial metabolic content/products showed the inestimable value of this extreme
environment as a scientific preserve and biotechnological repository. Hopefully, future studies on psychrophilic/psy-
chrotolerant microorganisms and their enzymes will allow the development of new technologies, processes, and pro-
ducts. In this sense, future research should focus on the upscaling of cultivation of psychrophiles, high-yield
purification of bioactive products, and genetic engineering for an optimized production of Antarctic biotechnological
products.
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Abstract

Biomineralization in the microbial realm usually gives origin to finely structured
inorganic nanomaterials. Perhaps, one of the most elegant bioinorganic processes
found in nature is the iron biomineralization into magnetosomes, which is per-
formed by magnetotactic bacteria. A magnetosome gene cluster within the bacterial
genome precisely regulates the mineral synthesis. The spread and evolution of
this ability among bacteria are thought to be a 2,7-billion-year process mediated
by horizontal gene transfers. The produced magnetite or greigite nanocrystals
coated by a biological membrane have a narrow diameter dispersibility, a highly
precise morphology, and a permanent magnetic dipole due to the molecular level
control. Approaches inspired by this bacterial biomineralization mechanism can
imitate some of the biogenic nanomagnets characteristics in the chemical syn-
thesis of iron oxide nanoparticles. Thus, this chapter will give a concise overview
of magnetosome synthesis’s main steps, some hypotheses about the evolution of
magnetosomes’ biomineralization, and approaches used to mimic this biological
phenomenon iz vitro.

Keywords: magnetotactic bacteria, magnetosomes, magnetic nanoparticles,
magnetite, magnetosome gene cluster, horizontal gene transfer, biomimetics

1. Introduction

Among everything that is known in Microbiology, magnetotactic bacteria
(MTB) are known to perform one of the finest examples of a controlled biominer-
alization process. MTB were first observed in the late 1950s, by the medical Doctor
Salvatore Bellini in the Italian city of Pavia and later described in Massachusetts
by Richard Blakemore in the 1970s [1, 2]. MTB are known to align its motility
axis to the geomagnetic field and use it for orientation. When observed under the
light microscope, MTB present unidirectional swimming to the North or South
Magnetic Poles from an applied external magnetic field (a magnet); this behavior
is called magnetotaxis [3]. This behavior occurs due to the presence of magnetic
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Figure 1.

Transmission electron microscopy of: (A) uncultured coccoid magnetotactic bacteria from Monsimet
Cove, Antarctica. (B) Uncultured coccoid m?gnetotactic bacteria from Punta Ullman, Antarctica.
(C) Magnetovibrio blakemovei strain MV-1'.

nanocrystals—the magnetosomes—, usually aligned in single or multiple chains
within the bacterial cytoplasm (Figure 1), and flagellar propulsion guided by che-
motaxis [3]. In a simple way, chemotaxis in MTB is assisted by bacterial orientation
along Earth’s magnetic field (magnetotaxis). Therefore, magnetotaxis allows MTB
to find the optimum position for survival and growth in a chemically stratified
water column, seeking for an optimum environment where proton motive driving
force reaches maximum potential. For MTB, which are frequently microaerophilic
or anaerobic microrganisms, this environment is near the oxic/anoxic interface [4].
Magnetosomes are composed of a magnetic nanoparticle in most cases
composed of magnetite (Fe;04) and sometimes greigite (Fe;S4) with species
specific shapes and sizes, and enveloped by a phospholipid bilayer with associ-
ated proteins, which constitutes the magnetosome membrane (MM) [3]. The gene
regulation of magnetosome biomineralization (MB) and organization within the
cell will be discussed in more detail in the sections ahead. Based on the total iron
amount within a magnetotactic bacterium cell, MTB appear to play a major role
in the biogeochemical cycling of iron [5]. MTB through magnetosome synthesis,

Figure 2.
Map of the distribution of known cultured and non-cultured magnetotactic bacteria across de world by
phylogenetic group (see the corvespondence between taxa and colors on the bottom left corner of the image).
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assimilate the iron solubilized in the environment to an inorganic crystal. After cell
lysis, the magnetosome is deposited in the sediment, forming what is known as
magnetofossils [6]. Besides, MTB can be ingested by protozoans, and the iron from
magnetosomes is, then, incorporated in the food chain [7]. Apart from iron and
based on their physiology, MTB seem to have relevant roles in other biogeochemical
cycles of sulfur, nitrogen, and carbon [8].

MTB are an extremely diverse group of Gram-negative bacteria with a variety
of morphotypes (i.e., rods, vibrios, spirilla, coccoid, and ovoid) and species affili-
ated to Proteobacteria (Alpha-, Beta-, Gamma-, Delta-, and Ca. Etaproteobacteria
class), Omnitrophica and Nitrospirae phyla [9]. MTB affiliation to other taxa have
been proposed based on metagenomics studies, but observation of the magneto-
somes was not performed to confirm this matter. This great diversity is reflected in
MTB ubiquity in almost all aquatic habitats across the Earth (Figure 2), including
extreme environments such as thermal trenches and saline-alkaline lakes [6, 10].
More than being interesting species for their unique evolutionary process and
ecological importance, MTB are also proving to be of interest for biotechnological
applications. Their unique physiology makes MTB potential bioremediators of
heavy metals and magnetosomes can be extracted and used as nanotools for mag-
netic controlled drug targeting, contrast agents for magnetic resonance imaging,
enzyme immobilization and many more industrial and biomedical applications [11].

2. Steps of magnetosome biomineralizationin MTB

MB is highly regulated at the genetic level [12]. Magnetosome gene clusters
(MGCs) [13], structured asoperons, are responsible for MB in MTB. MTB genomes
contain: (i) conserved mam genes, encountered in all MTB; and (ii) restricted genes
encountered in some phylogenetic groups of MTB [14]. Examples of genes restricted
to certain MTB are: (i) mms (from magnetosome membrane specific) genes
found in magnetotactic Proteobacteria; (ii) mad (from magnetosome associated
Deltaproteobacteria), which were first reported in magnetotactic deltaproteobacte-
ria [15] and recently encountered in MTB affiliated to Omnitrophica and Nitrospirae
phyla [9]; and (iii) man (from magnetosome genes in Nitrospirae), which are genes
reported in MTB affiliated to Nitrospirae phylum [16]. Comprehension of MB were
inferred by mam and mms genes deletion in the cultured magnetotactic alphap-
roteobacteria Magnetospirillum magneticum strain AMB-1 and Magnetospirillum
gryphiswaldense strain MSR-1 [14]. Precise man and mad genes roles in MB remain
unclear as they were studied in uncultured MTB [16], thus genetic systems to test
gene function is not available.

As previously described, MTB are capable of biomineralizing magnetosomes, an
organelle with a ferrimagnetic mineral core surrounded by a biological membrane
[3]. A series of complex mechanisms occur in order to transform the environmental
bioavailable iron into a complete and fully functional magnetic organelle. MB
process involves different steps such as iron uptake, magnetosome vesicle forma-
tion, specific protein recruiting, crystal nucleation, redox balance, and pH control
in magnetosome vesicle, size and crystalline morphology control and magnetosome
vesicle docking in the bacterial cytoskeleton [3].

Mam and Mms proteins involved in MB belong to different protein families includ-
ing: TPR proteins (from Tetratrico Peptide Repeat; MamA) [17], CDF transporters
(Cation Diffusion Facilitators: MamB and MamM) [14, 18], serine proteases HtrA-like
(MamE, MamP, and MamO) [14], actine-like proteins (MamK) [19], liposome tubula-
tion protein (MamY) [20], generic transporters (MamH and MamN) [14, 21] and MTB
specific proteins without prior homology in other non-magnetotactic microrganisms
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(MamG, MamF, MamD, MamC, Mam]J, MamW, MamX, MamY, Mms6, MtxA) [3]. MB
involves four major steps as they are: (i) MM formation (participation of MamI, MamL
and MamAB proteins) [3, 14]; (ii) crystal nucleation (which include MamE, Mms®6,
MamB and MamM) [3, 14]; (iii) crystal maturation (participation of MamE, MmsF,
MamGFDC and Mam P, S, T) [3, 14]; and (iv) magnetosome chain alignment within
cell body (participation of MamJ, MamK and MamY) [14, 20]. Mam and Mms protein
functions involved in MB are described in Table 1 and Figure 3.

Protein Operon Function MTB strain Reference
MamA mamAB Protein recruitment AMB-1 [23]
MamB mamAB Membrane invagination and iron uptake AMB-1/ [14, 18]
MSR-1
MamC mamGFDC Size and morphology control AMB-1 [24]
MamD mamGFDC Size and morphology control AMB-1 [24]
MamE mamAB Protein targeting and redox control AMB-1 [14]
MamF mamGFDC Size control AMB-1 [24]
MamG mamGFDC Size and morphology control AMB-1 [24]
MamH mamAB Iron uptake AMB-1/ [14, 21]
MSR-1
Maml mamAB Membrane invagination AMB-1 [14]
Mam]J mamAB Magnetosome alignment MSR-1 [25]
MamK mamAB Magnetosome alignment MSR-1 [19]
MamL mamAB Membrane invagination AMB-1 [14]
MamM mamAB Iron uptake AMB-1/ [14, 18]
MSR-1
MamN mamAB pH control AMB-1 [14]
MamO mamAB Crystal nucleation AMB-1/ [14, 26]
MSR-1
MamP mamAB Redox control AMB-1 [14]
MamQ mamAB Membrane invagination AMB-1 [14]
MamR mamAB Size and morphology control AMB-1 [14]
Mam$S mamAB Size and morphology control AMB-1 [14]
MamT mamAB Size e morphology control and redox AMB-1 [27]
control
MamU mamAB Not defined AMB-1 [14]
MamV mamAB Not defined MSR-1 [18]
MamW mamAB Magnetosome alignment MSR-1 [28]
MamX mamXyY Redox control MSR-1 [21]
MamY mamXY Membrane invagination and AMB-1/ [20,29]
magnetosome alignment MSR-1
MamZ mamXY Iron uptake and redox control MSR-1 [21]
Mms6 mms6 Size and morphology control AMB-1 [30]
MmsF mms6 Size and morphology control AMB-1 [31]
Table 1.

Mam and Mms protein functions inferved by mutant construction in the cultured magnetotactic
alphapreoteobacteria Ms. magneticum strain AMB-1 and Ms. gryphiswaldense strain MSR-1.
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Figure 3.

Tl’ﬁ’ee major steps of MB in MTB. 1st step: protein recruitment initiating the biominevalization process while
forming the invagination of the magnetosome membrane (MM) and iron uptake. 2nd step: Crystal nucleation,
characterized by the incorporation of iron and oxygen for magnetite biomineralization. Interestingly, oxygen
for the synthesis of magnetite is derived from water [22]. So far, the sulfur source for the synthesis of greigite has
not been clarified. Magnetosome begins to grow in size while morphology, pH and redox balance ave strictly
regulated. Magnetosomes are aligned in chains within the cell’s cytoskeleton. 3rd step: Magnetosomes continue
to grow under strict regulation until de crystal maturation is complete. OM: outer membrane; IM: inner
membrane, meaning the cytoplasmic membrane.

The advances of molecular biology techniques provided a much greater under-
standing of the MB mechanism over the last years as cultured and environmental
MTB had their genomes sequenced. Magnetite MGCs and magnetite magnetosomes
were studied in magnetotactic proteobacteria affiliated to the classes Alpha-
[32-36], Beta- [37], Gamma- [38, 39], Delta- [40—43], Ca. Eta- [9, 32, 44, 45], Ca.
Lambda- [9] and Zetaproteobacteria [9] and MTB affiliated to Nitrospirae [13, 16,
46-50] and Omnitrophica [49] phyla. Greigite MGC and greigite magnetosomes
were characterized in magnetotactic deltaproteobacteria [51, 52] and MTB affiliated
to Ca. Latescibacteria [8] and Planctomycetes [9] phyla. Culturing environmental
MTB and mutant constructs different from the already known magnetotactic
alphaproteobacteria Ms. magneticum strain AMB-1 and Ms. gryphiswaldense strain
MSR-1 may provide a greater comprehension of the MB mechanism.

3. Evolutionary history of MGCs within Bacteria domain

MGC origin and evolution within the Bacteria domain is a constantly discussed
topic in the literature. The scattering of MGCs and the magnetotactic behavior
raises questions as MTB encompasses high diversity regarding their ecology, metab-
olism, and phylogeny. The first proposed hypothesis was the polyphyletic origin of
magnetite and greigite MB [53]. According to this hypothesis, biomineralization of
greigite and magnetite magnetosomes would have evolved without sharing a last
universal common ancestor of magnetotactic bacteria (LUCA MTB). At that time
MGCs were not discovered. Thus, this assumption relied on the information that the
biochemical and nutritional parameters for greigite and magnetite biomineraliza-
tion are different. Likewise, all known MTB affiliated to Alphaproteobacteria syn-
thesized magnetite magnetosomes, while the ones affiliated to Deltaproteobacteria
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synthesized greigite magnetosomes, thus permitting the inference the polyphyletic
hypothesis. Years later, after the discovery of MGCs, similarities between mam
genes of magnetite and greigite MTB showed a common ancestor for both minerals
synthesis in MTB [54]. It is speculated that greigite MGCs originated after events of
duplication and divergence from magnetite MGCs in sulfate-reducing bacteria like
the multicellular magnetotactic prokaryote (MMP) Ca. Magnetoglobus multicel-
lularis strain Araruama affiliated to Deltaproteobacteria [54].

On behalf of that, Lefévre and colleges [55] hypothesized a monophyletic origin
of MGCs concerning magnetotactic proteobacteria. The comparison of 16S rRNA
gene and conserved Mam proteins evolution showed a convergence of both phy-
logenetic inferences. It was suggested that MTB affiliated to Proteobacteria phyla
shared a LUCA MTB and over time, some proteobacteria would have lost the MGC,
resulting in the inability of biomineralizing magnetosomes [55].
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Geologic time and evolution model proposed for MGC and magnetotaxis evolution. (A) Geologic rule in
million years ago (Mya). LUCA MTB origin (gray arrowhead) is estimated 2.7 billion years ago during the
Archean eon. The first single-celled form of life originated ~4 billion years ago and the ovigin of phototrophs,
that permitted great oxygenation in earth, only happened ~2.4 billion years ago. (B and C) Two models for
MGC and magnetotaxis evolution adapted from [9]. (B) LUCA MTB containing magnetite MGC branched
two MTB lineages: (i) MTB affiliated to Proteobacteria (without Delta-), Nitrospirae and Omnitrophica
phyla with recent HGT events responsible for MGC scattering; and (ii) MTB affiliated to Deltaproteobacteria
class that after events of duplication and divergence hosted microbes with magnetite, greigite or both

MGCs. Ancient HGT events would have been responsible for greigite MGC acquaintance in Plantomycetes
and Ca. Lastescibacteria phyla. Adapted from [9]. (C) LUCA MTB containing an unknown MGC after
events of duplication and divergence gave ovigin for both magnetite and greigite MGC. A monophyletic
origin is proposed for MTB affiliated to Proteobacteria (without Delta- class), Nitrospirae, Omnitrophica,
Planctomycetes and Ca. Latescibacteria phyla and Deltaproteobacteria class. Recent HGT events originating
from MTB affiliated to Proteobacteria (without Delta- class), Nitrospirae, Omnitrophica could have been
responsible for the scattering of MGC and magnetotactic behavior. Adapted from [9].
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Opposing all previous statements, a considerable number of authors proposed
the importance and influence of horizontal gene transfer (HGT) events on the
evolution and scatter of MGC in Bacteria domain [9, 13, 56-59]. In light of these
events, different non-MTB would have received MGCs by HGT, granting them the
capacity of biomineralizing magnetosomes [9].

The origin of MB was dated, by molecular Bayesian clock, before the divergence
of the Nitrospirae and Proteobacteria phyla during the Archean eon [13]. The
divergence happened 2.7 billion years ago before the appearance of phototrophs
and Great Oxygenation at the time of Paleoproterozoic on the Proterozoic eon
(Figure 4). This hypothesis is supported by: (i) low pressure or absence of O, in the
atmosphere and anoxic oceans in Archean [60]; (ii) abundant dissolved Fe* as con-
centrations of 40 to 120 pmol/L [61]; (iii) presence of primary electron donors of
Earth early ecosystems such as H,, H,S, S°, Fe**, CH,, NH,* and CH,0 [62]; and (iv)
presence of primary electron acceptors of Earth early ecosystems such as CO,, CO,
SO,*, NO, NO,  and NO;™ [62]. These conditions favored the survival and growth
of MTB [13]. Known examples of such conditions that are in accordance with avail-
able resources of primitive Earth are: (i) microaerophilic or anaerobic respiration in
all known MTB; (ii) chemolithoautotrophy as MTB are capable of CO, fixation by
Calvin-Benson—Bassham cycle, the reverse tricarboxylic acid cycle, or the reductive
acetyl-CoA pathway [63]; (iii) capacity of denitrification of NO, NO, and NO;
[16, 49]; (iv) capacity of oxidizing H,S via sulfur oxidation pathway [16, 49]; (v)
water temperature ranging from 26 to 85°C [64, 65] compatible with MTB growth
as there are psychrophilic [66], mesophilic [8] and moderately thermophilic MTB
[47]. Alongside these conditions, Earth’s magnetic field originated 4.2 billion years
ago enduring several inversions until the present time [67]. Considering this pan-
orama, it is plausible that MTB and the geomagnetic fields have coevolved selecting
the ones capable of undergoing all the continuous biotic and abiotic variations [13].

Large scale metagenome approach of MTB diversity demonstrated two possible
routes concerning MGC evolution over time [9]. Itis hypothesized thata LUCA
MTB contained magnetite or an unknown MGC followed by events of MGC dupli-
cation, divergence, and loss combined with ancient and recent HGT events could
explain the scattering of the magnetotactic behavior in the Bacteria domain [9]
(Figure 4). The unending studies regarding MTB diversity and ecology are indis-
pensable for an accurate decipherment of MGC evolution in the Bacteria domain.

4, Influence of the medium on biomineralization

The fact that related magnetotactic strains synthesize magnetosomes with sig-
nificant differences in sizes and elongation is a clue that, despite a rigorous genetic
control, environmental factors may influence the characteristics of the biomineral-
ized nanocrystals [68]. Extensive experiments performed in cultures of MTB have
pointed out temperature, pH, iron concentration, oxygen concentration, external
magnetic fields, and nutrient concentrations as important factors driving physical
changes in magnetosomes [69].

Ferric iron concentrations exert an important influence on the magnetic proper-
ties of Magnetospirillum magnetotacticum strain MS-1 cells due to alterations within
biogenic magnetite [70]. The coercive force (Hc), probably the most important
criterion in the selection of magnetic nanoparticles for technological applications,
is significantly affected [70]. The H¢ was increased from 216 Oe when cells were
cultured at 12 pM Fe’* to 238 Oe at 68 pM [70].

In another study, it was shown that reducing conditions leads to an increase in mag-
netosomes crystals of Ms. magneticum strain AMB-1 in culture [71]. An oxidoreduction
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potential of 0 mV (neutral condition) led to a crystal diameter of 31.5 + 1.3 nm, which
augmented to 372 + 0.6 nm when the culture was carried out at -500 mV (reducing
condition) [71]. The reducing condition also caused an increase in the total magnetite
mass per cell as 9.1 + 1.9 magnetosomes were observed per pm (cell length), in contrast
to 5.48 + 1.3 in neutral condition.

The evidence that characteristics of biogenic magnetite can be modified is
of great interest for practical applications because certain purposes may require
specific particle properties. Therefore, the knowledge of the interplay between
environmental conditions and process regulation by biomolecules in biomineraliza-
tion can help develop methods for the in vitro biomimetic preparation of magnetic
nanoparticles with tunable properties.

5. Mlicrobes inspire chemistry: biomimetic synthesis of artificial
nanoparticles

Understanding MB is key not only for the in-depth learning of microbial physi-
ological phenomena, but it can teach us valuable insights for the fabrication of tech-
nological materials. Magnetic nanoparticles have emerged as functional materials
since the 1940s, when iron oxide powders, with crystals ranging from 60 nm to 1 pm,
were used to impregnate recording tapes [72]. In that media, recorded information
was engraved through changes in magnetization of the impregnated nanoparticles.
Similarly, the biogenic magnetosomes can carry paleomagnetic signals, which can
be detected, for instance, through the measurement of their magnetic properties
in marine sediments [73]. The roles of bacterial magnetite as magnetofossils is only
possible due to their stable single magnetic domain, caused by their controlled size
range (20-100 nm) [73, 74]. This magnetic property also permits the utilization of
biogenic nanomagnets in research on anticancer and antimicrobial therapy—as drug
carriers, contrast agents, and hyperthermal agents—, enzyme immobilization—as
recyclable supports—, cell labeling and other applications [11].

Biological materials are precisely arranged at the nanoscale. Hence, biomimetics,
which is the art of imitating biological process to architecture novel materials, is
proving profitable for nanotechnology industries [75]. One of the foundations of
biomimetics is the biodiscovery and bioengineering of surface-binding proteins
and peptides [76]. The regular structures present in such biomolecules enables the
recognition and the interaction with atomic patterns on the surface of synthetic
polymers, semiconductors, and metal oxide crystals [76]. In the case of metal
oxides, these interactions occur basically via non-covalent weak bindings like
hydrogen bonds and electrostatic dipoles.

In chemical syntheses, the shape- and size-controlled nanoparticles generally
are obtained with high temperatures and organic solvents [74]. These consumptions
are related to high production costs and environmental impacts during the life cycle
of the nanoparticles [74]. One of the simplest and widely utilized techniques for
making iron oxide nanoparticles is coprecipitation [74]. In this technique, ferrous
and ferric salts are dissolved, and the cations are precipitated in an alkaline aqueous
medium. For the synthesis of magnetite, a fixed molar proportion of 2:1 (Fe’*/Fe*"),
is precipitated, following the stoichiometry:

2Fe* +Fe’* +8OH — Fe,0, + 4H,0

This molar proportion is mandatory because it is the same ferrous/ferric ratio
within magnetite [77]. In MTB, iron is accumulated inside the magnetosome vesicle
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in it ferrous form before being oxidized to ferric ion by magnetochromes—oxi-
dizing domains of MamP, MamX, MamT and MamE [77]. This is an example of
naturally occurring partial oxidation of ferrous ion. Partial oxidation is also used
to obtain artificial, biomimetic magnetite [78]. In this case, the ferrous cation is
precipitated to form ferrous hydroxide (Fe(OH),). After that, a strong oxidizing
agent, usually nitrate, partially transform Fe** to Fe’*, leading to magnetite:

Fe’ +20H — Fe(OH),
3Fe(OH), +NO, —Fe,0, +3H,0+NO,

While coprecipitation leads to nanoparticles of an irregular shape, partial
oxidation magnetite has a well-defined faceted morphology and a larger size [78].
Due to its low solubility, Fe(OH), tends to form larger precipitates. This is not the
case for the coprecipitation of Fe’* and Fe**, which tends to form multiple, smaller
precipitates [78].

Complementary to oxidation control, the surface interaction of the forming
magnetic crystal with biomolecules is the main strategy for synthesizing magne-
tosome-like nanoparticles. A summary of biomolecule-supplemented chemical
syntheses of magnetic nanoparticles is in Table 2.

MamC protein from Magnetococcus marinus strain MC-1 has an effect of enlarg-
ing magnetite precipitates [79, 84]. Due to its effect over synthesis, this protein
has been expressed for use in different biomimetics studies (Figure 5). Different
coprecipitation experiments have shown an increase from ~10-25 nm, in control
synthesis, to ~30-40 nm, when recombinant MamC from strain MC-1 is added in
concentrations over 10 pg/mL [79, 84].

In another study, Ms. magneticum strain AMB-1-derived Mms6 displays a nega-
tive effect on average particle size — 20 nm length down from 32 nm in the control
experiment — in partial oxidation and coprecipitation-derived magnetite [80].
Instead, its addition to the reactional medium narrows size distribution regardless
of the chemical route. The presence of recombinant Mms6 derived from strain
AMB-1 imprints the cubo-octahedral morphology of the naturally occurring mag-
netosomes onto chemically precipitated crystals. From experiments using mutant
clones of strain AMB-1, it has been demonstrated that the anionic residues Aspl23,
Glu124, and Glu125 effectively participate as key residues of Mms6 for defining
crystal morphology are in the protein binding to magnetite [88]. The interac-
tions between these C-terminal side-groups and the magnetite surface ultimately
respond for the strong morphology and size controlling character of Mms6 either in
biologic or biomimetic mineralization [89].

To modulate/improve magnetite chemical synthesis by the use MB proteins,
magnetite-interacting components (MICs) of three magnetite-associated proteins
(MamC, Mms6, and Mms7) have been subjected to NMR studies to investigate their
affinity and binding to the ferrous ion during coprecipitation [81]. In all cases, it
has been a clear role of aspartate and glutamate residues to the affinity to the cation
[81]. The strong binding of ferrous cation to four anionic residues is related to
confinement of iron by Mms6- and Mms7- MICs and, consequently, to the initiation
of magnetite nucleation by these proteins. Besides ferrous ion, Mms6 glutamate
residues positions 44, 50, and 55 at C-terminal region shows a strong binding
affinity to ferric ion [90]. MamC-MIC, in turn, displays a weaker iron-binding but
a stronger effect on magnetite size [81]. Thus, the ionotropic (i.e. iron-affinity)
effect of MamC does not give sufficient ground for the role of this protein in
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Additive(s) Synthesis Size (nm) Shape Ms (emu/g) References

Magnetosomal proteins

MamC CP 3040 Rhomboid — [79]

Mms6 PO 202+ 4.0 Cubo- — [80]
octahedral

MamC-MIC cp 261+ 061 Cuboid — [81]

Mms6-MIC 199+ 0.36 Rhomboid —

Mms7-MIC 18.54 + 0.29 Cuboid —

MmsF CP 36 Rounded 129 [82]

MamF 25 Irregular 44

Active loop of MmsF CP 50 + 13 Cuboidal 90 [83]

Active loop of Mms13 34+12 Irregular 93

MamC + Mms6 CP 30 £ 10 Rhomboid — [84]

Aminoacids

Lysine CP 21+7t029+7 Rhomboid 67 (for [85]

(0.1t0 10 mM) 10 mM Lys)

Arginine 16 +7t019+6 — 36 (for

(0.1to 10 mM) 10 mM Arg)

Polyaminoacids and polypeptides

Polyarginine CP 35+5 Irregular — [86]
Polyaspartate PO 76 £1.5 Rounded 78 [78]
14-mer peptide CP 735+37 Irregular 489 [87]
(magnetite-

binding domain +
ovarian cancer
target) + ginger
extract

M, = magnetization saturation at 300 K; CP = coprecipitation; PO = partial oxidation; MIC = magnetite-
interacting component.

Table 2.
Summary of methods for chemical synthesis of biomimetic magnetic nanoparticles.

biomineralization [84, 91, 92]. MamC must exert a template effect in magnetite
formation [84]. In the MM, MamC is constituted by two transmembrane domains
connected by alpha-helical looping, which contacts the forming magnetite within
the magnetosome vesicle lumen [92]. The distance between iron-interacting residues
Glu66 and Asp70 of the alpha-helical looping matches the iron interatomic distance
within the magnetite surface plane. The alpha-helical conformation of the MamC-
MIC ensures the proper positioning of the points of interaction with iron [91]. The
complementary roles of MamC and Mms6 can be combined in a biomimetic synthe-
sis, yielding large magnetosomes (30 + 10 nm) with well-defined crystal faces [84].
Other MM proteins are also good candidates for use in biomimetics. MamF
controls the size monodispersity of nanocrystals. In aqueous solution, this protein
forms a self-aggregative proteinosome of approximately 36 nm [82]. When used
as an additive in coprecipitation, homogeneously sized nanocrystals are obtained.
As in MamC, Mms13 and MmsF have their active loops located between the two
transmembrane domains [83]. These active loops were expressed in a chimeric
coiled-coil scaffold protein, which was called Mms13cc and MmsFcc. The MmsFcc
construct regulated the cuboidal morphology of the produced nanocrystals.
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Figure 5.

Biomimetic route for making size- and shape-controlled magnetite nanoparticles [79]. MamC is a 12.4 kDa
magnetite-interacting transmembrane protein found in different species of MTB. The gene encoding this protein
in Mc. marinus strain MC-1 (mamC) was cloned in a pTrcHis-TOPO plasmidial expression vector. It was,
then, transformed into Escherichia coli TOP10. The transforming E. coli can be cultivated in a large-volume
(1-10 L) bioreactor and express the recombinant MamC. After mass-cultivation, expressed MamC, which is
found in intracellular inclusion bodies, is vecovered and then purified. MamC can be used as an additive for
the coprecipitation of iron to synthesize nanometric magnetite. In this synthesis, MamC binds and stabilizes
crescent magnetite nuclei. This intevaction ultimately vesults in nanocrystals of narrowly distributed size and
uniform morphology.

MamC-stabilized
Fe,O, nanoparticles

Mass cultivation

Taking the inspiration of the interaction between anionic residues and nascent
magnetite, the addition of acidic polypeptides is an alternative to recombinant
proteins [78]. In the presence of poly-aspartate, partial oxidation synthesis resulted
in narrower size distribution of nanocrystals [78]. Using a classical partial oxida-
tion synthesis, 65% of magnetite nanoparticles assumed a facetted shape with a
size distribution between 20 and 60 nm. When the synthesis was supplemented
with poly-aspartate, a drastic change of the morphology occurred, with 85% of
the nanoparticles showing a more rounded shape. However, the size distribution
became significantly narrower, with most particles ranging 15-30 nm.

As discussed, biomimetic synthesis of magnetite with recombinant magneto-
some proteins involves electrostatic interaction between anionic aminoacids with
iron cations. Nevertheless, the use of cationic polymers and aminoacids also has
been proven successful in imitating characteristics of magnetosomes into artificial
magnetite. In those cases, the one accepted chemical mechanism is the dipole
stabilization of the negatively charged surface of magnetite crystals by positive
side groups, namely amino and guanidine, present in alkaline aminoacids [85, 86].
This phenomenon is supported by the phosphatidylethanolamine composition of
the magnetosome vesicle, which exposed positively charged amino groups to the
nucleation sites [86, 93].

In one experiment performed at the Max Planck Institute of Colloids and
Interfaces, Germany, a wide array of randomly-generated peptides was expressed
in phage display and had their binding capacity tested against a magnetite powder
[86]. The primary structure of magnetite adhering peptides was then compared to
the proteomes of several MTB species, but no significant similarity was spotted.

11
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However, of the five magnetite-interacting peptides identified in that study, three
had arginine as half the residues in the sequence. The cationic poly-arginine was
used as an additive to the iron precipitation. The resulting nanoparticles possessed
a fine size distribution (30-40 nm), reproducible — despite irregular — morpholo-
gies and colloidal stability. These characteristics were not achieved in the control
of conventional precipitation. Poly-arginine also improves the tuneability of the
biomimetic synthesis. In the presence of the additive, the average diameters of
the magnetite precipitates could be adjusted from 10 to 40 nm when the reaction
occurred in pHs from 9 to 11, respectively [94].

As polyaminoacids, single aminoacids can promote control over magnetic
nanoparticle syntheses [85]. When arginine and lysine were tested for that pur-
pose, the latter was able to control the particle size according to its concentration
(Table 2) [85]. The side-chain amino group in lysine can perform a steadier stabili-
zation of the anionic oxyhydroxide precursor of magnetite. Then, further growth of
lysine-stabilized nuclei enables a larger crystal size with a better-defined hexahedral
shape. The control over size and shape also reflects in the magnetic properties of the
nanomaterial. The obtained nanoparticles displayed a superparamagnetic behavior,
with a large magnetic moment and magnetization saturation (67 emu/g).

Not only is the size dispersity and morphology better controlled in biomimetic
synthesis, but the colloidal stability of bioinspired nanomagnets is generally
improved. The magnetic core of bare nanomagnets exerts an attractive force, possibly
leading to instability to the colloidal suspension [78, 85]. When peptides are added
to the precipitation media, functional groups of the same charge become exposed on
the nanoparticle surface and counterbalance the attractive force with electrostatic
repulsion [78, 85]. Due to the interaction of cationic amino groups with magnetite,
carboxyl groups become exposed during coprecipitation with lysine [85]. Thus,
the zeta-potential of those nanoparticles was -31 mV at physiological pH, while the
control nanoparticles showed a 0 value. The synthesis of magnetite supplemented
with poly-aspartate led to nanoparticles with surface-exposed carboxyl groups [78].
Therefore, the measured zeta potential was approximately -30 mV. Because suspen-
sion stability in aqueous media is crucial for biomedical applications, the colloidal
stability obtained in biomimetic nanoparticles is a fundamental property.

The knowledge gained from biomimetic approaches was used to construct a
double-stimuli-responsive nanoformulation consisting of a nanomagnet bound
to the antiproliferative drug oxaliplatin [95]. The nanocrystal was synthesized by
co-precipitation of iron ions in the presence of recombinant MamC. The magnetite-
oxaliplatin bond was stable at pH 7.2. In acidic pH, the release of oxaliplatin was
triggered. This release was further boosted by the application of an alternating
magnetic field and the cytotoxicity against colorectal cancer cells was improved
[95]. The responsive to alternating magnetic fields also enables MamC-derived
magnetic nanoparticles to be used in hyperthermia treatments [96]. A 25 mg/mL
suspension of the biomimetic nanoparticles exposed to an alternating field of 226
Oe at a 280 kHz frequency can cause a temperature increase of 16.7 °C (specific
absorption rate = 47 W/g).

Another functional magnetic nanoparticle was coprecipitated in the presence
of a bifunctional polypeptide and ginger extract [87]. The fourteen-residue-long
polypeptide was designed from two heptapeptides: a magnetite binding domain
and a cell-targeting domain with specificity to ovarian carcinoma cells. The metal-
reducing and chelating activity of the ginger extract leads to nanoparticles averag-
ing 10 nm in length and 48.9 emu/g of magnetization saturation. When different
cell lines — A2780 (ovarian carcinoma) and L929 (mouse fibroblast) — were treated
with the functional nanoparticle, the first group exhibited a particle uptake almost
5 times more intense.
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6. Conclusion

In this chapter, we have summarized how the basic-science knowledge gained
through molecular biology, phylogenetics, and metagenomics of MTB can be
translated into tools of technological interest. Although the authors had not the
pretentiousness of gathering extensive information available on the topic, the
chapter evidences how cross-disciplinary research is crucial for understanding and
applying such a complex biological phenomenon. This is especially true in a field in
which intriguing discoveries are made at a fast pace.
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