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RESUMO

A presente tese de doutorado inclui resultados de trabalhos que foram realizados
em estudos envolvendo a técnica de Biosusceptometria AC (BAC) e nanoparticulas
magnéticas (NPMs). A partir de uma sequéncia de trabalhos utilizando NPMs, os
resultados aqui apresentados sdo passos importantes para compressdo de parametros
fisiologicos do sistema bioldgico como de pardametros farmacocinéticos para as NPMs. O
enfoque de ambos os trabalhos é uma avaliacdo direcionada ao figado, considerado o
principal 6rgdo responsavel pela captura de NPMs da corrente sanguinea. O primeiro
trabalho a ser exibido nesse documento é uma avaliacdo de tempo longo, na qual foi
investigado por 60 dias o perfil de acumulo e distribuicdo de NPMs administradas
intravenosamente. Nesse estudo, os resultados indicaram uma maior captacéo pelo figado
e pelo baco devido as suas caracteristicas de retencdo e captacdo. Em 60 dias, observou-
se auséncia de NPMs no bago e uma deterioracdo significativa no figado. Os dados
indicaram um perfil de decaimento da concentragéo ao longo dos 60 dias, 0 que sugere
que, além da eliminacdo pelas fezes, existe um mecanismo enddgeno de metabolizacdo

ou possivel aglomeracdo de NPMs, o que resulta em perda da intensidade do sinal BAC.

Uma vez que as NPMs apresentam a possibilidade de serem usadas como sondas
multifuncionais para diagndstico e tratamento nos Gltimos anos de doencas hepaticas, no
segundo trabalho objetivou-se avaliar como a condicdo de cirrose influencia e afeta a
funcdo hepatica, utilizando NPMs. Através de uma abordagem de aquisicdo de imagens
em tempo real pelo sistema BAC, monitorou-se o perfil de distribuicdo das NPMs apds a
administracdo intravenosa. Para avaliar o perfil da biodistribuicdo, regides de interesse
(ROIs) foram selecionadas em partes referentes ao figado e ao coracdo nas imagens de
acordo com as referéncias anatdmicas. Os sinais obtidos permitiram empregar um
protocolo da quantificacdo de parametros farmacocinéticos, que indicaram que captacao
hepética é realmente comprometida durante a cirrose, o que influencia principalmente a
troca de sangue entre o parénquima hepético e circulagdo. Uma vez que as células de
Kupffer se mantiveram constantes durante a etapa cirrotica, o processo de capilarizacéo
dos sinusoide hepaticos foi considerado como a principal razao para a alteracdo da fungéo

hepaética.

Palavras-chave: Biosuceptometria AC, Nanoparticulas magneticas, Figado,

Nanotecnologia



ABSTRACT

This doctoral thesis includes the results of evaluations that were carried out in
studies involving the Alternate Current Biosusceptometry system (ABC) and magnetic
nanoparticles (MNPs). From a sequence of works using MNPs, the results presented here
are essential steps for compressing physiological parameters of the biological system and
pharmacokinetic parameters for MNPs. Both works addressed an assessment approach
towards the liver, considered the main organ responsible for capturing NPMs from the
bloodstream. The first work aimed to evaluate the biodistribution and clearance of MNPs
profiles through long-time in vivo analysis and determine the elimination time carried out
by the association between the ACB system and MnFe>O4 nanoparticles. In this study, it
was possible to notice a higher uptake by the liver and the spleen due to their
characteristics of retention and uptake. In 60 days, we observed an absence of MNPs in
the spleen and a significant decay in the liver. We also determined the MNPs' half-life
through the liver and the spleen elimination. The data indicated a concentration decay
profile over the 60 days, which suggests that, in addition to elimination via feces, there is
an endogenous mechanism of metabolization or possible agglomeration of MNPs,
resulting in loss of ACB signal intensity.

Since magnetic nanoparticles (MNPs) present the possibility of being used as
multifunctional probes to diagnose and treat liver diseases in recent years, the second
study aimed to assess how the condition of cirrhosis influences and affects liver function.
Using a real-time image acquisition approach, the distribution profile of MNPs after
intravenous administration was monitored. We assessed the biodistribution profile based
on the ACB images obtained through regions of interest (ROIs) selected in the heart and
liver position according to the anatomical references previously settled. The signals
obtained allowed the quantification of pharmacokinetic parameters, indicating that
hepatic uptake is compromised during cirrhosis, which mainly influences blood exchange
between the liver parenchyma and circulation. Since Kupffer cells remained constant
during the cirrhotic stage, capillarization of the hepatic sinusoids was considered the main

reason for the change in liver function.

Keywords: AC Biosuceptometry, Magnetic Nanoparticles, Liver, Nanotechnology
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INTRODUCAO E ESTADO DA ARTE

A nanotecnologia é uma &rea de pesquisa que visa entender as propriedades e aplicar
estruturas com dimens&o na escala de nanémetros [1]. Nos Gltimos anos, a nanotecnologia
tem atraido grande interesse da comunidade cientifica devido as suas inumeras
possibilidades em diversas areas da ciéncia, abrangendo desde aplicacGes na area de
ciéncias basicas como quimica e fisica até &reas aplicadas como engenharias,

biomedicina, medicina entre outras.

No inicio do século XX, Paul Ehrlich idealizou o conceito de um carreador ideal que
transportaria farmacos eficientemente moléculas para locais especificos, como tumores.
Esse carreador atuaria como uma “bala magica”, atingindo seletivamente um patégeno
sem afetar o hospedeiro. [2, 3] Com 0 avanco da nanotecnologia, pode-se visualizar as

nanoparticulas como as possiveis “balas magicas”.

Nanoparticulas sdo objetos pequenos variando de 1 a 100 nm, e em sua composi¢cao
pode conter uma grande quantidade de materiais. As nanoparticulas magnéticas (NPMs)
sdo uma classe de nanoparticulas que atraem um interesse significativo e se destacam em
areas da saude, principalmente em aplicacfes biomédicas. Alguns tipos de NPMs,
compostas principalmente de 6xido de ferro, j& sdo utilizadas como agente de contraste
em Imagiamento por Ressonancia Magnética (MRI — do inglés Magnetic Resonance
Imaging), se apresentando como uma interessante alternativa aos convencionais
contrastes a base de gadolineo [4]. Também ja existem tratamentos que empregam 0 USO
de NPMs no combate ao cancer, como € o caso da hipertermia magnética [5] tratamento
que consiste em guiar as NPMs ao tecido alvo (tumor) e aplicar um campo magnético de

alta intensidade e com frequéncia especifica, provocando o aguecimento das particulas e,
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consequentemente, destruindo o tecido tumoral [6]. Além das aplicacOes citadas acima,
ainda se destacam outras, como marcagdo, acompanhamento e ativacao celular in vitro e
in vivo, envolvendo diferentes tipos de células (dependendo do objetivo da aplicacéo),
como por exemplo, células-tronco, macréfagos, entre outras. Devido a essa grande
versatilidade e as propriedades intrinsecas das NPMs, elas também tém sido propostas
como agentes terandsticos [7, 8], combinando acgdes terapéuticas e diagndsticas em uma

mesma NPM.

A farmacocinética das NPMs é uma das principais preocupacdes quando estas sdo
aplicadas em experimentos in vivo e procedimentos clinicos. Caracteristicas como: carga
superficial, diametro e revestimento das NPMs possibilitam diferentes alvos e destinos
em um organismo. Esses parametros conferem as NPMs caracteristicas de afinidade ou
repulsdo a certos tecidos, 6rgaos ou sistemas, o que faz com que estudos de caracterizacao
pré-clinica, que tem como objetivo elucidar as relacfes entre a estrutura e a atividade das

NPMs dentro de um organismo, sejam de grande importancia na area [9-11].

Além das caracteristicas das NPMs, outro fator de importancia na farmacocinética das
NPMs séo as caracteristicas morfoldgicas e fisioldgicas dos érgdos, sendo que essas
caracteristicas estdo intimamente ligadas as suas funcbes. A relacdo entre as
caracteristicas dos 6rgdos e as caracteristicas das NPMs é alvo de varios estudos. Por
exemplo, nanoparticulas maiores do que 200 nm sdo sequestradas por filtragdo no bago
[12], enquanto que nanoparticulas menores do que 6 nm sdo rapidamente retiradas do
sangue via depuracéo renal [9, 13]. Dessa forma, NPMs com diametros entre 6 e 200 nm
tém como seu principal destino final o sistema reticulo endotelial, apresentando maiores

acumulos no figado [9, 14, 15].
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A captacdo destas NPMs no figado tem sido amplamente estudada nas ultimas
décadas, e se apresentaram como uma boa opc¢éo para a realiza¢do de marcacdo hepatica

em procedimentos MRI[16].

Estudos pré-clinicos sdo fundamentais para elucidar paramentos fisiologicos e
farmacocinéticos a fim de atingir o real potencial translacional das NPMs. Para isso, as
NPMs quando administradas devem ser detectadas in vivo e em tempo real.
Adicionalmente, € necessario avaliar suas possiveis interacdes biologicas e perfis de
biodistribuicao, retencdo, eliminacdo. Em comparacéo a outras nanoparticulas, as NPMs
sdo preferencialmente escolhidas na area médica devido as suas caracteristicas de
toxicidade minima e excelentes propriedades fisico-quimicas. [17, 18] Contudo, mesmo
sob essa perspectiva, os efeitos em longo prazo da agregacdo e depdsito das NPMs
depositados no figado e baco ainda sdo desconhecidos. Ao longo dos anos, algumas
NPMs como Feridex® (Bayer Healthcare), Resovist® (Bayer Healthcare),
Combidex®(AMAG Pharma), Sinerem® (Guerbet), Clariscan® (Nycomed), and VSOP
C184 (Ferropharm) foram aprovadas pelo FDA (do inglés- Food and Drug
Administration) como agentes de contraste direcionados a exames de MRI. No entanto,
todas as formulagbes foram descontinuadas do mercado devido a eficazes ou
preocupacdes de seguranca. [19-21] A visto disso, a fim de garantir o futuro da seguranca
em aplicagBes in vivo, ainda é interessante avaliar a biodistribuicdo e a liberagdo

dependente do tempo da NPMs.

Ao longo dos anos, o sistema de biosusceptometria de corrente alternada (BAC) foi
utilizado em inimeros estudos direcionados a avaliagdo de parametros fisioldgicos e

farmacocinéticos, seja atraves de modelo animal ou até mesmo em humanos.

14



O sistema se enquadra na area de biomagnetismo, estudando campos magnéticos
provenientes do sistema biologico. Alguns trabalhos em biomagnetismo como
magnetoencefalografia, magnetocardiografia e magnetogastrografia tem o enfoque em
avaliar pequenos campos, provenientes de correntes biologicas.[22-26] Outros estudos
biomagnéticos sdo realizados monitorando tracadores ou marcadores que se encontram
distribuidos em orgéos e tecidos. [27-29] Dessa forma, o sistema BAC inclui estudos
direcionados a avaliar tracadores em sistemas bioldgicos. Através de um arranjo de
bobinas, o0 sistema se comporta como um detector de material magnético que pode sem

empregado em avaliagdes in vitro e in vivo.

Inicialmente, o sistema era exclusivamente dedicado a estudos relacionados a
avaliacBes de pardmetros fisiologicos e biofisicos do sistema digestorio. Ap6s 0s
primeiros trabalhos serem reportados na década de 70, foi na década de 90 que a
instrumentacao do sistema foi eficientemente aperfeicoada por Miranda e colaboradores
[30], no qual foi apresentado um arranjo um duplo transformador de fluxo, constituido
por dois pares de bobinas (excitacdo e deteccdo). O par mais distante do material
magnético atua como referéncia. Cada par de bobinas é separado por uma distancia
suficiente para minimizar a interferéncia entre elas (linhas de base), estando as bobinas
detectoras dispostas em uma configuracdo gradiométrica de primeira ordem, ou seja,
dispostas em sentidos contrarios de modo que os fluxos magnéticos concatenados em
cada bobina detectora sejam subtraidos. Essa conformacdo geométrica atua, entdo,
eliminando os ruidos ambientais e tornando o sistema mais sensivel. As bobinas
excitadoras induzem fluxos magnéticos iguais nas bobinas detectoras, e ao aproximar um
material com alta susceptibilidade magnética préximo da bobina detectora, ha um
desbalanceamento do fluxo magnético total do sistema, e observa-se um aumento no sinal

elétrico obtido. Esse sinal elétrico pode ser medido, digitalizado e registrado online com
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o0 auxilio de um amplificador sensivel a fase (Lock-in), uma placa analogico/digital e um

computador.

A partir disso, a nova configuracdo se apresentou mais sensivel, necessitando de
menos material magnético para realizar a detecgdo. [29] Com o0s seguintes
aperfeicoamentos, Moreira et.al.(2000) empregaram o sistema numa abordagem de
mapeamento e obteve as primeiras imagens biomagnéticas in vitro. Diferentemente ao
arranjo Monocanal BAC (BAC-Mono) que apresentava apenas uma bobina de detecc¢éo,
um arranjo com numero maior de bobinas de deteccdo foi proposto, a fim de avaliar

dinamicamente processos biolégicos.

O sistema Multicanal BAC (BAC-MC), caracterizado por apresentar sete bobinas
de deteccdo, permite uma aquisicdo simultdnea da distribuicdo de um determinado
material magnético. Devido a nova configuracdo e ndo havendo necessidade de varredura,
o sistema foi empregado em estudos direcionados a aquisi¢des dindmicas da distribuigéo
de materiais magnéticos, de forma in vitro e in vivo. [27, 28, 31, 32] Além disso, o sistema
tem como principal caracteristica a alta resolucdo temporal, 0 que permite adquirir sinais
que sdo convertidos em matrizes temporais, que quando processadas podem ser

representadas por imagens.[33]

Apbs anos dedicados em registrar a motilidade gastrointestinal através da utilizacao
de microparticulas de ferrita de manganés, Quini et.al. investigaram parametros do
transito gastrointestinal através de uma abordagem em tempo real, reportando pela
primeira vez a associagdo entre o sistema BAC como detector e as NPMs como
tracador.[34] Consequentemente, o sistema BAC-Mono foi aplicado para detectar NPMs

e compreender fungdes de diversos 6rgéos e tecidos.[35-39]
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Paralelamente, o sistema BAC-MC foi aperfeicoado para deteccdo e
monitoramento de NPMs, no qual recentemente desenvolveu-se uma nova configuracao
aumentando o diametro das bobinas de excitacdo e bobinas detectoras. Outrora, Cora
et.al. desenvolveu e aplicou um arranjo Multicanal constituido por um par de bobinas de
excitacdo (com raio de 11 cm) e sete pares de bobinas de detec¢do (com raio de 2 cm),
distribuidas circularmente dentro da bobina de excitacdo, para detectar no estdmago
humano o processo de desintegracdo de comprimidos marcados magneticamente, usando
po de ferrita de manganés. [27, 28, 40] Neste ultimo caso, o sistema foi otimizado para
detectar grandes quantidades de material magnético (1,0 g de p6 de ferrita em um
comprimido de 10 mm). Para adquirir de forma dinamica sinais da distribuicdo de NPMs
no sistema bioldgico de animais, desenvolveu-se um novo sistema BAC-MC composto
por um par de bobinas de excitacdo (com raio de 10,5 cm) e dez pares de bobinas de
deteccdo (com raio de 1 cm) distribuidas em configuracéo eliptica, 0 que asseguraria que

toda a regido toracica e abdominal do animal fosse coberta.

Como resultado desses aperfeicoamentos realizados no sistema BAC-MC, foi
possivel pela primeira vez, adquirir imagens magnéticas em tempo real da chegada e saida
das NPMs no coracdo do animal (apds administracdo endovenosa) e sua subsequente
chegada e retencédo no figado do animal. Além disso, a partir do estudo da intensidade de
sinal ao longo do tempo em Regides de Interesse (ROIs) (figado e coragdo), foi possivel
estabelecer um modelo matematico que compreendesse a relacdo de transferéncia das

NPMs da circulagdo sanguinea para o figado. [41]

Apesar das seguintes utiliza¢bes do sistema BAC para novos estudos que incluiram
avaliacbes in vivo de perfuséo renal, perfusdo cerebral, lesbes renais, esvaziamento
géstrico, captacdo hepética, tempo de circulagdo, além de biodistribuigéo e internalizacéo

celular das NPMs em situagdo in vitro e ex vivo, o sistema ainda demandava por
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ferramentas computacionais e metodoldgicas a fim de oferecer reconstrugdes
quantitativas da distribuicdo espacial de NPMs. Nesse contexto, o sistema BAC foi
aprimorado fim de a se oferecer a possibilidade de aquisicao de imagens quantitativas em
tempo real. Dessa forma, a partir de um estudo recentemente publicado criou e
implementou-se modelos matematicos e computacionais para a resolucdo do problema
inverso dos sistemas BAC, o0 que permitiu que o sistema ofereca imagens quantitativas

de distribuicdo de NPMs.[42]

Mesmo com todo apelo da utilizacdo das NPMs ao considerar todas as vantagens
gue possuem, as técnicas que atualmente séo dedicadas a deteccdo NPMs de forma direta,
ou seja, por meio de suas caracteristicas magnéticas, apresentam certas limitacoes.
Sistemas como MRI, o sistema de Imagiamento de Particulas Magnéticas (MPI — do
inglés Magnetic Particle Imaging) e os Dispositivos Supercondutores de Interferéncia
Quantica (SQUID- do inglés Superconducting Quantum Interference Device) [43-45]
além de oferecerem a possibilidade de imagens ainda apresentam boa resolugdo espacial
como principal vantagem, porem compartilham limitagdes como alta complexidade,
limitacGes no campo de visdo (FOV), necessidade de ambiente magneticamente blindado,

alto custo do equipamento e manutencao.

Devido as numerosas vantagens que possui a utilizacdo do sistema BAC em
ambientes laboratoriais se torna adequada para a deteccdo de NPMs. Contrariamente a
outros sistemas anteriormente citados, o sistema ndo faz uso de radiag&o ionizante e néo
necessita de blindagem magnética para aquisicdo de sinais. Dessa forma, o sistema
apresenta excelente versatilidade além de baixo custo, uma vez que o arranjo é facilmente

desenvolvido de forma simples.
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Tratando-se do tecido hepético, a cirrose hepatica tem despertado a atencéo
governamental e cientifica.[46] A cirrose hepatica € uma doenca que atinge o figado,
como consequéncia de lesdes repetitivas ndo tratadas em um longo periodo, geradas por
consumo crénico de alcool, doencas como hepatite C, entre outros. Caracteriza-se a
cirrose o estado fibrético disseminado, surgimentos de nddulos no tecido e também o
surgimento de micro fistulas entre vasos aferentes e eferentes, determinando a néo
reversibilidade das lesbes.[47, 48] Atualmente, é discutido que um numero significativo
de pessoas desenvolvera cirrose hepatica devido a falta de atencdo médica, considerando
que a cirrose € uma etapa das hepatopatias cronicas, que muitas vezes evolui para o
carcinoma hepatocelular. De acordo com a literatura, a cirrose juntamente com outras
doencas hepaticas crénicas é responsavel por mais de 2 milhdes de mortes anuais em todo

0 mundo.[49]

Em relacdo ao tratamento de doencas hepaticas, varias abordagens convencionais
tém sido empregadas principalmente para suprimir a inflamacéo hepética usando drogas
antifibrdticas. No entanto, a maioria dessas terapias ndo € eficaz provavelmente devido
ao fato de a liberacdo do farmaco ndo ser especifica, uma vez que varios tipos de células
hepaticas sdo responsaveis pela inflamacao hepatica. [50-52] Desta forma, a dificuldade
de entregar dose suficiente de agentes farmacoldgicos ao figado, e o fato da ndo
especificidade do direcionamento a estruturas celulares, a perspectiva de tratamento de

doencas hepaticas continua sendo um desafio.

A partir do desenvolvimento da nanotecnologia, as NPMs tém chamado a atencao
devido a possibilidade de serem usadas como sondas multifuncionais para diagndstico e
tratamento voltados a doencgas hepéticas [53-57], apresentando-se se como uma

ferramenta alternativa as estratégias convencionais.[58-60]
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O atual documento a ser apresentado contempla resultados significativos dos
estudos empregando a técnica de Biosusceptmetria AC para avaliacbes biologicas e
funcionais. Os estudos foram realizados no Laboratorio de Biomagnetismo (BIOMAG)
do Instituto de Biociéncias de Botucatu sob coordenacédo do Prof. Titular Jose Ricardo de

Arruda Miranda.

O grupo vem utilizando NPMs de ferrita de manganés recobertas com citrato (Cit-
MnFe2O4) que se mostraram adequadas ao sistema BAC, uma vez que essas ferritas
podem ser consideradas “macias” e apresentam sua excelente resposta magnética de
baixo campo. Além disso, as NPMs de MnFe2O4 possuem alta saturagdo de magnetizagéo
que, em associa¢do com o sistema BAC em sua funcéo trabalho (2mT e frequéncia de 10
kHz) demonstram alta suscetibilidade magnética e consequentemente uma boa deteccao
para o sistema. Além disso, as NPMs de Cit-MnFe.O4 apresentam propriedades
interessantes a hipertermia magnética, como demonstrado pelo grupo do Prof. Dr. Andris

Bakuzis da Universidade Federal de Goias (UFG).[61, 62]

Desde que se iniciaram os estudos utilizando as NPMs como tracadores magnéticos,
0 grupo vem dedicando uma série de trabalhos, em que foi possivel desenvolver
protocolos para avaliar processos farmacocinéticos das NPMs sob inGmeras
circunstancias. Foram avaliados e investigados os perfis de distribuicdo, acumulo e
clearance das NPMs, o que permitiu inferir sobre a fisiologia de 6rgdos e sistemas em

condicGes saudaveis e sob disfungdes.

Adicionalmente, o sistema foi aprimorado a fim de reconstruir quantitativamente a
distribuicdo 2D de NPMs, o que marcou substancialmente a linha de pesquisa do grupo,

e contribuiu para alcancar resultados expressivos através de publicages mais sélidas e
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consistente, ja que anteriormente o0 grupo realizava o0 mapeamento das NPMs

representados através de imagens ndo quantitativas.

Desde seus estudos iniciais envolvendo NPMs, o figado sempre despertou a atencao
do aluno que disserta esse documento. Alvo de seus estudos, durante o mestrado o aluno
investigou o0 a captacdo hepatica de NPMs e modelou as constantes de troca entre a
corrente sanguinea. E pela reportou pela primeira vez a possibilidade de realizar o

monitoramento de NPMs em tempo real através de imagens.

O atual documento abrange dois capitulos que serdo apresentados artigos cientificos
envolvendo avaliagcdes de biodistribuicdo e eliminacdo de NPMs utilizando o sistema

BAC como detector.

O Capitulo 1l contempla a investigacao a distribuicdo e eliminacdo de NPMs em
tempos longos, avaliando a biodistribuicdo e depuracdo de perfis de NPMs através de
analises de longo tempo, a fim de determinar o tempo de eliminacdo. O trabalho teve
como principal foco o figado, avaliando parametros farmacocinéticos do tecido hepético

frente ao deposito de NPMs até 60 dias.

O Capitulo Il é referente a analise da funcdo hepatica em condicdo de cirrose
hepética induzida, avaliada através da utilizacdo de NPMs e o sistema BAC. Assim como
no mestrado do aluno, nesse trabalho é reportada a aquisi¢do dindmica da distribuicdo de
NPMs em tempo real através de imagens magnéticas. Diferentemente do trabalho
publicado durante mestrado, é apresentado um avanco significativo obtido durante o
doutorado do aluno. Pela primeira vez foi possivel reconstruir quantitativamente a

distribuicdo das NPMs, o que permitiu alcancar resultados mais expressivos e robustos.
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Abstract: Once administered in an organism, the physiological parameters of magnetic nanoparticles
(MNPs) must be addressed, as well as their possible interactions and retention and elimination
profiles. Alternating current biosusceptometry (ACB) is a biomagnetic detection system used to
detect and quantify MNPs. The aims of this study were to evaluate the biodistribution and clearance
of MNPs profiles through long-time in vivo analysis and determine the elimination time carried out
by the association between the ACB system and MnFe,O, nanoparticles. The liver, lung, spleen,
kidneys, and heart and a blood sample were collected for biodistribution analysis and, for elimination
analysis, and over 60 days. During the period analyzed, the animal’s feces were also collectedd. It was
possible to notice a higher uptake by the liver and the spleen due to their characteristics of retention
and uptake. In 60 days, we observed an absence of MNPs in the spleen and a significant decay in
the liver. We also determined the MNPs’ half-life through the liver and the spleen elimination. The
data indicated a concentration decay profile over the 60 days, which suggests that, in addition to
elimination via feces, there is an endogenous mechanism of metabolization or possible agglomeration
of MNPs, resulting in loss of ACB signal intensity.

Keywords: magnetic nanoparticles; alternate current biosusceptometry; clearance; biodistribution;
long-time analysis

1. Introduction

Over the past few years, there has been increased use of magnetic nanoparticles
(MNPs) in a range of biomedical applications, such as drug delivery, in vivo cell tracking,
diagnostics, magnetic resonance imaging (MRI), and thermal ablation therapy [1-4]. Due
to their advantages in several biomedical uses and the possibility to manipulate them
according to their use, which improves the interactions with the biological systems, many
studies have been developed to reach all MNP’s benefits [5,6]. Besides understanding
the MNPs composition and the surface functionality, it is necessary to comprehend the
characterization of the MNPs in a biological system, which is essential to truly address the
implications in future human medical applications. In addition, the real feasibility of these
applications depends directly on the biodistribution and toxicity profiles [7].

The great challenge of nanomedicine is to offer multifunctional nanosystems biocom-
patible and non-toxic with biological targets [8,9]. Nowadays, the development, use, and
study of the interactions of MNPs with biological systems have significantly increased,
in contrast to the number of studies towards biodistribution, toxicity, and clearance stud-
ies. This divergence may be mainly attributed to the variety of MNPs used and to the
methodologies applied.
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Different routes may be used to infuse MNPs in the biological system, with the
intravenous administration (IV) and intraperitoneal injection acting as the main routes [10].
IV injection remains the standard method to inject MNPs due to the instantaneous response
provided and the possibility of obtaining much pharmacokinetic information. MNPs can be
intravenously infused to be guided to a specific site such as a tumor, increasing treatment
efficiency. Additionally, the IV route is useful for improving drug delivery efficacy, reducing
the possible cytotoxicity of nanoparticles [11].

The size of the MNPs is a crucial factor for the biodistribution process. Consistent
reports in the literature have demonstrated that MNPs larger than 100 nm in hydrodynamic
diameter are primarily taken up by organs such as the liver, spleen, and lungs [12]. The
main factor which contributes to this specific uptake is the mononuclear phagocytic system
(MPS), also known classically as the reticuloendothelial system (RES), a complex network
of cells specialized in the removal of xenobiotic materials from the bloodstream, broadly
localized in these organs [13,14]. On the other hand, small MNPs (<10 nm) are virtually
eliminated through renal clearance [15]. Moreover, the biodistribution is directly dependent
on other physicochemical properties MNPs, including surface charge and coating [16,17].

Concerning the biodistribution of MNPs by these organs, well-established specialized
tissue-resident macrophages are the main cells responsible for the uptake of nanoparticles.
In general, MNPs preferentially accumulate in the liver and spleen, which are responsi-
ble for the sequestration of more than 95% of the nanoparticles due to the phagocytosis
performed by the Kupffer cells the macrophages of the splenic marginal zone, respec-
tively [18-20]. The liver is a highly perfused organ and extremely important in the uptake
of both endogenous and exogenous substances due to its high blood flow, presenting
liver sinusoidal endothelial cells (LSEC), which are highly fenestrated. The liver still has
Kupffer cells and the resident localized macrophages, responsible for the uptake and elim-
ination of many materials from the bloodstream [21]. Several studies have reported the
intensive MNPs uptake carried by the hepatic structures, inclusive of the MNPs used in
this work [22-25]. The spleen has a very interesting microanatomy, which can act as an
efficient sieve to filter any exogenous material. The spleen is highly permeable vasculature
with endothelial fenestrations. Moreover, the splenic vasculature is arranged as a way to
facilitate the contact of MNPs and macrophages. The splenic arteries enter the organ and
are finished off in highly porous capillaries, making the blood reach the marginal and red
pulp zones [26]. These zones are the central splenic region for the MNPs uptake due to
macrophages that phagocytize the MINPs. Studies reported the phagocytize process in the
splenic zones through histological assessments or different biodistribution assessments
methods [27]. Immediately after the injection, the MNPs are subjected to the opsonization
process, characterized by the adsorption of plasma proteins on MNPs surface, allowing
them to be easily recognized by the macrophages. As a result, this array of protein around
the MNPs surface, often known as protein corona, increases the hydrodynamic size of
MNPs; they are significantly removed from the bloodstream [28,29]. Physicochemical char-
acteristics of MNPs may strongly influence the composition and architecture of the protein
corona. Surface modifications of the MNPs shell are commonly carried out to modify their
performance with biological targets. Coating the MNP with organic or inorganic molecules
is one of the strategies widely employed to avoid the interaction with biological com-
pounds [30]. Recently, Prospero and coworkers related that the protein corona composition
is strongly dependent on MNPs characteristics, mainly including the size, the coating, and
the surface charge. Indeed, this arrangement of protein makes the MNPs recognizable as a
new complex biological structure that determines their biodistribution and clearance [31].

To achieve the real translational MNPs potential (theranostic), once they are adminis-
tered in an organism, they must be detected in vivo and real-time to assess physiological
parameters [32]. Additionally, it is necessary to evaluate their possible interactions and re-
tention and elimination profiles. Nowadays, concerns about toxicity, safety, biodistribution,
and clearance have emerged due to several MNPs applications [8,33].
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Although several MNP biodistribution studies have recently been published, the
process of the uptake and consequent metabolization and degradation of MNPs by the
MPS remains unknown by nanomedicine [34]. Some literature works reported that the
long-term accumulation may be beneficial for imaging and therapeutic applications [35],
acting as a T2 contrast enhancement agent in MRI, either as a tracer or marker of new
imaging modalities such as magnetic particle imaging and ACB imaging [22]. However,
extensive pre-clinical trials must be addressed for real and future clinical applications [32],
once the long-term effects of the MNDPs aggregation deposited in the liver and spleen are
still unknown [13]. Additionally;, it is considered that MNPs retention has side effects for
periods up to 11 months in the organs [36,37].

Over the years, there have been 51 nano-based products available for the therapies and
diagnostic approved by the Food and Drug Administration (FDA) or European Medicine
Agency (EMA) [38]. Nine MNPs are currently used as imaging agents, iron deficiency
in chronic kidney disease (CKD), and magnetic hyperthermia regarding the inorganic
and metallic nanoparticles [38,39]. Initially, based on the clinical success tests, FDA ap-
proved several MNPs to be used as MRI contrast agents, such as Feridex® (Bayer Health-
care), Resovist® (Bayer Healthcare), Combidex® (AMAG Pharma), Sinerem® (Guerbet),
Clariscan® (Nycomed), and VSOP C184 (Ferropharm). However, all the formulations have
been discontinued from the market by the FDA due to efficacy or safety concerns [38—41].

The toxicity and the biodistribution analysis have become an issue of concern and
require extensive investigation [42]. Currently, the approval of MNP as any nanomedicines
and drugs is regulated by FDA. The completed process involves efficacy, safety, and toxicity
studies. Nevertheless, the FDA regimentation and approval process, as for any other
regulated drug, a complete knowledge about the mechanisms of the interactions MNP with
the biological system is not required [43].

Over the years, different imaging, spectroscopy, and magnetometry techniques have
been used to detect and quantify the biodistribution of MNPs in animals. In addition to
techniques such as MRI and MPI [41,44-46]. Alternating current biosusceptometry (ACB)
is a biomagnetic detection system used to detect and quantify MNPs, recently employed in
several biomedical applications [22-24,31,47].

Therefore, in this work, the study aimed to evaluate the biodistribution and clearance
of MNPs profiles through long time analysis and determine the elimination time carried
out by the association between the ACB system and MnFe,O, nanoparticles coated with
citrate (Cit-MnFe,O4 MNPs).

2. Materials and Methods
2.1. ACB System

The ACB system is a magnetic detector and has been recently used in several studies
involving MNPs. The ACB system theory is based on the mutual induction between two
induction and pickup coils coaxially arranged in a first-order gradiometer. If a current
oscillating sinusoidally is applied along with the indication coils, an alternate magnetic
field is generated as H = H, sin(wt), where H, is the field amplitude and w is the angular
frequency. Then, the differential induced voltage (1 — ®; from the primary and secondary
pickup coils) is detected and expressed according to Faraday’s law:

dd

M

When a sample is positioned at the center of one of the pickup coils, the magnetic flux
induced by a sample with magnetization M(H) in a pickup coil with is:

D = fyoNAM%[(MJrHa) — H,) )
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The magnetic flux can be rewritten as an ideal balanced detection coil system:
d
P = —yONAME[(M—I-Hu) — H,) (©)]
From Equation (3), the final voltage detected results:
AM(t
Vi = —uoNAm MY @

In this way, the instrumental arrangement turns the system into a magnetic flux
transformer. The coil pair (excitation/detection) furthest from the sample acts as a reference,
while the closest to the magnetic material acts as detection.

The MNP biodistribution and elimination signals quantification were carried out using
an ACB setup already reported by [23,47]. As demonstrated previously, the setup presents
high sensitivity and accuracy for ex vivo analysis. Figure 1 presents the schematic diagram
of the ACB setup used for MNP measurements.

10kHz 0.7V | | 0.30 mV

out IN OUT .  REFERENCE
. OO o e e
, .
, | N
1 \
I

Measurement|
system

Induced voltage
o

Reference
system

|
<
o

Figure 1. Schematic diagram of ACB setup used for MNP measurements. Through a phase-sensitive
amplifier (lock-in—Stanford Research Systems SR830) (light grey), an electrical signal of 0.7 V at a
frequency of 10 kHz is generated and is amplified by power amplifiers (—3 dB) (dark gray), in which
the resulting current is applied to the excitation coils.

2.2. Magnetic Nanoparticles

We employed citrate-coated manganese ferrite (Ci-MnFe;O4), nanoparticles syn-
thesized by a co-precipitation method previously characterized and described [31,47].
Ci-MnFe;Oy4 at a 23 mg/mL concentration presented a superparamagnetic behavior and
a magnetization saturation of 264 kA /m. The MNPs characterization was performed by
dynamic light scattering (DLS) Zetasizer NanoS (Malvern Instruments, Malvern, UK). and
Transmission electron microscopy (TEM) (Jeol, Tokyo, Japan). All MNPs characterization
can be found in the Supplementary material. Figure S1 shows the TEM images for the
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magnetic nanoparticles, and Figure 52 shows the particles size distribution. Figure S3
presents the hydrodynamic distribution for the magnetic nanoparticles, Figure 54 presents
the magnetization curve of the manganese-ferrite nanoparticles, and Figure S5 shows the
X-ray diffraction pattern of the citrate-coated manganese-ferrite nanoparticles.

2.3. Animal Experiments

All animal experiments were previously approved and performed following the
Committee on Ethics in Animal Use, under the protocol (CEUA)-IBB 1135.

Fifty male rats weighing 250-300 g (Rattus norvegicus albinus, Wistar; acquired from
the Anilab, Paulinia, SP, Brazil) were subjected to ten groups that were established by
the animal euthanasia time: 1 h, 4 h, 12 h, 24 h, 48 h, 5 days, 10 days, 15 days, 30 days,
and 60 days.

All the animals were subjected to the same experimental protocol. The animals were
anesthetized with isofluorane (5% for induction and 2% for maintenance) and underwent
cannulation surgery of the left femoral vein for intravenous administration of MNPs. The
animals received a single injection of 0.3 mL of MNPs (total of 6.9 mg of MNPs) at an
administration rate of 0.03 mL/s and were euthanized by decapitation, referring to the
time point.

To assess the biodistribution pattern as a function of time, the liver, lung, spleen,
kidneys, and heart were collected. In addition, a sample of blood and feces was also
collected. After the experimental procedure, all the collected samples were submitted to a
Labconco FreeZone 2.5 benchtop freeze dryer (Labconco, Kansas City, MO, USA and stored
in a volume-controlled flask.

2.4. Ex Vivo Biodistribution and Pharmacokinetic Assessment

The feces of the animals were collected every 24 h and were then subjected to the same
freeze-drying process for further analysis to assess the MNPs elimination profile.

To provide an ex vivo quantitative evaluation about the MNP distribution previously
in vivo administered, we also built a calibration curve for the two MNDPs used here to
compare the ACB signal obtained with ACB response to a known concentration of sam-
ples, owning a well-established mass of MNPs. To understand how MNP features and
physiology can influence the liver MNP accumulation pattern, it was proposed to investi-
gate the biodistribution data obtained from the ACB analysis through a pharmacokinetic
model. Therefore, the MNP half-life in the bloodstream (T /;) can be modeled according to
Equation (5):

Y{t) = YO + Aleit/Tl + Eit/rz (5)

Equation (5) assumes that Y|y corresponds to the ACB signal immediately before the
injection, and 71 and 72 refer to the two average elimination exponential coefficients. At the
same time, the parameters A; and A; (uptake indices), when summed, represent the total
MNP accumulation at each instant. Regarding the spleen MNP clearance, its elimination
was modeled using the following Equation (6):

Yy = Yo+ Are /™ (6)

Statistical calculations and half-life quantifications were performed using OriginLab
8.5 (Version 2016, OriginLab Corporation, Northampton, MA, USA).

3. Results
3.1. MNPs Characterization

Two methodologies were employed for the MNPs characterization. The hydrodynamic
diameter was determined, followed by an analysis of ACB signal response to different
concentrations of MNPs. Through the DLS analysis, MNPs hydrodynamic diameter and
zeta potential were 40 £ 5.6 nm and —27.8 mV, respectively. The MNPs had a polydispersity
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index of 0.175 & 0.092. Figure 2 shows the calibration curve and the linear response of the
ACB system for citrate-coated MNPs.
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Figure 2. Calibration curve of citrate-coated MNPs in linear scale with linear fits, where an R? =0.99

was obtained for citrate-coated MINPs.

3.2. MNPs Biodistribution and Elimination

Figure 3 shows the biodistribution of MNP Cit-MnFe;Oj in each organ, quantified
from one hour until 60 days after the in vivo administration.
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Figure 3. Biodistribution results for all organs of interest of the citrate-coated MNPs over the

period evaluated.

As depicted in Figure 3, besides the predominant accumulation in the liver and spleen,
MNPs were in all the organs from 1 h and until 12 h after the injection. In the liver,
MPNs were detected along the entire measured period (60 days), presenting a maximum
amount of MNP one hour after administration (5.4 mg of MNPs). At measurement times
determined around 60 days, the amount of MNP reached low levels, around zero. MNPs
were significantly detected within 15 days after in vivo administration regarding the spleen,
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which presented the highest accumulation MNPs around 12 h (0.092 mg). Similar to the
liver, the spleen MNPs signal tends to decrease with time, which can detect a very low
mass of MNPs.

Despite the low ACB signal intensity, MNPs could be seen in the kidneys until 48 h.
Both the heart and the lungs accumulated MNP for only 12 h, showing a maximum ACB
signal of the MNP injection in one hour after the injection, which is the only time that it
was possible to detect MNP circulating in the blood.

The data obtained through the quantification of the ABC system indicated that the
elimination kinetics from the infusion of MNPs occur according to an exponential behavior.
As the liver and spleen are considered the two main organs responsible for MNPs uptake
from the bloodstream, the pharmacokinetics of the MNP pattern for both organs were
compared, employing a bi-exponential model to determine the MNPs circulation half-life.

In a rat model, the Cit-MnFe;O4 exhibited biexponential liver concentration decay,
with a half-life of 70 min for the initial phase, which is faster and responsible for the
distribution and clearance for most of the injected dose. In contrast, the second phase is
slower and presents a half-life of 30 days. Regarding the spleen half-life, a single-phase
Ty, of 1.75 days was found. To quantify the amount of MNPs in the collected feces, we
established a protocol to quantify the samples in five days (Figure 4)
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Figure 4. Elimination of MNPs via feces every five days. For statistical analysis, the Mann-Whitney
U test was used. It was found no significant difference between the days (p < 0.05).

The highest elimination day occurred five days after administration, presenting
0.115 4 0.08 mg MNPs eliminated. Although this initial period of five days showed the
highest elimination values, no elimination pattern was noticed, considering that the values
do not differ much from the other values found. Moreover, the elimination profile presents
an approximate amount MNPs within 0.05 and 0.1 mg every five days. Additionally, the
accumulated profile of MNPs elimination was assessed. Figure 5 shows the total of MNPs
eliminated over the entire period.
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Figure 5. Cumulative elimination profile of Cit-MnFe,O4 MNPs via feces over the period evaluated.

Figure 5 indicates that the MNPs elimination precisely starts from two days after ad-
ministration. It is worth pointing out that all animal feces were collected before euthanasia,
and all feces were analyzed individually. The total clearance was 0.87 &= 0.29 mg MNPs.

4. Discussion

This study employed the ACB system to assess the biodistribution and elimination
pattern via feces of Cit-MnFe,O4 MNPs over long periods after intravenous administration
in rats. The soft-ferrite based MNPs were used due to their excellent low-field magnetic
response. Moreover, the MNPs system has high magnetization saturation which, in associa-
tion with ACB system configuration of magnetic field of 2 mT and frequency of 10 kHz,
presents high magnetic susceptibility and consequently a good detection. Additionally, the
Cit-MnFe,O4 MNPs present suitable properties towards to magnetic hyperthermia [48,49].

Under the perspective to ensure safety future in vivo applications, it is still mandatory
to assess the MNPs’ time-dependent biodistribution and clearance [50,51]. In this way, our
results for Ci-MnFe,O4 MNPs distribution and clearance made it possible to observe a
predominant retention profile in the liver and spleen. The highest uptake of both organs is
mainly due to morphophysiological characteristics combined with specialized structures
for filtration and retention in these organs.

As can be seen 15 days after the administration, the concentration of MNPs over time
in the spleen showed a slight increase in its concentration, which may be correlated with
the same rise in liver concentration, indicating that the two organs can act similarly, most
likely due to their characteristics.

We also quantified the two half-lives of the liver elimination and the spleen half-life
elimination through the pharmacokinetic assessment. Regarding the hepatic clearance,
the elimination time was evaluated by a two-phase Tj/,. The first half-life found can be
assigned to the primary MNPs filtration performed by the liver, which captured a high
MNP amount. The following half-life reflects the bi-exponential exchange that the liver
and bloodstream carry out where part of the MNP returns to the bloodstream. On the
other hand, the spleen presented only a phase Tj,,, characterized by an intense decay.
Despite being a highly perfused organ and its high number of macrophages, the spleen
did not show the same clearance behavior as the liver; we noticed that around the second
post-MNP day injection, the spleen eliminated most particles at once.

MNPs were significantly detected in the blood in the first hour after administration.
However, we found no MNPs in the blood four hours after injection, which may be
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correlated with the first depuration of the MPS system, removing most of the circulating
particles. Quini et al., 2017 [25] showed no signal in the blood four hours after MNPs
infusion. This behavior suggests that all MNPs have already been captured by organs or
tissue at this time. The low intensity of MNPs present in the heart, and its subsequent decay
four hours after administration, can be related to the presence of particles, in the same time
interval, in the blood. The absence of MNPs in the heart may be related to particles in the
bloodstream and the heart’s characteristics, as it does not present retention characteristics.
Although the heart is an excessively irrigated organ, the corona effect in the blood may be
responsible for avoiding the internalization of MNPs by cardiac cells.

Despite being highly perfused and with their own resident macrophages (myeloid cells
residing in renal tissue and alveolar macrophages in the lung tissue) [52,53], the kidneys
and the lungs presented a considerably lower signal intensity than the spleen and liver.
Studies showed that, despite the morphological characteristics of both organs, there is a
dimensional and surface charge dependence for MNPs uptake, which did not contribute to
MNP uptake by the liver and lungs. It was also hypothesized that a group of proteins could
have bound to the MNP surface, improving the corona protein, which increased their size
and facilitated the recognition and the subsequent molecular interactions with the hepatic
and splenic structure.

In our finding, it was noticed a decrease in the ACB signal over the time analyzed,
which can be directly associated with the MNP state several days after the administration.
From this, it is noteworthy that the ACB system is strongly affected by the MNP condition.
Therefore, the signal decrease would be explained by inhibiting the Brownian relaxation
due to the arrangement of proteins around the MNP surface, resulting in altered magnetic
susceptibility. Concomitantly, it is noticeable that partial metabolization after a few days of
the MNP infusion also influences the ACB signal and contributes to the signal decrease once
the ACB system can detect the MNP in its molecular form, so that no metabolites or ions
from MNPs could be seen. The MNP partial metabolization process can be verified through
Figure 5, in which was detected around 14% of the injected dose in the final measurement
period. It was considered that most MNPs were metabolized or degraded by biological
mechanisms that induced changes in the magnetic properties of nanoparticles.

Long-term biodistribution studies illustrate the difficulty of eliminating nanostruc-
tured materials when administered to the body, reinforcing the importance of this study
modality for future clinical applications of MNPs. Table 1 summarizes studies dedicated to
monitoring the MNP’s long-term biodistribution and the respective animal models and
methodologies used.

Table 1. Studies employed on assessment of the MNPs long-term biodistribution.

Time Post-Injection

MNPs Species Dose Assessed Method/Technique Ref.

Quantum Design

DMSA-coated . 1 MPMS-XL SQUID
magnetite C57BL/6 mice 15 mg Fe kg 90 days magnetometer/ICP- [54]

AES
DMSA /PEG . 2.5mg

Magnetite DMSA Wistar rats Fe/kg BW 30 days ICP-OES [55]

Carboxyl coated . . 1 Atomic absorption
Iron Oxide KunMing mice 20 mg kg 7 days spectroscopy [56]
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Table 1. Cont.

Time Post-Injection

MNPs Species Dose Assessed Method/Technique Ref.
Dextran-coated Histological
iron ox1.de C3H mice 2 mg Fe/mouse 580 days analysis /ICP-MS [32]
nanoparticles
. S AC Biosusceptome-
Citrate coated . Multiple injections of .
MnFe,O, Wistar rats 6.9 mg /rat 24h try/Electron spin [25]
resonance
Dextran-coated . . 100 puL Magnetic
magnetite Swiss mice (1 x 10" particle/mL) 6 months resonance (521
Curcumin capped . .
iron oxide Balb/c mic 5mg kg*1 3 weeks Atomic absorption [8]
. spectroscopy.
nanoparticles
Mgg}}‘f‘gx ;"i‘;‘itced 1000 pmol of iron kg1
y hydarop mice (C57-B6 mice) and 50 pmol of 3 months EPR and SQUID [53]
derivatives of . 1
iron kg
glucose
Maghemite ICP OES and
& Swiss mice 2.4 mgiron 28 days histological [57]
(y-Fe203)
methods.
Node mic Aomicsbarpion
v-Fe203 s-SPION (BALB/c- 90 mg Fe kg1 7 days P py [33]
(AAS) and
Foxnlnu/Arc) .
Prussian blue
Dextran—Iror} oxide Wistar rats 10 mg kg*1 28 days ICP-AES [58]
nanoparticles
fron oxide BALB/c mice 5mg/mL 24h ICP-MS [7]
nanoparticles
Dextran—cgated Swiss mice 100 pL/mice 6 months Magnetic [59]
magnetite resonance
. Atomic absorption
Iron oxide NPs . 7.5 mg/kg, 15 mg/kg
(FerO3) Wistar rats and 30 mg/kg 28 days spectroscopy [60]
(AAS)
Ferucarbotran Fisher i’:i female 5mg Fe/kg 70 days MPI [61]

As depicted in Table 1, several approaches have been used to assess the accumulation
of different MNPs. Regardless of the type of MNPs, these nanomaterials were detected
mainly in the livers of different species over days and months.

Mejias et al., 2013 [54] detected iron oxide MNPs within a period of 30 min to 90 days.
However, this study did not establish the total elimination period as, at 90 days, significant
amounts of MNPs were still present in the organs. Similar to our findings, Ruiz et al.,
2015 [55] analyzed the biodistribution of magnetite nanoparticles up to 30 days post-
administration. The study could observe a significant accumulation of MNPs in organs
such as the liver, spleen, and lung within 30 days. In another study, Yang and collaborators
also found a high concentration of iron seven days after administration of iron oxide
nanoparticles in organs such as the liver, spleen, and kidneys [56]. Nonetheless, analyses
based on Fe concentrations can induce a series of variations, mainly due to the endogenous
iron itself and that MNP may have been metabolized, presenting only an ionic form.

On the other hand, Tate et al., 2011 [32] carried out a long-term assessment in which
the authors reported the presence of iron oxide nanoparticles in the liver 580 days after
the injection. Other studies also examined the distribution patterns of the non-magnetic
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nanoparticles and found significant nanoparticles amounts more than one month in organs
responsible for the elimination process.

In this way, we must take into consideration that the MNPs are not eliminated simply
as common drugs, as they can remain in the body for months according to our evaluation
and literature data. MNPs’ time course assessments become crucial to provide the MNPs
as a promising material for imaging and therapy applications in medicine.

5. Conclusions

Cit-MnFe,O4 MNPs were primarily accumulated in the liver and spleen due to these
organs’ morphological and physiological characteristics and the intrinsic MNPs characteristics.

The data obtained made it possible to observe a concentration decay profile over the
60 days, which suggests that, in addition to elimination via feces, there is an endogenous
mechanism of metabolization or possible agglomeration of MNPs, resulting in loss of
ACB signal intensity. Furthermore, the clearance profile for MNPs was assessed over the
measured period.

The ACB system offers a low-cost, portable, and versatile alternative for evaluating
the biodistribution and elimination of MNPs, even at low concentrations. Regarding
elimination, the data presented in this work suggest that the MNPs used demonstrated
a constant elimination rate that starts from 48 h via feces, which can assist in providing
strategies to target drug delivery to specific cell types and consolidate them as agents for
magnetic hyperthermia.

Even with the clearance and elimination studies, future studies are required to deeply
elucidate the toxicity and the specific elimination mechanisms, aggregation, and metabo-
lization of MNPs. Additionally, the ACB system is a feasible methodology to be employed
with different modalities to understand the mechanism of metabolization and clearance of
MNPs fully.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma15062121/s1, Figure S1: TEM images for the magnetic nanoparticles. Scale: (Upper)
100 and (Lower) 10 nm, Figure S2: Particles size distribution, Figure S3: Hydrodynamic distribution
for the magnetic nanoparticles, Figure S4: Magnetization curve of the manganese-ferrite nanopar-
ticles, Figure S5: X-ray diffraction pattern of the citrate-coated manganese-ferrite nanoparticles.
References [62,63] are sited in the supplementary materials.
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Abstract: Since magnetic nanoparticles (MNPs) have been used as multifunctional probes to di-
agnose and treat liver diseases in recent years, this study aimed to assess how the condition of
cirrhosis-associated hepatocarcinogenesis alters the biodistribution of hepatic MNPs. Using a real-
time image acquisition approach, the distribution profile of MNPs after intravenous administration
was monitored using an AC biosusceptometry (ACB) assay. We assessed the biodistribution profile
based on the ACB images obtained through selected regions of interest (ROIs) in the heart and liver
position according to the anatomical references previously selected. The signals obtained allowed
for the quantification of pharmacokinetic parameters, indicating that the uptake of hepatic MNPs is
compromised during liver cirrhosis, since scar tissue reduces blood flow through the liver and slows
its processing function. Since liver monocytes/macrophages remained constant during the cirrhotic
stage, the increased intrahepatic vascular resistance associated with impaired hepatic sinusoidal
circulation was considered the potential reason for the change in the distribution of MNPs.

Keywords: AC biosuceptometry; magnetic nanoparticles; cirrhosis-associated rat hepatocarcinogene-
sis; nanotechnology

1. Introduction

The liver is a solid organ that is divided into two portions: (1) a parenchymal portion,
which is composed of hepatocytes and biliary cells, and (2) a non-parenchymal portion,
constituted by Kupffer cells (KCs), sinusoidal endothelial cells (LSECs), and resting hepatic
stellate cells (HSCs) [1]. The KCs are resident macrophages that specialize in phagocytosis
and cytokine release, acting as the liver’s first immune defense [2]. KCs are associated with
the LSECs that line the hepatic sinusoids. The HSCs are spread throughout the Disse space
and are responsible for storing vitamin A and secreting limited amounts of extracellular
matrix (ECM) proteins under physiological conditions [3].

The liver, under homeostasis, displays an extensive range of functions, such as the reg-
ulation of blood volume and immunity, drug detoxification, endocrine control of growth,
lipid and cholesterol homeostasis, and the metabolism of nutrients. It also features a
regenerative capacity through hepatocytes [4—6] Nonetheless, this organ may develop
several chronic diseases, including non-neoplastic and neoplastic diseases. Hepatocellular
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carcinoma (HCC), the main primary hepatic malignancy, stands out for its current epidemi-
ological burden, as it ranks fourth among the most common cancers and it is the sixth
most common cause of cancer-related deaths worldwide [7]. HCC usually emerges in the
context of hepatic fibrosis/ cirrhosis (70-95% of cases) [8] and also features a poor prognosis,
with a median survival time of 11 months and survival rates of 19 to 29% at 3 years after
diagnosis [9,10]. Furthermore, a 53% to 60% growth in both the incidence of and mortality
from HCC is estimated over the next 20 years [7]. Such epidemiological data elicit the need
for new diagnostic, preventative, and therapeutic tools for this malignance.

Under the known risk conditions—i.e., chronic hepatitis B and C infections, non-
alcoholic liver disease, and alcohol intake—HCC gradually emerges in the context of
tumor-promoting inflammation/hepatocyte injury hallmarks, HSC activation, and HSC
sand macrophage pro-inflammatory crosstalk, culminating on collagen production. Colla-
gen progressively accumulates, leading to liver fibrosis, and the end stage of this process
is called cirrhosis, which is characterized by a marked impairment of liver function and
an increased risk for HCC development [11]. In order to investigate the different aspects
of cirrhosis-associated hepatocarcinogenesis, experimental models, including chemically
induced models, have been widely applied in translational research [11-14]. These models
use chemical hepatotoxins that induce (pre)neoplastic lesions in a cirrhotic background, as
in the diethylnitrosamine (DEN)-initiated and thioacetamide (TAA)-promoted model [15].
These murine models gather morphological and molecular similarities to the correspond-
ing human disease, enabling translational research on hepatocarcinogenesis [11,13] and
nanotechnology studies.

Despite liver fibrosis not having clear symptomes, its early detection is essential for
preventing the further aggravation to other diseases such as cirrhosis and HCC and for
providing beneficial future treatments [14,15]. Although a percutaneous liver biopsy is an
invasive strategy and presents several drawbacks, such as sampling error and cost, this
diagnostic procedure is usually always associated with non-invasive diagnostic methods
and serum biochemistry [16-18]. In addition to non-invasive staging of hepatic fibrosis
using magnetic resonance imaging (MRI) and computed tomography (CT), ultrasonography
is a widely used accurate diagnostic imaging tool [19-22]. This diagnostic method is also
inexpensive, supporting its practical use. Nevertheless, these imaging methods have
drawbacks that make detecting fibrosis and cirrhosis at early stages difficult, and there
are also drawbacks related to the experience level of the operator. Furthermore, these
methods are not indicated for obese patients [18,23]. Despite a routine MRI examination
presenting advantages such as its ability to reach deep tissue in the liver with a high spatial
resolution, which allows for a complete characterization of liver disease processes, it has
some limitations [14]. At the same time, the disadvantages of CTs are the need for ionizing
radiation and the existence of respiratory motion artifacts.

Several conventional approaches have been employed to suppress hepatic inflam-
mation/scar deposition using antifibrotic drugs to treat liver diseases. However, most of
these conventional therapies are ineffective because the drug delivery is not specific, since
specific hepatic cell types are responsible for hepatic inflammation/fibrosis [4,24,25]. In
this way, the difficulty of delivering a sufficient dose of pharmacological agents to the liver
is associated with the non-specificity of targeting cellular structures, indicating that treating
liver diseases remains a challenge.

Nanomaterials have attracted attention in the development of nanotechnology due
to the possibility of their use as multifunction probes for diagnoses and treatments in
recent years [26-31]. Nanoparticles have great potential for several biomedical applications
since they have interesting properties, such as a reduced size, shape manipulation, and the
possibility of conjugation with other materials and molecules. A class of nanoparticles that
has several advantages due to the intrinsic properties and biocompatibility of its members
is magnetic nanoparticles (MNPs). Over the last few years, MNPs have been used in many
theranostic applications [32-35], including diagnosing and treating hepatic diseases [32-34].
The magnetic nanoparticle-based diagnosis and treatment of liver diseases has shown
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great potential, since MNPs present advantages such as (i) easy functionalization and
conjugation with molecules and surface markers, which allows for targeting drug delivery
agents to specific cell-type agents [35]; (ii) their ability to act as magnetic vectors to specific
liver locations, since they respond strongly to an external magnetic gradient [36]; and (iii)
their ability to act as labeling and tracking agents in imaging modalities, thus enhancing
non-invasive approaches for investigating liver fibrosis conditions [37,38]. Within the pa-
rameters that determine the blood clearance pharmacokinetics of MNPs, the hydrodynamic
size of MNDPs is one of the most critical parameters that affect their biodistribution kinetics
and uptake by the mononuclear phagocyte system (MPS) [39,40]. The MPS, which com-
prises dendritic cells, blood monocytes, and resident-tissue macrophages in several organs,
is a specialized and selective structure that takes up nanoparticles in general. Usually, it
has been reported through consistent evidence that nanoparticles presenting with hydrody-
namic sizes within 15-100 nm are captured mainly by the liver and the spleen [41-43]. In
comparison, nanomaterials smaller than 10 nm are likely to be eliminated through renal
clearance [44-46].

Once administered intravenously, MNPs are substantially captured and retained in
the liver, depending on physical factors such as coating, dose, and size [47]. The presence of
fenestrated vasculature (sinusoids) and many Kupffer cells supports the significant amount
of MNPs in the liver. Literature reports have indicated that the liver takes up around
30-99% of the MNPs in a dose [48-51]. Therefore, the high abundance of MNPs in the liver
after intravenous injection and their superparamagnetic properties increase the potential of
these materials to be used as a contrast agent to enhance the signal-to-noise ratio, which
makes magnetic imaging modalities feasible for diagnosing liver diseases [52-55].

Over the years, several methods have been used to detect MNPs in tissues. These
methods are classified into direct and indirect methodologies. For in vivo studies, MRI
and magnetic particle imaging (MPI) are techniques that detect and visualize particles
by their inherent properties and can contribute to determining the pharmacokinetics and
biodistribution of MNPs [56].

Despite MRI being a consolidated methodology for imaging, in general, it involves
a high cost and also has drawbacks regarding the differentiation of the position of MNPs
with a low signal [7].

MPI emerged as an alternative and promising technique for MNP detection. The
technique is based on the nonlinear magnetic response of the IONPs to an applied AC
magnetic field and presents no depth limitation when used to directly measure the MNP
concentration. However, MPI presents limitations regarding the complexity and associated
high cost, so it is not widely used [57]. Nanoparticles can be detected through their
conjugation to contrast agents or radioactive markers by using imaging methodologies
such as near-infrared (NIR) fluorescence, positron emission tomography (PET), and single-
photon emission computed tomography (SPECT) [58-60].

Electron paramagnetic resonance (EPR) and a superconducting quantum interference
device (SQUID) are magnetometry techniques that are able to carry out ex vivo assessments.

Within ex vivo methodologies, elemental analysis methodologies, such as inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) and Prussian blue analysis, show
limitations in quantifying the exclusive iron from MNPs [61,62].

An alternate current biosusceptometry (ACB) system has been employed in biological
applications involving MNPs because of its unique advantages, such as a low-cost versatil-
ity and a lack of specialized equipment required. The system also does not use ionization
radiation and works in unshielded magnetic environments [63—67]. Recently, the system
has been improved through a comprehensive mathematical and computational approach
to quantitatively reconstruct 2D distributions of MNPs [68].

In a previous study, we undertook a pharmacological approach to understand hepatic
MNP uptake through ACB imaging. However, the study was limited to quantifying the
MNP distribution, potentially minimizing future pre-clinical applications.
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We emphasize that the paper presented here represents a significant improvement
to the ACB system, mainly regarding MNP quantification in real time using high-quality
quantitative images through the inverse problem solution. In addition, this work describes
the use of a new MC-ACB system with a higher temporal resolution due to the number
and density of detector coils and an additional biodistribution analysis.

Therefore, we decided to implement the MC-ACB system associated with MNPs
to investigate a chronic liver disease that significantly impacts morbidity and mortality
worldwide.

2. Materials and Methods
2.1. Magnetic Nanoparticles

Solutions of iron (III) chloride hexahydrate (FeCl3—purity 97-100%), manganese (II)
chloride tetrahydrate (MnCl, 4H,O—purity 98-100%), iron nitrate (Fe (NO3)s—purity 98-
100%), and methylamine (CH3NH,—purity 99.5%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acetone (purity 99.6%) and sodium citrate (Naz3CeH5O7—purity
99-100%) were purchased from Cromoline, Diadema, Brazil.

We used citrate-coated manganese ferrite nanoparticles (Cit-MnFe,Oy) synthesized by
co-precipitation as described before [69,70]. Dynamic light scattering (DLS, Zetasizer NanoS
Malvern Instruments, Malvern, UK) measurements showed the hydrodynamic diameter of
the particles and zeta potential. Through a Jeol transmission electron microscope, model
JEM 2100 (Tokyo, Japan), operating at 200 kV, we obtained images of the core diameter
distribution of the MNPs. The magnetization curve of the Cit-MnFe,O4 MNPs was obtained
using an ADE Vibrating Sample Magnetometer (VSM), model EV9 (MicroSense, EastLowell,
MA, USA). The Cit-MnFe;O4 composition was assessed using an energy-dispersive X-ray
spectroscopy (EDS) detector (Jeol, JSM-6610).

The X-ray diffraction patterns of the MNP powders were analyzed using a Shimadzu
6000 diffractometer (Shimadzu Corporation, Kyoto, Japan) in order to study the structural
parameters of the MNPs. To ensure the success of the coating and confirm the presence
of the magnetic nanoparticles, Fourier-transform infrared (FTIR) analysis was carried out
using Varian IR 640 equipment.

2.2. Alternate Current Biosusceptometry

The system was a magnetic material detector working as a double magnetic flux
transformer, and was composed of 19 drive and pickup coils. Both pairs were arranged on a
first-order gradiometer to provide a good signal-to-noise ratio while reducing environmen-
tal noise and leading to the cancelation of the common mode. When the magnetic sample
was near the pickup coils, the magnetic flux balance was altered, inducing an electric
current in the pickup coils proportional to the volume dv and magnetic susceptibility x.

This signal was acquired using the same low-noise lock-in amplifier that recorded the
excitation frequency components (10 kHz). After converting into a direct current signal
(DC), the ACB signal was digitalized in real time using a National Instruments A /D board
(20 Hz of the sampling rate).

The ACB signal intensity detected by the pickup coils depended on intrinsic coil
parameters, such as the area of the detection coil, the number of turns, the magnetic flux
change rate, and the amount of magnetic material. Detailed information can be found
in [68].

We used two ACB setups for our measurements in this present study. The multichannel
ACB system (MC-ACB) was employed to acquire the real-time biodistribution of MNPs
simultaneously in blood circulation and the liver. Then, we utilized a suitable ACB sensor
to quantify the final mass accumulated in each organ collected after the animal’s death [43].
Figure 1 presents the two ACB setups used in this work.
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Figure 1. Schematic representation of both ABC setups utilized. (A) MC-ACB and (B) cavity ACB sensor.

2.3. Experimental Design of Cirrhosis-Associated Hepatocarcinogenesis Model

The current cirrhosis-associated hepatocarcinogenesis model was based on a previ-
ously published protocol [11]. In this rodent study, 36 males (Rattus norvegicus albinus,
Wistar, weighing 250-300 g) provided by the UNESP animal facility (Sao Paulo State Univer-
sity) were divided into two groups. The animals were maintained under suitable conditions
at21 °C £ 1 °C with a 12 h/12 h light/dark cycle, constant air filtration, and ad libitum
feeding. All animal experiments were previously approved and performed following the
recommendations issued by the National Council for Control of Animal Experimentation
(CONCEA) and were approved by the Ethics Committee on Animal Use of the Sao Paulo
State University (IBB/UNESP) under protocol 7571041120.

The animals were randomly assigned to one of two groups, of which one was sub-
jected to a NaCl 0.9% solution treatment (SAL-control group) and the other was subjected
to the chemically-induced cirrhosis-associated hepatocarcinogenesis model (DEN/TAA
group) [11].

The animals received a single intraperitoneal injection of diethylnitrosamine (DEN,
200 mg/kg in 0.9% saline solution) (Sigma-Aldrich, USA) to initiate liver carcinogenesis. Af-
ter two weeks, we assigned the animals to three cycles of thioacetamide (TAA) (200 mg/kg
in 0.9% saline solution) (Sigma-Aldrich, USA). During the fibrosis/cirrhosis induction, each
TAA cycle was achieved after two intraperitoneal injections (twice a week), with an interval
of one week without receiving treatment. The model of cirrhosis/hepatocarcinogenesis
was carried out for eight weeks.

The animals were subjected to femoral vein cannulation surgery for the intravenous
administration of MNPs (dose of 32 mg/kg) under anesthesia (99% urethane—1.5 mg/kg.)
Then, the animals were positioned on the MC-ACB detection coils to carry out the magnetic
in vivo biodistribution monitoring (further described in Section 2.4).

2.4. In Vivo Quantitative Imaging and Data Processing

We carried out quantitative MNP reconstruction by employing the MC-ACB, for
which we had recently demonstrated the mathematical and computational approaches for
improving the system’s ability to acquire quantitative information [68]. We monitored the
MNP biodistribution and recorded heart and liver signals using the MC-ACB system. We
reconstructed the MNP biodistribution from the quantitative real-time signals, represented
in sequential images (frames) at a sampling frequency of 20 Hz. Regions of interest (ROIs)
were selected for the frames corresponding to the signals from the organs of interest
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(liver and heart). We quantified a series of pharmacokinetic parameters from the MNP
distribution signals of both organs over time.

2.5. Histopathological and Immunohistochemical Analysis

Liver tissue samples were washed, fixed in formalin, embedded in paraffin, and
sequentially sectioned into 5 um sections. Slides were stained with hematoxylin and eosin
(H&E) and Sirius red (collagen deposition) for microscopic analysis. Other sections obtained
on silane-coated slides (Starfrost, Lowestoft, UK) were subjected to immunohistochemical
reactions to evaluate the expression of placental glutathione-S-transferase (GSTP) (i.e.,
preneoplastic and neoplastic marker) and CD68 (monocyte, macrophage, and Kupffer cell
marker) antigens, as previously described [11,12].

The placental GST-P (7t isoform) is expressed in initiated hepatocytes, but not in
normal or non-initiated hepatocytes, indicating their role in hepatocarcinogenesis [71].
CD68 is a glycosylated type I transmembrane glycoprotein that is considered an important
cytochemical marker for macrophages, especially in the histochemical analysis of inflamed
tissues [72,73].

We performed a morphometric analysis (lesions and nodules positive for GST-P and
collagen content) using the Leica Q-win Software, version 3.1. The H&E- and picro-Sirius-
stained sections were analyzed under a Leica DMLB 80 microscope connected to a Leica
DC300FX camera. After image digitalization, we measured each experimental liver area per
group under 20 x magnification in five fields. The fibrosis degree analysis was performed
using the criteria reported previously [74].

2.6. Pharmacokinetic Study

To determine the pharmacokinetic profile of the Cit-MnFe,O,, we determined classical
pharmacokinetic parameters that are commonly used, such as Ty /, (half-life) and the area
under the curve (AUC). We adapted the concept of drug exposure to the MNP bioavail-
ability, which was calculated from the area under the liver curves of the two experimental
groups. Regarding the liver signals, we quantified the highest MNP level detected (Cpgx)
and the time to the highest MNP level (Tp,y).

Analysis of the Ex Vivo Biodistribution of the Cit-MnFe;O4

After the in vivo measurement to collect the quantitative information, the rodents
from both groups (SAL and DEN/TAA) were euthanized at 60 min by decapitation after the
MNP injection. Subsequently, the organs of interest, such as the liver, spleen, heart, lungs,
and kidneys, were collected by a laparoscopy procedure. In this experimental procedure,
we also collected a blood sample. To quantify and certify the mass of MNPs accumulated
in each organ, we randomly picked a sample (100 mg) of each organ and the blood,
which had been previously lyophilized, homogenized, and stored in a volume-controlled
flask. According to the previous protocol, the samples were positioned on the ACB sensor
for signal detection to determine the mass of MNPs using a calibration curve that was
previously constructed from an MNP batch (initially 28 mg/mL) diluted into fourteen vials
with different concentrations while controlling the volume. This procedure allowed for the
comparison of the measured ACB signals to established MNP concentrations [42].

2.7. Statistical Analyses

Data were expressed as means + standard deviations. An unpaired Student’s ¢-test
was used to compare the control and the treated groups’ pharmacokinetic parameters
(T1/2, AUC, and biodistribution quantifications). The incidence data from the histological
analysis were analyzed using Fisher’s exact test. The other data were compared using the
Mann-Whitney test or Student’s t-test, considering a significance level of p < 0.05. Analyses
were performed using GraphPad Prism 6.0 software (GraphPad, San Diego, CA, USA).
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3. Results
3.1. MNP Characterization

We synthesized manganese ferrite nanoparticles coated with citrate (Cit-MnFe;O4)
through the co-precipitation method. These MNPs were applied due to their excellent
field magnetic response to the ACB system. At a concentration of 28 mg/mL, the MNPs
showed a superparamagnetic behavior. According to our TEM results, they presented a
core diameter of 24 & 4 nm. Once the organic molecule citrate was small (from 1.5 to 10 nm),
it was assumed that the MNP core indicated by the TEM images was equal to the diameter
of the Cit-MnFe,O4 MNPs. Through the DLS Zetasizer results, the MNPs presented with a
hydrodynamic size of 65.6 £ 4 nm, a polydispersion index for the colloid sample of 0.25,
and a zeta potential of —27.8 mV. We observed a negative zeta potential for the magnetic
Cit-MnFe;O4 (—27.8 & 1.7 mV), which resulted from their surface being coated with citrate
ions due to the effect of citrate adsorption onto bare MNPs. This value is in agreement with
literature reports [69,74].

The assessment of magnetic characterization for the powder (pure MNPs) and colloidal
solution (magnetic fluid) using an ADE Vibrating Sample Magnetometer (VSM) indicated
a magnetization saturation of 52.8 emu/g. The magnetization profile showed a quasi-static
superparamagnetic behavior (no coercive field at DC conditions) (see Figure 2C of [69]).
We also confirmed the presence of Mn and Fe in the MNPs through an EDS analysis.
The XRD analysis showed the structural characterization of the Cit-MnFe,O4 MNPs. The
XRD pattern of as-dried MnFe,O4 confirmed the ferrite phase’s formation. The diffraction
peaks matched the single crystalline MnFe204 (JCPDS card No. 074-2403). The XRD
results for MnFe,O,4 were comparable with the previously reported results [75]. It is worth
pointing out that we did not detect any impurity phases in the ferrite group. See Figure S5,
Supplementary Materials. We confirmed the presence of the magnetic core and citrate
shell through a Fourier-transform infrared (FTIR) analysis, observing bands at 1581 and
1383 cm ™! for the Cit-MnFe,O4 MNPs (black curve), which were assigned to the citrate
due to the C-O bonds of the carboxylic group present in the molecule [76]. The absorption
peak within 500-600 cm ! corresponded to the Fe-O vibration, which was related to the
magnetic phase [77]. All results of the MNP characterization process are described in the
Supplementary Materials.

3.2. Macroscopic Aspects of Animals Subjected to Cirrhosis Associated with Hepatocarcinogenesis

Macroscopically, the livers from animals of the SAL group (Figure 2A) presented
typical features (regular and smooth surfaces). On the other hand, the livers from animals
of the DEN/TAA group (Figure 2B) presented rough surfaces with numerous nodules.
These findings indicate that the animals subjected to the DEN/TAA protocol presented
well-defined features of cirrhosis. In addition, as expected, the DEN/TAA treatment
increased the animals” absolute and relative liver weight (RLW) (Figure 2C,D, respectively).

3.3. Histopathological Analysis, Collagen Morphometry, and Immunostaining

The histopathological analysis revealed that 80% (p = 0.049) and 20% of animals in
the DEN/TAA group developed adenomas and HCC, respectively (Figure 3A). Compared
to the SAL (control) group, the livers from the DEN/TAA group presented with multiple
preneoplastic lesions and nodules that were positive for GSTP (Figure 3B, p = 0.0079).
Sirius red-stained DEN/TAA liver sections demonstrated extensive collagen deposition
(Figure 3C, p = 0.0079) with bridging fibrosis and cirrhotic nodules, and most were positive
for GST-P (fibrosis level 5, p = 0.0079). Figure 3D shows the data for the immunohisto-
chemical analysis of the CD68 marker. The results indicate that no statistical difference was
observed in the macrophage counts between the SAL and DEN/TAA groups (p > 0.05).

3.4. Dynamic ACB Monitoring

We acquired images that dynamically represented the biodistribution of MNPs in real
time through MC-ACB monitoring. The images were acquired sequentially, allowing for
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a video representation of the circulation and accumulation processes. Figure 4 presents
two frames showing moments of the MNP biodistribution for both experimental groups.
In the first frame, at t = 820 s, an ROI was selected in the heart. The second frame, at
t = 3600 s, corresponds to the liver region. These ROIs were applied to all the imaging
frames, generating biodistribution curves. Previously, we positioned the animals on the
MC-ACB system at the same projection to ensure the animal’s anatomical references were
kept during the biodistribution acquisition.

Consequently, Figure 4A shows the arrival of MINPs in the heart right after the MNP
injection, while Figure 4B shows the final accumulation in the liver region. In order to
demonstrate the difference between the MNP distributions, we quantified the average
distribution of MNDPs in the ROIs of the images. Figure 4C shows the MNPs in the blood-
stream and liver. A high-intensity peak characterized the arrival of MNPs in the heart
shortly after MNP injection. Then, the distribution of MNPs was represented by a rapid
decay in the heart signal. Simultaneously, the liver captured and removed the MNPs from
the bloodstream due to the high blood supply and many Kupffer cells in the hepatic tissue.

The liver signal can be associated with the uptake of macrophages and the accumula-
tion of MNPs in the parenchyma. As depicted in Figure 4C (red curve), the liver showed a
saturation tendency over time after a rapid intensity increase.
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Figure 2. Representative images of macroscopic aspects of livers from (A) SAL-group animals and
(B) DEN/TAA-group animals. Analyses of the absolute liver weight and relative liver weight are
shown for (C) the SAL and (D) the DEN/TAA group. The relative liver weight (LW /BW) is expressed
as the ratio between the liver weight (LW) and the body weight (BW). LW/BW ratio values are
expressed as means =+ sd; for the SAL and DEN/TAA groups, they were 0.25674 £ 0.000706 and
0.066253 £ 0.003554, respectively. (** p < 0.05) and (**** p < 0.0001).
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Figure 3. (A) Representative images of H&E-stained sections of SAL (left) and DEN/TAA (center)
livers; HCC was characterized by profound cellular atypia and was composed of malignant hepa-
tocytes arranged in acinar structures in the DEN/TAA group. Data on the incidence of adenomas
and carcinomas are presented in terms of proportion (%) of affected animals and were analyzed
by Fisher’s exact test (p < 0.05) (right). (B) Collagen analysis shown with picro-Sirius red, showing
sections from the SAL (left) and DEN/TAA (center) groups. Morphometry and degree of fibrosis
data are presented in box plots and were analyzed using the Mann-Whitney test (p < 0.05) (right).
(C) Immunohistochemistry sections from the SAL group (left) and the multiple GST-P+ nodules in
the DEN/TAA group (center). The number and size of GST-P+ lesions are presented in box plots and
were analyzed using the Mann—-Whitney test (p < 0.05) (right). (D) Immunohistochemistry for the
CD68 marker in sections from the SAL (left) and DEN/TAA (center) groups, showing macrophages.
Macrophage count data are presented as means and standard deviations and were analyzed using a
t-test (p < 0.05) (right).
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Figure 4. Representation of the biodistribution by frames after injection and the specific ROIs selected
to access the pharmacokinetic parameters; (A) 820 s, showing the high and low concentrations of
MNPs in the heart and the liver, respectively; (B) 3600 s, indicating the final biodistribution process,
which was characterized by a solely higher intensity signal in the liver; and (C) the average intensity
over time for ROI 1 (heart region) and ROI 2 (liver).

3.5. Pharmacokinetic Assessment and MINP Biodistribution

The kinetics of MNP accumulation were evaluated to prove the liver performance
during MNP uptake. The kinetics of MNP accumulation were assessed by plotting graphs
of the liver signals previously obtained from ROI imaging. To determine the liver’s accu-
mulation, we employed the classical concept of the AUC. We found a significant difference
(p < 0.0001) between the rates of MNP deposition in the hepatic tissue of the animal groups.
The pharmacokinetic assessment of hepatic curves also indicated significant differences
(p < 0.0001) in Cygx and Tyyax for the DEN/TAA group. The evaluation of liver signals
revealed that the healthy livers reached Cy;,x after 26.63 min (Tyax)-

On the other hand, the livers under a cirrhosis-induced process had an inversed profile,
presenting with a lower peak concentration that was reached in a shorter time (T, of
16.7 min) and remained constant over time. Through the plotted heart curves, we assessed
the T 1/, of the MNPs. The exponential decay analyses of the DEN/TAA group showed
a half-life of 16.3 min compared to 28.3 min for the SAL group. All the pharmacokinetic
parameters of the DEN/TAA group were found to be significantly different from the SAL
group (Student t-test, p < 0.05). The pharmacokinetic parameters are summarized in Table 1.
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Table 1. Pharmacokinetic parameters of Cit-MnFe,O4 MNPs after intravenous administration at a
32 mg/kg dose for the SAL and DEN/TAA groups. Cysx = the highest MNP level detected; Ty =
the time to the highest MNP level; AUC = the area under the curve; Ty /, = half-life. **** p < 0.0001.

Evaluation (Mean + SD)

Pharmacokinetic Parameter

SAL DEN/TAA
Cunax (mg MNP/dose injected) 0.4870 + 0.01212 0.4150 + 0.01621 ****
Tax (m) 26.63 + 0.5145 1671 & 1.1 #
AUCq_60min 1472.6 + 201 1198.5 4 152
Ty /5 (min) 19.6 +2.3 11.2 4 3.1+

After acquiring the signals from the in vivo biodistribution measurements and the
euthanasia of the animals, we started the protocol to analyze the ex vivo biodistribution
from the collected organs as described in Analysis of the Ex Vivo Biodistribution of the Cit-
MnFe; Oy section. From our system’s ACB characterization, we found a limit of detection
(LOD) of 12 ug and a limit of quantification (LOQ) of 40 pg for the MNP reference. The
sensitivity was 0.9 (x/mg (MNPs). Figure 5 presents the profile for the ex vivo MNP biodis-
tribution. In general, we noticed a similar behavior of the MNP biodistribution between
the experimental groups, where the spleen retained most of the particles, followed by the
liver and lungs. However, we found significant differences between the control and treated
groups for the same organs (spleen, liver, and lungs), indicating a higher accumulation for
the SAL group. The ACB quantification revealed that the MNP accumulation in organs
such as the heart and kidneys was minimal, with these organs presenting with very low
values of MNP deposition. Both organs do not typically specialize in MNP retention and
capture, which would explain the low signal. In addition, the two organs did not show
significant differences between the groups, suggesting that besides the MNP properties,
which would facilitate the splenic and hepatic uptake, the induced liver injury could not
influence MNP deposition in these organs.
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Figure 5. ACB data for MNP biodistribution in SAL and DEN/TAA; ** p < 0.05; *** p < 0.01.
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The biodistribution analysis also indicated differences in the MNPs found in the blood
samples. At the end of 60 min, the amounts of MNPs found in the SAL group’s spleen,
liver, and lungs were significantly higher than those in the DEN/TAA group.

4. Discussion

Besides its properties such as an excellent low-field magnetic response and a high mag-
netization saturation, Cit-MnFe,O4 presents with a negative zeta potential. According to the
literature, nanomaterials with positive zeta potentials show an increased clearance [78-81].
It is generally known that positively charged nanoparticles have faster blood clearance,
while neutral and negative particles exhibit a longer circulation time [82-85]. In addition,
nanoparticles with a negative charge present with a lower Kupffer cell uptake in addition
to their higher circulation time, which contributes to an increased tumor uptake [86,87].
Furthermore, a strongly negative potential allows the particles to be stable over a variety of
pH levels and effectively prevents agglomeration due to steric and electrostatic forces from
the citrate layer. The MNPs employed in this study were selected due to their ability to act
exclusively as tracers for in vivo measurements, as the aim of this work was to assess liver
cirrhosis under the MC-ACB system. Therefore, manganese ferrite nanoparticles are not
functionalized with biotherapeutics and chemotherapeutics to work as cirrhosis treatment
vehicles based on drug delivery systems and gene therapy.

Although there have been numerous alternatives to the treatment of chronic liver
diseases such as cirrhosis and HCC, limitations such as non-specific targeting and adequate
drug delivery concentrations have reduced the chances for the successful treatment of
these illnesses. Therefore, new agents with improved therapeutic efficiencies have been
investigated. However, new translational studies assessing the pathophysiological and
pharmacokinetic profiles in liver cirrhosis are essential, as they will contribute to new
perspectives in the approach and investigation of new drugs.

In the present study, we assessed the biodistribution profile of MNPs in a rat cirrhotic
microenvironment associated with hepatocarcinogenesis, in which a complete assessment
performed by the ACB system—which included real-time monitoring and the quantification
of the accumulation of MNPs—was evaluated. It is noteworthy that the Cit-MnFe;O4 used
here exhibited great potential for the diagnosis and study of hepatic diseases such as
cirrhosis, as previously reported [33]. In addition, this magnetic particle system can be
used as an efficient agent in magnetic hyperthermia due to its unique properties [88].
Thus, our real-time in vivo study was performed through image acquisition or distribution
profiling of intravenously administered MNPs. The same system was employed to assess
the biodistribution process in normal and injured livers in a DEN/TAA protocol.

The different ACB analyses allowed for a complete pharmacokinetic assessment,
confirming that the spleen and the liver are the primary organs responsible for capturing
MNPs after intravenous injection. The higher retention of MNPs in the spleen and liver can
be attributed to the role of the MPS. According to several reports, most injected MNPs are
cleared from the bloodstream by specialized cells, such as the resident macrophages of the
liver (Kupffer cells) and spleen (red pulp macrophages) [89,90].

The in vivo results were confirmed by an ex vivo biodistribution analysis (spleen, liver,
and lungs), indicating that in the DEN/TAA group, a lower uptake of MNPs occurred
compared to that in healthy animals. The spleen plays a significant role in the clearance of
MNPs from the bloodstream. Due to its close anatomic proximity to the liver, a communi-
cation axis between the liver and spleen (“liver—spleen axis”) is commonly reported [91,92].
Furthermore, in the course of cirrhosis with portal hypertension, the spleen volume un-
dergoes an increase in volume that is proportional to the degree of damage to the liver
function [4,93]. However, the mechanisms underlying the splenic function under cirrhosis
remain unknown. In a study that addressed liver cirrhosis, the authors found a decreased
MNP accumulation in the liver. In contrast, the spleen under cirrhosis showed a higher up-
take than in non-cirrhotic animals [94]. Despite the spleen’s phagocytic activity increasing
with splenomegaly [95], another study indicated that the hepatic uptake of nanocarriers is
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affected by liver disease, whereas the splenic uptake was partially affected [96]. In addition,
another work also found that patients with liver cirrhosis presented with a decreased
liver and spleen uptake of a superparamagnetic contrast agent for magnetic resonance
imaging [97].

In this way, we believe that liver cirrhosis possibly induces a decreased uptake of the
red zone macrophages in the spleen. It is worth pointing out that the red pulp is constituted
by the macrophage population, which retains much of the administered nanoparticles.

Firstly, we also hypothesized that the DEN/TAA-induced protocol could have led to
an abrupt depletion of the KCs, which is supported by several studies after toxic hepatic
injury and infections [98,99]. However, our immunohistochemistry findings with the CD68
marker indicated no statistical differences in the counts of infiltrated macrophages and
resident Kupffer cells between the SAL and DEN/TAA groups. It is worth pointing out that
the depletion of KCs is not a mechanism related to all types of liver damage. For example,
Kessler et al. [100] performed a DEN treatment to induce severe liver damage and did not
find a significant KC loss in the short-term or long-term DEN models.

Concerning the accumulation by the liver, the IV administration of MNPs can reach
the hepatocytes. The hepatocytes represent 70% of total liver cells and are separated
from the sinusoids by the space of Disse [101]. As mentioned above, hepatic sinusoids
are constituted by endothelial cells that have a fenestrated cytoplasm associated with a
discontinuous basal lamina [101]. Through their fenestrae, the LSECs allow absorption
and secretion to take place across the narrow space of Disse, creating a unique channel
for blood-hepatocyte exchange across sinusoids [102]. In addition to being highly porous,
hepatic sinusoids are characterized by the absence of an organized basal lamina in healthy
conditions.

Nevertheless, hepatic disturbances and diseases such as fibrosis and cirrhosis induce a
capillarization process in the LSECs, which leads to the loss of their fenestrated character-
istics [103,104]. A continuous basal lamina characterizes the process of capillarization in
hepatic sinusoids, thus avoiding the bidirectional traffic of molecules in the blood and the
parenchyma, and vice versa [105,106]. Therefore, this could be considered the main reason
for the change in the MNP biodistribution.

By comparing our data for MNP accumulation in the livers of the DEN/TAA group,
the results suggest that the increases in intrahepatic vascular resistance, impaired hepatic
sinusoidal circulation, collagen deposition, and portal hypertension, which are associated
with cirrhosis [107], could influence the arrival of MNPs to the liver. When we analyzed
the data for MNP accumulation in the DEN/TAA and SAL groups, the liver presented
with a higher significant p-value, followed by the spleen and the lungs. We noticed a lower
MNP accumulation in the DEN/TAA group, suggesting a decreased hepatic uptake and
consequently more MNPs circulating, which was visualized through the statistical differ-
ences in the blood analyses (Figure 5). During the liver cirrhosis process, the hepatic tissue
undergoes chronic damage and an inflammatory process, during which a repair process
is initiated to regenerate damaged hepatocytes, resulting in scar formation. Therefore,
we also assumed that besides the capillarization process, there is a loss of hepatocytes
in the fibrosis state by connective tissue scars, which could affect MNP uptake, since an
altered obstruction of blood circulation with portal hypertension can occur in this chronic
disease [108].

Besides liver disorders, chronic liver disease can result in pulmonary complications. In
this way, hepatopulmonary syndrome (HPS) is commonly associated with cirrhosis [109].
HPS is a pulmonary disorder characterized by arterial oxygen desaturation, pulmonary
vascular vasodilation, and intrapulmonary shunts. The increased shunting associated
with pulmonary vasodilatation is responsible for the imbalance between perfusion and
ventilation, causing abnormalities in gas exchange [110,111]. This compromised lung
profile could explain the lung biodistribution results for the DEN/TAA group, in which
the MNPs did not reach the lung alveoli, and consequently did not remain in the tissue.

54



Pharmaceutics 2022, 14, 1907

14 of 19

The pharmacokinetic assessment results confirmed that the DEN and TAA administra-
tion model caused damage that altered the liver architecture. Besides the biodistribution
results, we noticed that the livers from the DEN/TAA group presented with a limited
uptake efficiency of MNP, as observed by the Cy,,x. We assumed that the altered basal
lamina in hepatic sinusoids did not allow blood extravasation towards hepatocytes. In
this way, we hypothesized that the new basal lamina in hepatic sinusoids affected the
interaction between the blood and the hepatocytes in the DEN/TAA group. In contrast to
the control group, the DEN/TAA protocol resulted in an altered blood flow in hepatocytes,
which might have decreased liver uptake. Consequently, the non-extravasation towards
hepatocytes resulted in early Kupffer cell saturation, according to our values for Tyy.
Despite the fact that hepatocytes are not specialized to retain MNDPs, the possible deposition
in the hepatocytes might be attributed to the diameter of the Cit-MnFe,O4 MNPs, which
was smaller than the fenestrations of the sinusoids [112]. We noticed that the livers under
cirrhosis took less time to exhibit a saturation profile, while the healthy livers continued
the exchange between the hepatocytes and the hepatic sinusoidal blood. Therefore, we
also assumed that a part of the injected MNPs penetrated the sinusoid and reached the
hepatocytes in the SAL group. This condition would explain the significant differences in
the observed pharmacokinetic profiles, such as the MNP accumulation.

Since our biodistribution results (Figure 5) indicated a lower hepatic uptake for the
DEN/TAA group, it instantly led us to consider a longer circulation time of MNPs for this
group. As depicted in Figure 2C,D, the DEN/TAA animals presented with an increased
liver weight compared to the SAL group. However, to assess the biodistribution profile,
we employed a protocol to calculate the mass of particles per gram of lyophilized tissue.
The hepatic uptake of DEN/TAA would be higher due to its mass in a quantification using
absolute values. It was evident by the non-normalized T ;,, values that the livers under
these conditions influenced the circulation time of MNPs.

Although the MC-ACB presented a high temporal resolution for acquiring the biodis-
tribution of MNPs dynamically, but only for the liver and heart, we believe that an improve-
ment mainly in the coil array might lead the system to detect the MNP biodistribution in
other target organs.

This study reported an application of a new and improved MC-ACB system compared
to the previous one [48], where the main progress was the acquisition of quantitative in vivo
images of the MNP distribution in healthy and neoplastic animals.

In this context, we believe this methodology is adequate for investigating several
organs and their functions, either in normal circumstances or while under dysfunction.

Nevertheless, nanotechnology-based magnetic systems are an alternative strategy
to the conventional methods for the investigation of liver diseases. These systems can
perform non-invasive imaging assessments to work towards an early diagnosis, which
might contribute to the efficient delivery of therapeutics to the liver.

5. Conclusions

As highlighted by the presented findings, the pharmacokinetic profile of MNP distri-
bution and accumulation was affected by pathophysiological factors induced by a cirrhosis
state. Since the liver monocytes and macrophages remained stable, the differences found in
the pharmacokinetic profile of cirrhotic animals strongly indicate that hepatic blood flow
is most likely responsible for altering the distribution and accumulation profile of MNPs.
Therefore, the feasibility of developing nanotechnology-based delivery platforms needs
further investigation to address strategies to improve the interaction of therapeutic agents
with injured hepatic tissue.

Through an in vivo and ex vivo information acquisition approach, the ACB system
provided the ability to monitor and quantify the MNPs in healthy and cirrhosis conditions,
providing the requirements necessary to assist in the diagnosis and therapy of hepatic
disorders. By extrapolating the possibilities of evaluation to problems found in the clinical
environment, the association of the ACB system with MNPs might offer a methodology
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with easy access, a low cost, and the absence of ionizing radiation to assess several biologic
functions under disorders. Furthermore, it is expected that through instrumental improve-
ments, the MC-ACB system will be enhanced to the level of relevant methodologies such
as magnetic particle imaging and magnetorelaxometry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /pharmaceutics14091907 /s1, Figure S1: (A) Image of MNDPs at
100 nm scale. (B) Image of MNPs at 50 nm scale. Figure S2: Hydrodynamic size obtained by the
dynamic light scattering experiment. Figure S3: (A) Magnetization curve of MNPs in a fluid sample
and a powder sample (B) acquired by the VSM experiment. Figure S4: EDS quantification of the MNPs
composition quantification. (A) MNPs sample used, in which the numbers (1, 2, and 3) represent
the studied region. (B) Representative example of EDS signal acquired and its quantification (region
2 of the MNPs image). Figure S5. X-ray diffractogram of Cit-MnFe,O; MNPs. Figure S6: FTIR
measurements of citrate and the Cit-MnFe,O4 MNPs.
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CONCLUSAO GERAL

A tese apresentada concebeu dois trabalhos desenvolvidos no doutorado do aluno.
Através dos resultados apresentados nos capitulos Il e Ill, € possivel concluir que as
NPMs evidentemente tendem a se depositar no figado. Ainda de forma geral, é notével
que as NPMs tém um significante potencial de na clinica média, contudo estudos como
esses desenvolvidos ainda se mostram essenciais, uma vez que podem auxiliar como

alcancar e explorar todas as vantagens.

O primeiro trabalho revelou que as NPMs podem ser encontradas até 60 dias apos
a administracdo, apesar de apresentar um decréscimo significativo. Os dados indicaram
que as NPMs utilizadas demonstraram uma taxa de eliminacdo constante a partir de 48 h
via fezes, fato esse que pode auxiliar na compreensdo de como materiais nanoestruturados
sdo eliminados, considerando o crescimento acentuado de farmacos baseado em
nanotecnologia. Alem disso, o estudo demonstrou que eliminacdo de NPMs ndo é um
processo trivial, visto que mecanismos enddgenos de metabolizacao ou possivel processo

aglomeracdo das NPMs ocorrem.

O trabalho direcionado a avaliacdo da funcdo hepatica sob a influéncia da cirrose
demonstrou o figado € efetivamente afetado por essa condic¢do. O estudo farmacocinético
de maneira geral indicou um menor acumulo de NPMs no figado cirrético. Os resultados
foram sustentados pela hipotese que fluxo sanguineo que atinge os hepatdcitos, devido a
capilarizagéo dos sinusoides hepaticos. Acredita-se que os resultados obtidos sdo validos
para elucidar interacdo de nanoparticulas com o tecido hepético, o que pode favorecer o
desenvolvimento de novas estratégias para direcionadas a entrega de drogas ao tecido

hepatico.
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Ambos os trabalhos permitiram visualizar que o sistema BAC se consolida ao longo
dos anos como uma ferramenta eficaz para detectar e monitorar NPM, seja de forma
dindmica através de imagens ou até mesmo em protocolos de quantificacdo ex vivo. A
versatilidade é a principal caracteristica do sistema, 0 que destaca sua habilidade em
associacdo com materiais magnéticos e até mesmo outras técnicas. Além disso, a
versatilidade confere ao sistema a habilidade de se executar avancgos instrumentais e

metodoldgicos, favorecendo a continuidade em sua utilizagdo em diversas areas.
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