Pés-Craduagao

UNIVERSIDADE FEDERAL DO RIO GRANDE

INSTITUTO DE CIENCIASBIOLOGICAS

PROGRAMA DE POS-GRADUACAO EM CIENCIASFISIOLOGICAS

EFEITOSDE NANOTUBOSDE CARBONO BASEADOSEM MECANISMOS
MITOCONDRIAISE CORRELAGCOESIN SILICO ESTRUTURA-ATIVIDADE

Michael Gonzalez-Durruthy

Orientador: Prof. Dr. José M. Monserrat

Tese apresentada a0 Programa de POs-Graduacdo em
Ciéncias Fisioldgicas da Universidade Federa do Rio
Grande como requisito parcial para a obtencdo do Titulo

de Doutor.

Rio Grande, 2018



“Eu nunca vejo o que ja foi feito. Eu somente vejo 0
que ainda falta para ser feito...”

Marie Sktodowska Curie



Agradecimentos

A minha familia, por tudo o amor, apoio e incentivo constantes para a realizacdo dos meus
sonhos, pela confianca e aforga desde distancia;

A minha companheira Diana, pela compreensdo e paciéncia, pelo amor, por ser
incondicional, por construir juntos nesta caminhada;

A meu Orientador José M. Monserrat, realmente ndo teria palavras para resumir a amizade,
apoio, e convivio incomparaveis nestes quatro anos. Me senti cada dia com muita sorte por
isso. Obrigado José, por deixar-me tentar goles olimpicos no terreno da Nanotoxicologia.
Também recebam meu sincero agradecimento Laurae Maleng;

Aos professores Karina Machado, Adriano Werhli, também ao Vinicius, pela amizade e
parceria increivel em Nanotoxicologia Computacional, sem duvida fizeram meu Doutorado
2018 (“apastamais Feliz”);

Ao professor Marcos Alexandre Gelesky, Carol, Rudy e funcionérios do CEMESUL pela
grande gjuda, amizade, parceria e comprometimento com a qualidade dos nossos resultados
de caracterizagcdo dos nanotubos de carbono;

Aos professores Carlos Curti e Zeki Naal da Faculdade de Ciéncias Farmacéuticas de
Ribeiréo Preto Universidade de S&o Paulo;

Ao professor Humberto Gonzélez-Diaz pela bela amizade e incrivel colaboracdo na
construcéo dos modelos preditivos Nano-QSAR,;

Aos professores Luiz Eduardo Maia Nery e Marta Marques de Souza por dar-me a
oportunidade de lutar no Programa de Pos-Graduagdo em Ciéncias FisiolOgicas pelo apoio
desde Cuba para conseguir participar do edital;

Agradecimento especial para Universidade Federa do Rio Grande, s agéncias de fomento
que viabilizaram a realizacdo do projeto: CAPES/PEC-PG pela bolsa de doutorado, Rede
de Nanotoxicologia (MCTI/CNPQ) e, ao INCT de Nanomateriais de Carbono pelo suporte
financeiro e logistico;

Ao Lauro e Noemi pela amizade e solidariedade por estendermos a méao amiga como
familialonge de casa.

A Maria Angela e Jo&o pela amizade sincera e incondicional os levo no coragdo amigos

Ao Juan Zamora Sillero e Isa pela grande amizade e carinho de sempre os levo conmigo

Ao André Peres Koth, grande amigo que a vida me deu nestas terras do Sul, grande abrago
irmao;

A todos os professores e colegas do Programa de Pos-Graduagéo em Ciéncias Fisiol ogicas.

Muito obrigado atodos!



Sumario

0 =0 [ o (01 i

S 10 7= T o TS iv

Listade aDreViaturas..........ccoceeveriiiieenieeiesiee e e %

LiStade fIQUIES.......oiueeiiiieeie et vii

RESUMO. ... e viii

ADSITACT. ... s IX

I [ L1 0T [N o= o ST PPV PR PSP 10
1.1. Nanotubos de carbono. Origem € EStIULUIa ..........coeevereerereese e 10
1.2. Efeitos de nanotubos de CarboNO............oviiiiiiieieee s 13
1.2.1. Efeitos mitocondriais induzidos por nanotubos de carbono............c.ccccceveveenene 14

1.3. Correlagbes in silico estrutura-atividade (Nano-QSARS) de nanotubos de

(07 070 ] 3 1 T PSPPSR 17
1.3.1. Vaidacéo de model os Nano-QSARs baseado em métodos de regresséo........... 19
1.3.2. Vaidacado de model os Nano-QSARs baseados em classificacéo estatistica.......20
1.3.3. NanOdeSCritOreS rel QVaNTES.........coeeieeie et 20
1.4. Ensaios de DOcagem MOIECUIAN...........ccoieriiiieieeieree e 22
2 ® o L= (LYo X0 = - 24
2.1. ODJEtiVOS EIPECITICOS. .. .evveireeieiiesie et e st e e e ste e e ssaeeseesreenneens 24
O (=S U =0 (01 TSP 26

Artigo 1. Mitoprotective activity of oxidized carbon nanotubes against mitochondrial
swelling induced in multiple experimental conditions and predictions with new expected-
value perturbation thEOrY ... ..o e e e —— 27
Artigo 2: Predicting the binding properties of single walled carbon nanotubes (SWCNT)
with an ADP/ATP mitochondrial carrier using molecular docking, chemoinformatics, and
NanNo-QSBR Perturbalion TNEOY........o ot e e e e e e e e e 45
Artigo 3: QSPR/QSAR-based Perturbation Theory approach and mechanistic
electrochemical assays on carbon nanotubes with optimal properties against mitochondrial
Fenton reaction experimentally induced by FE2*-overload...............evvveiiiniiniinninnn. 60



Artigo 4: Decrypting Strong and Weak Single-Walled Carbon Nanotubes Interactions with
Mitochondrial Voltage-Dependent Anion Channels Using Molecular Docking and
PerturbDation THEOIY ... ... .. e e e e e e e 80
Artigo 5: Experimenta—Computational Study of Carbon Nanotube E ects on
Mitochondrial Respiration: In Silico Nano-QSPR Machine Learning Models Based on New
Raman Spectra Transform with Markov— Shannon Entropy Invariants...................... 100
Artigo 6: Carbon Nanotubes’ Effect on Mitochondrial Oxygen Flux Dynamics:
Polarography Experimental Study and Machine Learning Models using Star Graph Trace
Invariants of Raman SPeCTra..........c.vveiiiiiiiie i i e e re e e eeriesseeseeseesseeseeneeenn L1
4. ConSIAEragies fTINAIS. .. ... e ettt et et e e e e e e e 131
RE I BN BS. .. o e - 138



Lista deabreviaturas
CNT - Nanotubos de carbono (do inglés carbon nanotubes)

SWCNT - Nanotubos de carbono de parede Unica (do inglés single-walled carbon
nanotubes)

MWCNT - Nanotubos de carbono de paredes mltiplas (do inglés multi-walled carbon
nanotubes)

ADP - Adenosina 5'-difosfato (do inglés adenosine 5'-di phosphate)
ATP — Adenosina 5'-trifosfato (do inglés adenosine 5'-triphosphate)

ANT - Translocador de nucleotideos de adenina (do inglés adenine nucleotide
translocator)

VDAC - Cana anionico dependente de voltagem (do inglés voltage dependent anion
channel)

M PT P — Poro de transi¢céo de permeabilidade mitocondrial (do inglés mitochondrial
permeability transition pore)

CATR - Acido carboxiatractil osideo (do inglés carboxyatractil oside acid)
ROS - Espécies reativas de oxigénio (do inglés reactive oxygen species)
"OH - Radical hidroxila (do inglés hydroxyl radical).

TEM — Microscopia eletrénica de transmissdo (do inglés transmission electron
mi Cr oscopy)

SEM — Microscopio electrénico de varredura (do inglés scanning el éctron microscopy)

FT-1R — Espectroscopia infravermelho por transformada de Fourier (do inglés Fourier
transform infrared spectroscopy)

M D — Docagem molecular (do inglés molecular docking)

V SF — Plataforma de triagem virtual (do inglés virtual screening framework)
FEB — Energialivre de ligagdo (do inglés free energy of binding)

PDB - Banco de dados de proteinas (do inglés Protein Data Bank)

Nano (QSAR) — Relacdo Quantitativa Nanoestrutura-Atividade (do inglés Nanoparticle
Quantitative-Structure-Activity-Rel ationship)



Nano (QSPR) — Relagdo quantitativa nanoestrutura-propriedade (do inglés Nanoparticle
Quantitative-Sructure-Property-Relationship)

PT — Teoria de perturbagéo (do inglés Perturbation Theory)

Vk — Nanodescriptores (do inglés nanodescriptors)

DFT — Teoria Funcional da Densidade (do inglés Density Functional Theory)
DM SO - Dimetilsulfoxido

EGTA — Acido etilenglicolamino tetracético (do inglés ethylene glycol-bis (3-aminoethyl)-
N,N,N’',N’'-tetraacetic acid)

CCCP - Carbonyl cyanide m-chlorophenyl hydrazine

RLM — Mitocondrias figado de ratos (do inglés rat liver mitochondria)

SM P — Particulas submitocondriais (do inglés submitochondrial particles)

AW — Potencial de membrana mitocondrial

V3 — Respiragéo estado 3

V4 — Respiracéo estado 4

CsA - Ciclosporina A

SG - Gréfico de estrelas (do inglés Sar Graph)

S2SNet softwar e — Sequéncia pararedes de estrelas (do inglés sequence to star networks)
LMR - Regressdo linear multipla (do inglés Multiple Linear Regression)

PL S - Regresso parcia por minimos quadrados (do inglés Partial Least Squares
Regression)

NN — Redes neurais (do inglés Neural Networks)

ANN - Redes neurais artificiais (do inglés Artificial Neural Networks)

RF — Arvores aleatdrias (do inglés Random Forest)

RM SE - Erro daraiz quadrada media (do inglés Root Mean Square Error)
Sp - Especificidade (do inglés specificity)

Sn — Sensibilidade (do inglés sensitivity)

Vi



Listadefiguras
Introducéo

Figura 1. Origem e estrutura de diferentes nanotubos de carbono.

Figura 2. Representacdo de CNT com diferente geometria estrutural através dos indices de
Hamada (n, m) e tipo de oxidacéo (OH, COOH).

Figura 3. Representacdo dos componentes moleculares chaves do complexo multiproteico
poro de transicéo de permeabilidade mitocondrial (PTPM).

Figura 4. Representacdo geral para a construcéo de um modelo Nano-QSAR.

vii



Resumo

Nanotubos de carbono (CNT, do inglés carbon nanotubes) constituem um grupo de
nanomateriais de carbono com grande versatilidade devido as suas propriedades fisico-
quimicas singulares (flexibilidade, condutividade, reatividade superficia) e bioldgicas
(seletividade farmacoldgica e toxicidade mitocondrial). Diferentes tipos de CNT
manufaturados (CNT-pristinos, CNT-oxidados) chamam a atencdo da comunidade
cientifica sobre suas potenciais aplicacdes biomeédicas orientadas especificamente para o
desenvolvimento das chamadas “terapias inteligentes” baseadas em Medicina de Precisdo
(ex.: Medicina Mitocondrial). Paralelamente, com as perspectivas de aplicacdo biomeédica,
Se apresentam potenciais riscos toxicol6gicos para a saide humana e meio ambiente que
precisam ser avaliados cuidadosamente no intuito de compreender melhor as relagtes
beneficio/risco dos CNT. Neste contexto, surge a necessidade de contar com metodologias
de avaliacdo farmaco-toxicoldgicas precisas e rapidas e em consonancia com as normas
éticas no sentido de reduzir significativamente o uso de animais na experimentacdo. Neste
cenario, a presente tese integra, de forma inédita, abordagens in silico/in vitro para avaliar,
correlacionar e predizer interagdes farmaco-toxicologicas de CNT (CNT-pristinos, CNT-
oxidados) com mecanismos mitocondriais através de: (1) avaliacdo experimental de
parametros bioquimicos chaves da fungcdo mitocondrial; (2) caracterizacdo de interacOes
utilizando ferramentas tedricas de docagem molecular; (3) implementacdo de ferramentas
preditivas Nano-QSAR (do inglés, Nanoparticles-Quantitative-Structure-Relationships)
para identificar atributos fisico-quimicos (nanodescritores) de CNT, responsaveis pela
modulacdo de mecanismos mitocondriais (disfungdo mitocondrial) envolvidos em diversas
doengas cronicas de ata prevaléncia e mortalidade como: cancer, Alzheimer, Parkinson,
epilepsia, diabetes e outras. As evidéncias in vitro mostraram que CNT oxidados (CNT-
OH, CNT-COOH) apresentam maior capacidade que os CNT-pristinos para prevenir a
disfuncdo mitocondrial em condigdes fisiopatol 6gicas experimentalmente induzidas, e que
respostas mitotoxicas €/ou mitoprotetoras podem ser eficientemente preditas e
correlacionadas in silico através de modelos Nano-QSAR em funcéo de seus atributos
estruturais mais relevantes como: diametro e tipo de funcionalizagdo. Consistentemente, 0s
resultados de docagem molecular salientam a relagdo estreita destes atributos com a
nanotoxicidade sobre transportadores mitocondriais (para ADP e ATP) responsaveis pela
integridade da estrutura bioenergética celular.

Palavras-Chave: Nanotoxicidad mitocondrial, nanotubos de carbono, docagem molecular,
Nano-QSAR.
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Abstract

Carbon nanotubes (CNT) constitute a group of carbon nanomaterials with great versatility,
due to their unique physico-chemical (flexibility, conductivity, surface reactivity) and
biological properties (pharmacological selectivity and mitochondrial toxicity). Different
types of manufactured CNT (pristine-CNT, oxidized-CNT) draw the attention of the
scientific community due to their potential biomedical applications specifically oriented for
the development of so-called "intelligent therapies' based on Precision Medicine (eg,
Mitochondrial Medicine). At the same time, with the perspectives of biomedical
applications, potential nano-toxicological hazards to human and environmental health need
to be carefully evaluated to better understand the benefit/risk relationships. In this context,
there is a need to apply accurate and quick methodologies for pharmacological and
toxicological evaluation according to the ethical principles on animal experimentation.
Following this idea, the present Thesis integrates, for the first time, in silico and in vitro
models to evaluate, correlate and predict pharmaco-toxicological interactions of
aforementioned CNT-family members with key mitochondrial mechanism through: 1)
experimental evaluation of key biochemica parameters of mitochondrial function; 2)
characterization of interactions using theoretical tools like molecular docking; 3)
implementation of predictive tools as Nanoparticles-Quantitative-Structure-Rel ationships
(Nano-QSAR) to identify physical-chemical attributes (nanodescriptors) from CNT-family
members involved in the modulation of mitochondrial mechanisms (mitochondrial
dysfunction and apoptosis), which are associated to severa chronic diseases of high
prevalence and mortality as cancer, Alzheimer's disease, Parkinson's disease, epilepsy,
diabetes and others. The in vitro results show that oxidized-CNT (CNT-OH, CNT-COOQOH)
have a great capacity than their similar CNT-pristine to prevent the mitochondrial
dysfunction-induced in pathologica conditions. Besides, the mitotoxic and/or
mitoprotective responses can be efficiently predicted and correlated with relevant physic-
chemical or nanodescriptors (like: diameter, type of functionalization) through in silico
Nano-QSAR models. Consistently, molecular docking results reveal the close relationship
between the aforementioned CNT-nanodescriptors and the mitochondrial channels
nanotoxicity-based bioenergetic dysfunction.

Keywords. Mitochondrial nanotoxicity, carbon nanotubes, molecular docking, Nano-
QSAR.



1. Introducéao

A introducdo das novas tecnologias em vérios campos da atividade humana tem ganhado
um papel cada vez mais importante na sociedade contemporanea. Neste contexto entram as
nanotecnol ogias, como uma nova ferramenta com a capacidade de manipular a matéria na escala
atomica e molecular, gerando diversos nanomateriais, cujos principais constituintes tém no
minimo uma dimensao entre 1-100 nandmetros (1-3).

Os trabalhos apresentados por Richard Feynman, Prémio Nobel de Fisica em 1965, ja
chamavam a atencdo da comunidade cientifica com relagcdo ao impacto das nanotecnologias (4).
Com os avancos da microscopia de alta resolucéo e de outras técnicas espectroscopicas, as
nanotecnologias tornaram-se nos Ultimos 10 anos uma das &reas mais relevantes da ciéncia
moderna e da inovagdo tecnoldgica, com projegdes comerciais estimadas para 2020 em um
trilh&o de dolares (5).

As aplicagbes praticas tém sido muito promissorias, refletindo-se na industria da
informagdo, alimentar (nutracéuticos), téxtil, quimica e fundamentalmente no campo das ciéncias
biomédicas e farmacéuticas, na producéo e sintese de novos candidatos com potencial terapéutico
com maior grau especificidade e seletividade por um 6rgéo, tecido, célula ou biomolécula chave,
num determinado processo ou mecanismo fisiopatoldgico; cuja area é atualmente reconhecida
como Nanomedicina de precisdo (do inglés Precison Medicine) (6,7). Paralelamente com as
perspectivas de inovagdo na area biomedica, a nanotecnologia traz potenciais riscos toxicos a
salide humana e meio ambiente que precisam ser avaliados cuidadosamente, devido a capacidade
intrinseca destes produtos de atuar no nivel sub-celular e bioquimico, fato associado a reducdo
significativa do tamanho na escala nanomeétrica (1-100 nm) e grande acessibilidade aos tecidos
por ter dimensdBes comparaveis com as biomoléculas constituintes dos seres vivos (2). Assim, a
Nanotoxicologia € uma ciéncia que surge com a finalidade de predizer/avaliar a potencial
toxicidade desses materiais nos seres vivos e ampliar nossa percepcdo sobre as relagcdes

beneficio/risco para um uso seguro em Nanomedicina (2,8).
1.1. Nanotubos de carbono: origem e estrutura

Dentre os nanomateriais mais usados estdo os nanotubos de carbono (CNT, do inglés
carbon nanotubes) (9,10). Os CNT sdo nanoestruturas cilindricas de carbono que tém a rede

hexagonal plana do grafeno (alétropo do carbono com hibridizagio sp?) como elemento estrutural
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basico (9,10). Os CNT ocorrem naturalmente, com origens geolOgicas e pirogénicas e sao
também produzidos antropogenicamente como subprodutos da combustéo, de forma néo
intencional e intencional. Os CNT apresentam um desenho em forma cilindrica baseado no
enrolamento de uma ou mais folhas de grafeno e comprimento na ordem de microns (9), assim os
podem ser arranjados em: parede Unica (SWCNT, do inglés single-walled carbon nanotubes),
duas folhas cilindricas de grafeno (DWCNT, do inglés doble-walled carbon nanotubes), ou de
paredes multiplas (MWCNT, do inglés multi-walled carbon nanotubes), quando compostos por
duas ou mais folhas de grafeno concéntricas (9) (Figura 1).

Grafito (forma alotrépica do carbono)
o Orbital p
I _"
il | i§ii
==
| (| Lt

Folha de grafeno Sumio Iijima (Nature 354, 56, 1991).

SWCNT DWCNT MWCNT

= {3} 7% 7o

£

Figura 1. Origem e estrutura de diferentes nanotubos de carbono. (Adaptada de S lijima. 1991)

Desde o ponto de vista estrutural a maioria das propriedades dos CNT (SWCNT) depende
do seu didmetro (D) e “angulo quiral”, também chamado quiralidade ou helicidade (®). Estes
dois parémetros sdo definidos pelos dois nimeros inteiros ndo negativos, denominados indices de
Hamada (n, m). Conceitualmente, um SWCNT pode ser construido a partir de uma Unicafolha de
grafeno enrolada de tal forma, que coincidam dois sitios cristal ograficamente equivalentes de sua
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rede hexagonal. O vetor C chamado “vetor quiral”, define a direcdo na qual a folha de grafeno &
enrolada e a posicdo relativa dos dois sitios cristal ograficamente equivalentes é definido pelos
indices de Hamada (n, m) e vetores unitarios da rede hexagonal a1 e a2 (C = nax + maz) (11,12).
Essa caracteristica determina a estrutura atdmica especifica dos SWCNT. Assim, um SWCNT é
chamado "armchair" se n = me ®=30°, e "zigzag" quando n > 0, m= 0 e ® = 0°. Em todos os
outros casos 0s SWCNT sdo chamados "quirais' (n#m> 0 e 0° < ® < 30°), (11,12) conforme

representado naFigura 2.

R 4
o

’ ¥ Amchai
v mchair

Figura 2. Representacdo de CNT com diferente geometria estrutural através dos indices de
Hamada (n, m) e tipo de oxidac&o (OH, COOH). (Adaptada de Hamada. 1992).

Além disso, em fungdo dos indices (n, m), um CNT € metélico (propriedades condutoras)
guando (n - m) = 3q, sendo g um ndmero inteiro, em caso contrario é considerado semicondutor.
Todos os SWCNT do tipo “armchair” sdo metalicos (g = 0), enquanto que 0s “zigzag” e “quirais”
podem ser metdlicos ou semicondutores (11-13).

Estes atributos e ectro-topol égicos da estrutura devem ser levados em consideracéo, ja

gue podem afetar as propriedades de interacdo dos CNT com os componentes bioldgicos e
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modular respostas no nivel bioquimico, quando utilizados nas formas puras ou funcionalizados
(oxidagéo com grupos OH, COOH, por exemplo); as quais podem ser relevantes para induzir
toxicidade (citotoxicidade) ou promover respostas terapéuticas citoprotetoras por modificacéo
covalente ou ndo coval ente da superficie dos CNT (1, 2, 7,8).

Atualmente os métodos de funcionalizagéo estdo sendo desenvolvidos com o objetivo de
melhorar sua biocompatibilidade (reduzir sua nanotoxicidade) e propriedades de solubilidade em
solventes aquosos devido ao caracter hidrofobico dos CNT (14). A funcionaizagdo dos CNT
pode ser realizada através de adsor¢éo quimica e/ou dopagem por modificacdo ndo covaente, a
gual pode favorecer a incorporacéo de grupos funcionais de diferentes complexidades com uma
ampla variedade de moléculas incluindo: peptideos, &cidos, aminas, polimeros com ata
sensibilidade de deteccdo e reconhecimento molecular ou utilizados como efetivos carregadores
de farmacos de liberag&o controlada (do inglés drug delivery) com propriedades anticancerigenas,
antivirais ou antibacterianas (7).

Particularmente, a modificagdo covalente de CNT através de processos oxidativos com
frequéncia geram grupos hidroxila (OH) e carboxila (COOH) nas pontas e/ou paredes dos CNT,
permitindo que possam expressar interessantes propriedades como complexacdo/quelacéo de ions
potencialmente téxicos de tipo metdlico e ndo metdlico (Ca?*, Fe?*), baseado no aumento
significativo da capacidade de adsor¢do (quimissor¢do). As funcionalizagdoes podem também
potencidizar propriedades antioxidantes frente a determinadas espécies reativas de oxigénio
como o radical hidroxila gerado na reacéo de Fenton-Haber-Weiss e incluso em condigdes pro-

oxidantes induzidas experimental mente como excesso de peroxido de hidrogénio (15).
1.2. Efeitos de nanotubos de carbono

Em termos gerais, as dimensdes das nanoparticulas (CNT) podem interferir em processos
toxicocinéticos como: absor¢do, biodistribuicdo, metabolismo e na excregdo nos sistemas
biologicos (8).

Ao contrario das microparticulas (carbono amorfo particulado) de maior didametro médio,
0s CNT abaixo de 30 nm podem ter maior acessibilidade e potencial de acumulag&o nos tecidos e
sitios ativos de enzimas chaves. Também podem redistribuir-se a partir do seu sitio de exposi¢éo,
escapar das defesas fagociticas normais, ativar respostas imunol 6gicas inflamatorias, modificar a

estrutura de proteinas, e com isso afetar a funcéo fisioldgica dos tecidos expostos (8). Este fato
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deve ser analisado desde o ponto de vista toxicodinamico; através do estudo de interagbes com o0s
mecani Smos bioquimicos rel evantes para a sobrevivéncia e morte das células. Um dos fatores que
deve ser levado em consideragdo nos estudos de citotoxicidade de CNT relaciona-se a sua
habilidade de penetrar as barreiras biologicas através de um processo passivo independente de
energia, ja que os CNT se difundem através da membrana celular (bicamadas lipidicas das
membranas citoplasmaticas e de organelas chaves como lisossomos e mitocondrias) (8). Assim,
0s CNT bem dispersos (individualizados) podem atravessar as membranas hioldgicas no nivel
celular e subcelular dependendo de sua afinidade determinada pelo coeficiente de particéo
octanol/agua (Log P) ou entrar diretamente através dos transportadores e canais ibnicos e
potenciamente induzir diferentes graus de inibicdo destes, dependendo da concentragéo,
didmetro e outros atributos geométrico-estruturais, que serdo tratados em detalhe mais adiante
desde o ponto de vista das relagdes quantitativas estrutura-atividade (16).

Estudos prévios de citotoxicidade (genotoxicidade) sugerem a existéncia de interacdo
toxicodindmica direta entre CNT e proteinas ou enzimas regulatérias relacionadas ao DNA que
poderiam levar a danos fisicos no material genético. Em adi¢do, a genotoxicidade também tem
sido associada com estresse oxidativo, inflamac&o e ateracdes na sinalizacéo celular (17, 18). Os
catalizadores metélicos usados no processo de sintese de CNT tém sido apontados como a fonte
principa de efeitos deletérios sobre diferentes organelas celulares (mitocdndria, 1isossomos)
(17,18). Apesar de ser relativamente esperado que impurezas metdlicas apresentem potencial
citotdxico, no caso dos CNT né&o é possivel saber com precisdo se os efeitos sdo devidos a ions
(cations divalentes) liberados desde a superficie das impurezas metdlicas ligadas ao carbono.
Também pode-se questionar se os efeitos citotoxicos podem ser atenuados pela capacidade dos
CNT de adsorver metais na superficie quando funcionalizados (oxidados), fatos estes pelos quais

estudos mecanisticos sobre avaliagdes nanotoxicol 6gicas resultam desafiadores.
1.2.1. Efeitos mitocondriaisinduzidos por nanotubos de carbono

As mitocondrias tém sido reconhecidas por seu papel decisivo em todas as células
eucariotas, como responsaveis diretas do metabolismo energético (producéo de energia na forma
de ATP). Numerosos estudos in vitro salientam a importancia da mitocondria como organela
celular fundamental onde convergem importantes vias de sinalizacdo tanto de morte como de

sobrevivéncia para a célula. Recentemente, a mitocondria, e em particular o processo de indugdo
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da abertura do poro de transi¢éo de permeabilidade mitocondrial (MPTP, do inglés mitochondrial
permeability transition pore), tém sido relacionados diretamente com a manutencéo do estado
redox e bioenergético em condicdes fisiopatol ogicas (19).

O MPTP € um canal complexo multiproteico néo seletivo a diversos solutos e sensivel a
inibicdo pela ciclosporina A (CsA). Estruturalmente o MPTP esta formado pelo transportador
mitocondrial de nucleotideos de adenina (ADP/ATP) ou (ANT, do inglés adenine nucleotide
traslocase), o transportador de fosfato mitocondria (PiC, do inglés pyrophosphate carrier), a
subunidade FO da FOF1-ATP-sintase-sensivel a inibicdo da oligomicina A (Oligo A) na
membrana interna e o cana aniénico dependente de voltagem (VDAC, do inglés voltage-
dependent anion channel) presente na membrana externa mitocondrial e sensivel as variagfes do
potencial membrana mitocondria (Ym) (19). O MPTP constitui uma ponte de comunicagdo entre
0 meio extracelular e a matriz mitocondrial e tem sido associado a disfuncdo mitocondrial, com
alta incidéncia na epidemiol ogia molecular de mecanismos fisiopatol 6gicos indutores de doencas
como: isquemia cardiaca, neurodegenerativas (Alzheimer, Parkinson, distrofia musculares),
hepatotoxicidade induzida e outras (19) conforme representado na Figura 3.

| HK S HK

.‘ r . #
| . Bek
Membrana mitocondrial 4
externa

SRR

© .
Espaco Citocromo ¢

intermembrana ® ®
&
mﬁ § , Cyp Sitios de unido }Hﬁ‘ r=§,§§;

Ca?*

Matriz mitocondrial

Figura 3. Representagcdo dos componentes moleculares chaves do complexo multiproteico poro de
transicdo de permeabilidade mitocondrial (MPTP). (Adaptado de P. Bernardi. 2006). Hexoquinase (HK),
ciclofilina D (CypD), receptor benzodiacepinico periférico (PBR), proteina anti-apoptética reguladora de
permeabilidade da membrana mitocondrial externa (Bcl2).
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A abertura do MPTP pode ser iniciada nas mitocondrias frente a diferentes estimulos
como: perda da homeostase de Ca?* e posterior sobrecarga intracelular, exposicdo a cétions
divalentes (Fe?*), e condigdes metabdlicas pro-oxidantes como o excesso de peroxido de
hidrogénio ou acumulacéo significativa de espécies reativas de oxigénio (ROS, do inglés reactive
oxygen species), como o radical hidroxila (-OH) gerado na reacéo de Fenton-Haber-Weiss na
matriz mitocondrial (15, 19).

Este processo seria mediado pela permeabilizacdo das mitocondrias e abertura do MPTP,
gerando uma difusséo de solutos de até 1,5 kD ao interior da matriz mitocondrial, provocando
alteracbes coloido-osmdticas (inchamento mitocondrial), perda do potencial de membrana da
mitocondria por eventos de desacoplamento da cadeia transportadora de elétrons e a fosforilagdo
oxidativa na FOF1ATP-sintase, acompanhado de reducdo significativa nos niveis de ATP. Ao
mesmo tempo sdo liberados sinais pro-apoptoticos ao citoplasma como o citocromo c, integrante
da cadeia transportadora de elétrons, ao citoplasma, moléculas efetoras como caspases 3 e 9, além
do fator indutor de apoptose (FIA), considerados mecanismos responsaveis da disfuncdo
mitocondria (15,19).

A apoptose tem sido considerado em varios estudos como um dos mecanismos
fundamentais associados a nanotoxicidade. Por outra parte, é considerado um avo importante
para o tratamento do cancer, durante a progressdo de tumores que parecem estar relacionados
com ateraces na habilidade da célula de experimentar este processo. De fato, diferentes
farmacos anticancerigenos atuam através da ativacdo de vias apoptéticas intrinsecas
(mitocondriais). Baseado nos elementos anteriormente mencionados, a Nanomedicina
Mitocondrial € uma area nova em rapido crescimento na pesquisa biomédica, que promove o
desenvolvimento de novas subdisciplinas como a Nanofarmacologia e Nanotoxicologia
Mitocondrial. Neste contexto, 0 objetivo principal é fornecer plataformas in vitro através do uso
de modelos de mitocOndrias isoladas de diferentes tecidos, para acessar e manipular os
mecanismos mitocondrials, bem como seus componentes proteicos. E importante salientar que os
nanomateriais de carbono com ato coeficiente de particdo octanol/agua (SWCNT, MWCNT)
apresentam alto potencial mitocondrio-tropico (capacidade para atravessar as membranas externa
e interna e se acumular seletivamente nas mitocondrias) (15,19). A presenca de nanotubos de

carbono proximos a cadeia transportadora de elétrons e pode interromper o fluxo normal de
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el étrons nos complexos respiratérios (I, 11, 111, 1V) e afetar o gradiente de prétons (H*), associado
a uma reducdo incompleta do oxigénio molecular a H>0O e diminui¢do da sintese de ATP (ADP +
Pi), pela ATP-sintase (fosforilagdo oxidativa ou estado 3 da respiragéo), que podem induzir
aberturado MPTP (19).

Assim, a sintese de nanomateriais de carbono (CNT) orientada para a modulacéo dos
efeitos sobre os mecanismos de indugcdo do MPTP, poderia ser considerada no planejamento
racional e avaliagcdo de novos candidatos terapéuticos, biocompativeis e com grande potencial
para modular seletivamente mecanismos mitocondriais de toxicidade ou de mitoprotecdo a escala
manomeétrica, e, de esta forma contribuir ao desenvolvimento de uma Nanomedicina segura para

a salde humana e o meio ambiente.
1.3. CorrelacgBesin silico estrutura-atividade (Nano-QSAR) de nanotubos de carbono

O numero e variedade de nanomateriais de carbono (CNT) tem se incrementado
desproporcionalmente ao longo da passada década, e as expectativas de vendas até 2020 estima-
se que irdo superar o trilhdo de ddlares (5). Atual mente existem no mercado mundial mais de 15
milhdes de nanocompostos de diferente natureza, os quais tém sido descobertos ou sintetizados
em laboratorios de quimica-farmacéutica com base em agum procedimento envolvendo
nanotecnol ogias (5). Uma grande quantidade destes nanomateriais de carbono (CNT), em formas
puras ou funcionalizados, ndo tem ainda estudos conclusivos e aplicagdes definidas para &reas
como as ciéncias biomédicas, farmacologia clinica, industria agricola ou de algum outro tipo. Isto
€ consequéncia direta do desequilibrio existente entre a velocidade com que 0s novos
nanomateriais s80 gerados ou produzidos, em relacdo a quantidade dos mesmos que sdo
submetidos a rigorosa avaliagdo do potencial risco toxico para a salide humana e meio ambiente,
inerente aos sistemas de dimensdes nanométricas. A situagdo é mais critica levando em
consideracdo que a maioria dos ensaios de farmacologia e toxicologia experimental para
nanoparticulas €, em geral, muito custosa em termos de infraestrutura, recursos humanos e tempo.
Também vale a pena salientar o aspecto ético associado a pesquisa com animais e sua posterior
morte ao final da pesquisa. Estes aspectos criticos ainda estdo sendo implementados pelos
principais Orgaos regulatérios como a Organizacdo para 0 Desenvolvimento e Cooperacdo
Economica (OECD, do inglés Organization for Economic Cooperation and Development) e a

Organizacdo Internacional para a Estandardizacdo (ISO, do inglés International Standard
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Organization) (20,21) incluindo novas iniciativas como NanoReg baseada na colaboracdo multi-
laboratorios a0 redor do mundo. Que se responsabilizam e reconhecem a importancia do
desenvolvimento de metodologias de Toxicologia Alternativa, em concordancia com o principio
das 3Rs (do inglés Reduction, Refinement and Replacement) (22), que permitam predizer o
impacto toxico das nanoparticulas e dar resposta a crescente producdo de nanomateriais de
diversa natureza.

Neste contexto, a indUstria Farmacéutica e Biotecnolégica tem desenvolvido novas
estratégias para aprimorar 0 desenho racional de nanomateriais. Assim, 0s estudos baseados no
uso de ferramentas in silico (Nano-QSAR/Nano-QSPR/Nano-QSTR, do inglés quantitative
structure-activity/property/toxicity-relationships for nanoparticles), sdo usados como ferramentas
preditivas para o descobrimento, otimizagcdo de nanomateriais lideres, decodificacdo quantitativa
de atributos estruturais, propriedades fisico-quimicas relevantes, envolvidas na resposta biol gica
de nanomateriais de carbono (CNT) (23-27). Os métodos in silico de relacdo quantitativa
estrutura- atividade estdo baseados numa representacdo da estrutura molecular das nanoparticulas
(CNT), através de informacéo estrutural relevante que se traduz em certos nimeros, denominados
nanodescritores moleculares (Dm: indices topologicos, indices de Hamada (n, m), diémetro,
angulo quiral, massa molecular, nimero de &omos, condutividade elétrica, grau/tipo de
funcionalizagdo, log P, grafo-tedricos, invariantes entropicas, geometria/dimensdo fractal, etc)
(23-27), os quais podem ser relacionados com uma atividade bioldgica especifica (Y)
determinada experimentalmente (Y obs: citotoxicidade, citoprotegdo, indugdo de ROS, atividade
antioxidante) ou calculada teoricamente (Y tesrica: €nergia livre de ligagdo (FEB, do inglés free
energy of binding) proteina-ligante, constantes de inibicdo enzimatica (Ki)) usando diferentes
softwares de bioinformética (Autodock tools, Autodock Vina, etc). Estas relagbes quantitativas
estrutura-atividade podem ser formalmente representadas mediante modelos matematicos
(equacdo Nano-QSAR) como uma funcdo de regressdo linear ou ndo linear (Ypred) de cada um
dos ni-nanodescritores moleculares Dm multiplicados por um coeficiente estatisticos 6timos ax

(aa, @z, as,..., an) derivados da andlise de regressdo junto com um termo de erro (eo):

Yobs = Ypred + e0 (1)

Yoe = f(z akij+eO (2)
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Yy =a,D, +a,D, +a,D, +a,D, +e, (3)

Os valores dos ak podem ser obtidos estatisticamente dependendo do algoritmo estatistico
selecionado (classificagdo e regressao) para gerar a melhor equacéo do modelo Nano-QSAR.

Os modelos mais utilizados estéo baseados em métodos de regressdo (linear ou néo
linear), particularmente aqueles como regressdo linear multipla (MLR, do inglés Multiple Linear
Regression) devido a sua simplicidade. Os modelos nano-QSAR baseados em MLR permitem
modelar a atividade/propriedade biologica (Ypred) como uma fungéo linear multivariavel de
nanodescritores moleculares (Dm). Além disso, nas etapas iniciais da descoberta molecular e
estudo do mecanismo de acdo de novos candidatos terapéuticos, as técnicas lineares aportam
suficiente informagéo da relagdo quantitativa em termos de probabilidade de que uma
determinada mol écula apresente atividade associada a um mecanismo em estudo. Adicionalmente
0s modelos nano-QSAR baseados em agoritmos de classificacdo, em particular, os métodos de
andlise de discriminante linear (LDA, do inglés Linear Discriminant Analysis) tém a qualidade de
ser simples, permitindo a classificagdo de objetos (nanoparticulas) em grupos ou
atributos/propriedades predeterminadas (ex: niveis de intensidade de uma atividade em: 1)
inativo, baixo, médio, elevado, ou 2) no toxico ou ndo toxico).

Um passo decisivo para o sucesso dos estudos Nano-QSAR esta associado a interpretacdo
dos modelos gerados e verificagcdo de sua robustez e potencial preditivo devido a escassez de
conjuntos de dados abrangentes sobre nanotoxicidade e caracterizagdo fisico-quimica dos
nanomateriais. Desta forma as novas ferramentas in silico devem dispor de agoritmos e
parémetros de validagdo rigorosos, para modelar com sucesso dados relativamente escassos e as
vezes de baixa qualidade para quantificar/correlacionar a estrutura/propriedades dos
nanomateriais com os efeitos biol 6gicos experimentais ou teoricamente determinados (23-27).

O poder preditivo dos modelos Nano-QSARs pode ser julgado atraves de véarios critérios
ou parametros de validacdo estatistica (interna e externa), dependendo do método estatistico
aplicado (regressédo, classificacao):

1.3.1. Validagdo de modelos Nano-QSARs baseado em métodos de r egr essdo:

Validacdo interna

A validagdo interna permite julgar a qualidade e gjuste preditivo do modelo nano-QSAR
(Ypred VS. Yobs). Neste procedimento os dados séo divididos através de diversos procedimentos
estatisticos num subconjunto de treinamento ou calibragcdo (75 % das Yons), que € usado para
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obter a equacdo nano-QSAR e um subconjunto de validacdo (25% das Y oss), 0 qual € utilizado
para provar 0 guste preditivo do modelo (25). A limitagdo desta abordagem € a robustez
preditiva quando aplicado a um conjunto de dados completamente novo (20,28). Alguns dos
parametros estatisticos da validacdo interna sdo:

- Coeficiente de validagéo cruzada (LOO-CV, do inglés, leave-one-out cross-validation)

- Soma dos quadrados dos residuos cal culados (PRESS, do inglés, predicted residual sum

of squares).

- Coeficiente de determinacéo de validago interna (R?uin).

- Coeficiente de determinag3o de validagdo interna gjustado (R%adj).
Validacéo externa

A validagdo externa permite julgar a externabilidade (robustez) e/ou poder preditivo do
modelo nano-QSAR (23-27). De forma similar, neste procedimento os dados sdo divididos
através de diversos procedimentos estatisticos num subconjunto de treinamento ou calibracéo (75
% das Y ons), que € usado para o desenvolvimento da equagéo nano-QSAR e um subconjunto de
validacdo (25% das Y obs), que garante previsibilidade do model o; através da aplicacéo da equagéo
nano-QSAR obtida a um conjunto de dados compl etamente novo (20,28). Alguns dos parametros
estatisticos usados parafins de validacéo externa sdo:

- Coeficientes de validagdo externa Q%es (Q%r1, Q%r2, Q%r3), onde Fi: diferentes niveis de

validacdo externa.

- Vaores daraiz quadrada do erro médio (RM SE, do inglés, root mean square error)

- Erro médio absoluto (MAE, do inglés mean absolute error)

- Coeficiente de correlagdo de concordancia (CCC, do inglés concordance correlation

coefficient parameter).

1.3.2. Validacdo de modelos Nano-QSARs baseados em classificacdo estatistica:

Parametros estatisticos de validagdo gerais:

e Chi quadrado (x2)
e Especificidade ()
e Sensibilidade (S)

1.3.3. Nanodescritoresrelevantes

Numa andlise QSAR tradicional, as caracteristicas estruturais (descritores moleculares),
s80 utilizadas para caracterizar e quantificar as propriedades fisico-quimicas das moléculas. Estes
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parametros estruturais fornecem uma grande variedade de informacfes valiosas para entender e
predizer potenciais relacfes entre caracteristicas moleculares e atividade bioldgica (23-27). Os
descritores podem ser determinados experimentalmente ou calculados através de diferentes
teorias/métodos semi-empiricos implementados em pacotes de software comerciais. Emboramais
de 5000 descritores moleculares tenham sido propostos e calculados para representar a estrutura
de moléculas convencionais, a maioria deles é inaplicavel para o caso dos nanomateriais ou
precisa pelo menos de algum nivel de adaptacdo para ser utilizado em nanoescala (23-27). Uma
representacdo geral dos passos chaves na construcéo de um modelo Nano-QSAR é apresentada

conforme Figura 4.

Seleciio do set de compostos
(CNT: SWCNT, DWCNT, MWCNT, etc.)

!

Determinacio experimental ou tedrica do efeito
biologico (Atividade, toxicidade, propriedade)

- ~ “

[ Avaliacio da estrutura molecular dos compostos

v

Determinacio/decodificacio de atributos estruturais
(D,; Nanodescriptores moleculares)
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ano- mode

Modelos Classificacio Modelos Regressio
Nano-QSAR (LD4) Nano-QSAR (MLR, PLS)

Machine-learning
\ Nano-QSAR (ANN, SVM, RF) /

Figura 4. Representacdo geral para a construcdo de um modelo Nano-QSAR. (Adaptacéo de
OECD 2011).

Os principais problemas associados ao calculo dos descritores tedricos para 0S nanosistemas

Selecao do melhor modelo
Nano-QSAR

(nanodescritores) séo a complexidade e a ndo uniformidade dos nanomateriais para representar

numericamente um determinado atributo fisico-quimico ou propriedade estrutura relevante.
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Alternativamente, parametros importantes, como tamanho, forma e carga de superficie, grau de
funcionalizagdo, estado de aglomeracdo, podem ser usados como nanodescritores para O
desenvolvimento de modelos nano-QSAR. Os mesmos podem ser medidos por Vvérias técnicas
experimentais como: Microscopia Electronica de Transmissdo (TEM), Microscopia Electronica
de Varredura (SEM), Espectroscopia Raman, Espectroscopiainfravermelho com transformada de
Fourier e outras. A falta de acordo sobre como caracterizar 0s nanomateriais antes ou durante os
ensai os de toxicidade € amplamente reconhecida como um dos principais desafios que devem ser
abordados para a aplicacdo bem sucedida da abordagem in silico nano-QSAR, para representacéo
estrutural de nanomateriais de carbono (CNT-nanodescritores). (20, 21). Neste sentido, grandes
esforgcos tém sido realizados pela comunidade cientifica internacional no intuito de harmonizar
critérios e diretrizes para validar procedimentos in silico de avalicdo dos efeitos dos
nanomateriais, através de normativas implementadas pela OECD, 1SO-TC-229 (20, 21),
eNanoMapper, NANOREG. Baseando suas atividades na criagcdo de redes de especidistas,
grupos de trabalho e grandes bases de dados provenientes de estudos interlaboratoriais, para desta
formamodelar atoxicidade de nanomateriais (20, 21).

1.4. Ensaios de Docagem M olecular

No intuito de desenvolver técnicas que permitam avaliar ou inferir a toxicidade de
nanomateriais com rapidez e eficiéncia, tem sido sugerido o uso de abordagens via simulagéo
computacional de processos biofisicos envolvidos na nanotoxicidade de nanoparticulas (CNT).
Neste contexto, a docagem molecular (do inglés, Molecular Docking) pode ser definida como
uma ferramenta da Biologia Computacional para prever a energia de interacdo entre duas
moléculas, um receptor-alvo (proteina) e um xenobidtico/farmaco (ligante) (29,30). Com esta
abordagem tedrica pode ser modelada a estabilidade dos complexos formados entre receptor-
ligante, testando diferentes conformacdes e orientacBes de um ou véarios potenciais inibidores
num local presumido de ligacéo (sitio ativo da proteina alvo)), o qual é definido a partir da
andlise da estrutura tridimensiona do receptor alvo (29,30). A docagem molecular é baseada em
algoritmos ou fun¢Bes mateméticas de regressdo linear (AutoDock Vina scoring functions), que
s80 capazes de gerar um grande nimero de complexos receptor-ligante, avaliando-os em termos
da energia livre de ligagdo (AGuina Ou FEB: do inglés free energy of binding, expresso em

Kcal/mol™), resultado do balango critico entre contribuicdes que se opdem & complexagio
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receptor-ligante e aguelas que a favorecem (29,30). A estratégia de busca da melhor
conformagdo/orientacdo do ligante precisa explorar exaustivamente todas as multiplas formas de
ligac&o no sitio ativo do receptor avo, o que inclui tanto a exploragdo de todos os seis graus de
liberdade translacional e rotacional do ligante, quanto os graus de liberdade conformacionais do
receptor (29,30). Desta forma, o valor de FEB para representar a estabilidade dos complexos
receptor-ligante leva em conta os efeitos hidrofobicos e termodinémicos de desolvatacéo, quando
um ligante desloca as molécul as de &gua do sitio ativo do receptor.

O processo de analisar a interacdo receptor-ligante ndo é simples, pois diversas
contribui¢des desempenham papel determinante na afinidade entre moléculas pequenas como 0s
CNT e seus avos hiolégicos (mecanismos mitocondriais); 0 mesmo € influenciado por muitos
fatores entropicos e entélpicos como: 1) dos complexos proteina-ligante (efeito hidrofébico ou
AGw, pontes de hidrogénio AGH.bong, interactes eletrostaticas AGeectrost, €Ntropia residual ou
vibracional ASprotligante, interagdes intermoleculares AHprotligante), 2) do receptor (AHinta,
AHdesolvatacio, AStransiacionais, ASconformacionais, AStorcionais, ASvibracionais), € 3) do ligante (AHintra,

AHdesolvatagzo, ASconformacionais, AStorcionais, ASvibracionais), Segundo equagdes 4 e 5.

FEB ooc ® AGuy = AG gy +AGy g T AGgeuos T AGy, (4)

FEB :AH +AG( )_TAS(bind

solvation

) (5)

Estes parametros termodinamico-biofisicos ser8o discutidos em detalhe nas proximas
seccOes da tese. A docagem molecular também considera o efeito do ambiente biofisico no
receptor em termos de flexibilidade e/ou rigidez parcial ou total da proteina, ligantes co-
cristalizados provenientes do processo de cristalografia do receptor os quais devem ser removidos
antes da simulacdo, assim como a distribuicdo de cargas no ligante. Dessa forma, os algoritmos
de docagem molecular precisam inserir aproximagdes tanto no método de campo de forca
(Autodock Vina scoring functions), como no método de varredura do espaco conformaciona do
sitio ativo do receptor e/ou ligante (docagem rigido ou docagem flexivel), para minimizar o custo
computacional associado a fatores de incerteza entélpicas e entropicas, os quais séo dificels de
prever quando o sistema envolve muitos aomos (29,30). A intencdo agqui ndo é analisar todas as
contribuigdes termodindmicas descritas acima, mas sim introduzir aquelas sobre as quais o
pesquisador possui maior controle e compreensdo (interacdes hidrofébicas de van der Waals,

eletrostaticas, ligacbes de hidrogénio, dentre outras). Dentro do atual panorama de
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desenvolvimento crescente de novos nanomateriai s e aplicagcdes em nanotecnologias, aintegracdo
de abordagens metodol6gicas multidisciplinares (in silico/in vitro) ndo € somente uma tarefa
desafiadora, sendo também pertinente diante da complexidade das novas propriedades fisico-
guimicas emergentes da escala nanométrica e que estao criticamente envolvidas nainteracdo com
0s mecanismos bioquimicos celulares e nanotoxicidade seletiva, 0os quais ainda precisam ser
estudados.

Levando em consideragcdo os elementos anteriormente mencionados, a presente tese foi

orientada a partir dos seguintes objetivos:
2. Objetivo geral

Avaliar os efeitos induzidos por uma familia de nanotubos de carbono sobre mecanismos
mitocondriais chave através da integracdo de metodologias in vitro e in silico, baseadas na

predicdo de rel agbes quantitativas estrutura-atividade.

2.1. Objetivos especificos

» Determinar e predizer os efeitos de CNT (CNT-pristinos, CNT-OH, CNT-COOH) sobre a
modulacdo da abertura do poro transicdo de permeabilidade mitocondrial (MPTP)
induzida por sobrecarga de Ca®*, Fe** e H.0, através de ensaios in vitro utilizando
mitocondrias isoladas de figado de ratos Wistar e modelos in silico Nano-QSAR.

» Caracterizar e predizer interagdes relevantes de CNT (CNT-pristinos, CNT-OH, CNT-
COOH) com proteinas mitocondriais envolvidas na modulacdo do MPTP como: ANT
(proteina transdocadora de nucleotideos de adenina; ADP/ATP) e canal anidnico
dependente de voltagem (VDAC) utilizando de docagem molecular e Nano-QSAR
(Nano-QSBR).

» Corroborar os resultados in silico de docagem molecular sobre 0 mecanismo de interagdo
dos CNT (CNT-pristinos, CNT-OH, CNT-COOH) com a ANT através de ensaios
bi oenergéticos num modelo de ecotoxicologiain vitro utilizando mitocondrias isoladas de
hepatopéancreas litopenaeus vannamei.

» Determinar e predizer os efeitos de CNT (CNT-pristinos, CNT-OH, CNT-COOH) sobre a
inibicdo da reagdo de Fenton-Haber-Weiss eletro-induzida por sobrecarga de ions de Fe?*
(formacdo de radical hidroxila "OH) na matriz mitocondrial e utilizando modelos
preditivos Nano-QSAR.
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» Determinar os efeitos induzidos por CNT (CNT-pristinos, CNT-OH, CNT-COOH) sobre
parémetros criticos da funcdo mitocondria (respiragdo mitocondrial nos estados V3 e V4,
potencial de membrana mitocondrial) in vitro ein silico.

> |dentificac8o de atributos estruturais (nanodescritores) de CNT (CNT-pristinos, CNT-OH,

CNT-COOH) responsaveis pel os efeitos sobre os mecanismos mitocondriais.
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Artigo 1: Mitoprotective activity of oxidized carbon nanotubes against mitochondrial
swelling induced in multiple experimental conditions and predictions with new
expected-value perturbation theory
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Mitoprotective activity of oxidized carbon
nanotubes against mitochondrial swelling induced
in multiple experimental conditions and predictions
with new expected-value perturbation theory

Michael Gonzalez-Durruthy,*®°® Jose Maria Monserrat,?°“ Luciane C. Alberici,®
Zeki Naal,® Carlos Curti® and Humberto Gonzalez-Diaz*™

Mitochondrial Permeability Transition Pore (MPTP) is involved in neurodegeneration, hepatotoxicity, cardiac
necrosis, nervous and muscular dystrophies. We used different experimental protocols to determine the
mitoprotective activity (%P) of different carbon nanotubes (CNT) against mitochondrial swelling in
multiple boundary conditions (b). The experimental boundary conditions explored included different
sub-sets of combinations of the following factors by = three different mitochondrial swelling assays
using the MPT-inductor (Ca®*, Fe3*, H,0,) combined or not with a second MPT-inductor and swelling
control assays using MPT-inhibitor (CsA, RR, EGTA), b; = exposure time (0-600 s), and b, = CNT
concentrations (0-5 pg ml™Y). Other boundary conditions (b,) changed were the CNT structural
parameters bz = CNT type (SW, SW + DW, MW), b, = CNT functionalization type (H, OH, COOH). We
also changed different of CNT like bs = molecular weight/functionalization ratio (M"W/™®W) or bg =
maximal and minimal diameter (Dpmin/Dmax) a@s physic-chemical properties (Vi). Next, we employed
chemoinformatics ideas to develop a new Perturbation Theory (PT) model able to predict the %P of CNT
in multiple experimental conditions. We investigated different output functions of the absorbance 'fle;)
used in PL4/PL5 methods like (e, 1/e;, 1/e%, or —log ¢;) as alternative outputs of the model. The inputs
are in the form an additive functions with linear/non-linear terms. The first term is a function °f({e;)) of
the average absorbance (¢;) (expected value) in different assays (b). The concentration dependent terms
are linear functions of concentration, or hill-shaped curves similar to PL4/PL5 functions (used in dose—
response analysis). The CNT structure perturbation terms are linear/non-linear functions of Box—Jenkins
operators (AVy;). The AV,; are moving averages (deviations) of the V, of the CNT with respect to their
expected values (Vi;). The best model found predicted the values of absorbance (measure of
mitoprotective activity vs. mitochondrial swelling) with regression coefficient R? = 0.997 for >6000
experimental data points (g2 = 0.994). Last, we used the model to carry out a simulation of the changes
on mitoprotective activity for CNT family after one increase of 1-10% of the ™"W; and ™D, of CNT.
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Mitochondrial Permeability Transition (MPT) is associated with
a higher permeability of the mitochondrial membranes to
metabolites and xenobiotics under a threshold value of MW <
1500 Da due to the opening of MPT pore (MPTP)."* The MPTP is
a multi-protein complex that connects the interior and the outer
mitochondrial membrane formed by the ADP/ATP carrier or
adenine nucleotide translocase (ANT) and the voltage-dependent
anion channel (VDAC). Since the discovery of MPTP by Haworth
and Hunter in 1979, this biochemical event has been linked
to hepatotoxicity, neurodegeneration (Alzheimer, Parkinson),
cardiac ischemia, nervous and muscular dystrophies (amyo-
trophic lateral sclerosis). In these sense, MPTP has been recog-
nized as a critical factor in the cellular responses under
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pathological conditions accompanied of osmotic swelling,
leading to increases in volume in the mitochondrial matrix,
rupture of the outer mitochondrial membrane by opening of
membrane pores in mitochondria, dissipation of the membrane
potential, increase of reactive oxygen species (ROS) generation
and affects the normal ATP levels. This process is triggered by
calcium overload, transition metals in concentrations greater
than 5 uM and other pro-oxidant conditions.>” Also can trigger
conformational changes in inner mitochondrial membrane
proteins; oxidation of thiol groups that form the MPTP and
release of pro-apoptotic signals (cytochrome c, caspase 3, caspase
9), which are closely linked to mitochondria dysfunction mech-
anisms. Following this idea, the search of new chemical struc-
tures able to act as MPTP-inhibitors (mitoprotectors) has become
a very important goal. The immunosuppressant drug cyclo-
sporine A (CsA)°® is a one of the best known examples of mito-
protector agent with direct action over this target. Recently
research has focused on the effects of structural changes over
structure-property relationships of mitoprotectors. For instance,
de Faria et al.® carried out experimental studies of structure-
mitoprotective activity relationships on derivatives of phenothi-
azine. In other recent study it was evaluated the comparative
hepatoprotective effects of tocotrienol analogs by different
mechanisms including mitoprotective activity.”

In this context, the great potential of applications of carbon
nanotubes (CNT) has increased the interest with respect to
other carbon biomaterials. The lipophilic character based on its
high lipid/water partition coefficient and enough access to the
mitochondrial membranes could induce cell death or apoptosis
mediated by alteration of bioenergetic mechanisms.”” Never-
theless is possible to reduce their toxicity through the chemical
oxidation as in the case of SW/MWCNT-OH and/or SW/
MWCNT-COOH. In this context, other authors,® demonstrated
in structure-property relationships studies that the acid-treated
and taurine functionalized multi-walled carbon nanotubes
(MWCNT) induced differential pulmonary toxicity in mice. Also,
Ye et al.,' examined the mitoprotective effects of multi-wall
carbon nanotubes (MWCNT) over osteoclastogenesis in pres-
ence of cyclosporine A (CsA) (classical inhibitor of MPTP),
rendering MWCNTs as a promising candidate for the treatment
of osteoclast-related diseases.

On the other hand," the combination of different methods is
of the major interest for the rational design of nanoscale
systems like CNT, iron nanoparticles, micelle nanoparticles, etc.
For this reason, Quantitative Structure-Property/Activity Rela-
tionships (QSPR/QSAR) methods may play an important role as
enabling or complementary tools to experimentation. Tropsha,
Leszczynski, Toropov, Puzyn, Roy, Hopfinger, and others*'>*
have published some of the pioneering works on NQSPR studies
of nanoparticles (NQSPR). The main assumption of QSPR/
QSAR*™* models in general is that similar molecules have
similar properties. Consequently, small changes in the struc-
ture of the system should correlate linearly with small changes
on the values of its properties. Paradoxically, not all similar
molecules have similar properties. Very recently, Gonzalez-Diaz
et al.,* formulated a general-purpose PT-QSPR method
combining QSPR/QSAR approach and Perturbation Theory (PT)
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ideas. PT-QSPR models are very useful for the study of complex
molecular systems with simultaneous variation of multiple
experimental boundary conditions. In fact, Gonzalez-Diaz H.
et al. have applied PT-QSPR analysis for the study of chemical
reactivity, drug metabolism, vaccine epitopes, metabolic
networks, and also micelle nanoparticles. In addition, Luan
et al.*® published the first PT-QSPR model for the cytotoxicity of
nanoparticles in multiple experimental conditions. Kleandrova
et al.*”*® extended the idea to the PT-QSPR studies of ecotoxicity
and cytotoxicity of uncoated and coated nanoparticles under
different experimental conditions. Last, Speck-Planche et al.*®
published the first PT-QSPR model of antibacterial profiles of
nanoparticles in multiple experimental conditions.

In this context, it is clear the importance of the development
of new mitoprotective drugs studying diverse types of CNT. They
may become of the major importance towards both an experi-
mental characterization of CNT in different experimental
conditions using a definition of a general model for the
prediction of MPT response to different kind of CNT. However,
there are no reports of combined experimental and PT-QSPR
theoretical studies towards the development of predictive
tools for the design of new CNT with mitoprotective activity on
MPTP.

In this work, we are going to report the first combined study
with experimental-theoretical techniques in this direction.
Firstly, we used three different experimental swelling protocols
to determine the mitoprotective activity (%P) of different CNT in
multiple experimental boundary conditions (b;). The conditions
explored were b, = specifications of the biological assay carried
out (MPT-inductor: Ca®, Fe**, H,0,; MPT-inhibitor: CsA,
ruthenium red (RR), EGTA, quercetin (Q) and second MPT-
inductor: KCN, ascorbic acid or VitC), b; = exposure time to
CNT, b, = CNT concentrations, b3 = CNT type (SW, SW + DW,
MW), b, = CNT functionalization type (H, OH, COOH). We also
changed different of CNT like bs = molecular weight/
functionalization ratio (™"W/™>W) or b, = maximal and
minimal diameter (Dmin/Dmax) @s physic-chemical properties.
Next, we developed a new PT-QSPR model of mitoprotective
activity. Last, we used the model to predict the values of %P of
CNTs as mitoprotective activity in many different experimental
conditions or after structural changes.

Materials and methods
Experimental section

Reagents and solutions. Sucrose, ethylene glycol-bis(B-ami-
noethyl)-N,N,N',N'-tetraacetic acid (EGTA), CaCl,, KCL, Fe*'-
citrate solutions, H,0,, ascorbic acid, cyclosporine A (CsA),
ruthenium red (RR), potassium succinate (plus 2 pM rotenone),
K,HPO,, piperazine-N'-2-ethanesulfonic acid (Hepes-KOH), quer-
cetin, KCN. All other reagents were commercial products of the
highest purity grade available. Pristine-carbon nanotubes,
hydroxylated carbon nanotubes (CNT-OH) and -carboxylated
carbon nanotubes (CNT-COOH) were provided by Cheaptubes
Company (http://cheaptubes.com/shortohcnts.htm).

Carbon nanotubes characterization and stock solutions.
Transmission Electron Microscope (TEM, Tecnai G2-12 -
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SpiritBiotwin FEI - 120 kV) was used to characterize the
morphology of pristine and oxidized carbon nanotubes
(MWCNT: CNT1; [SWCNT + DWCNT]-OH: CNT2; MWCNT-OH:
CNT3, CNT4, CNT5; MWCNT-COOH: CNT6, CNT7, and CNT9;
SWCNT-COOH: CNT8) see Fig. 1. In addition, Raman spectra
were measured using a Renishaw Micro-Raman Spectroscopy
System (Renishaw plc, Wotton-under-Edge, UK) at room
temperature at a laser excitation wavelength of 514 nm (2.33
eV). All reactions were quenched to room temperature before
Raman spectra were recorded to identify the characteristic
peaks in the position of 1580 cm ™" (G band of graphite) and the
peak in the 1350 cm ™' approximately associated to the presence
of disorder and/or vacancy defects in the CNT-structure
produced by chemical oxidation in the graphite structure
(oxidized-CNT with OH and COOH functional groups) as shown
in Fig. 2. The content of metallic impurities in all the samples
was less than 5%. The proportions of metal impurities were
determined by mass variation as a function of temperature
using thermogravimetric analysis. The impurities of MWNT
and SWNT with diameter (D) < 8 nm (CNTs 1, 2, 8 and 9)
including their -OH and -COOH derivatives are the same: Co,
Fe, Cr, Mg. For MWNT-OH and -COOH 10-20 nm are Co, Ni, Mg
and Al (CNTs 4 and 7). For larger diameter MWNT (30-50 nm),
the metallic impurities and its derivatives are Fe, Ni, Cr, Co, Mg
(see Table 1 for details). CNTs were dissolved in dimethyl sulf-
oxide (DMSO: 900 ul) and ultrapure Milli Q water (10 pl) in
individual stock solutions at a concentration of 1 mg ml™". Tip-
sonication regime during 5-10 min was used to prevent CNTs
agglomeration for MPT-assays carried out at a range of
concentrations of 0.5-5 pg ml~". In this sense, the employed
sonication time is known to generate a non-agglomerated
suspension in a monodisperse state at concentrations below
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100 pg ml~* according to Bergin et al. (2010). The sonication
power was 9.3 W, with an energy input of 16.7 kJ at 25 °C using
a Ultronique/Eco-sonics Q-3.0/40A sonicator. After, samples
were stirred for 10-15 min. The resulting diluted suspensions
were cooled to room temperature and filtered through a 0.22 pm
polycarbonate membrane (Millipore, USA), before exposure to
mitochondria suspensions.

Animal welfare. Male Wistar rats (4 month-old; approx. 200 g)
received food and water ad libitum. They were kept in plastic
cages with wire tops in a light-controlled room (12 h light-dark
cycle) at 22 + 2 °C before starting the study in accordance with
the Guidelines on the Handling and Training of Laboratory
Animals published by the Universities Federation for Animal
Welfare (1992).

Isolation of rat-liver mitochondria. We used standard differ-
ential centrifugation to isolate the mitochondria.** Male Wistar
rats weighing approximately 200 g were euthanized by decapita-
tion; livers (10-15 g) were immediately removed, sliced in medium
(50 ml) consisting of 250 mM sucrose, 1 mM ethyleneglycol-bis(p-
aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA) and 10 mM HEPES-
KOH, pH 7.2, and homogenized three times for 15 s at 1 min
intervals using a Potter-Elvehjem homogenizer. Homogenates
were centrifuged (580 g, 5 min) and the resulting supernatant
further centrifuged (10 300 x g, 10 min). Pellets were then sus-
pended in medium (10 ml) consisting of 250 mM sucrose, 0.3 mM
EGTA and 10 mM HEPES-KOH, pH 7.2, and centrifuged (3400 x
g, 15 min). The final mitochondrial pellet was suspended in
medium (1 ml) consisting of 250 mM sucrose and 10 mM HEPES-
KOH, pH 7.2, and used within 3 h. Mitochondrial protein
contents were determined by the Biuret reaction.**

Standard incubation procedure. Mitochondria isolated were
energized with 5 mM potassium succinate (plus 2.5 uM

Fig.1 TEM images of carbon nanotubes used in this study. (a) Pristine-MWCMT [CNT1], (b) SW/DWCNT-OH [CNT2], (c) MWCNT-OH [CNT3], (d)
MWCNT-OH [CNT4], (e) MWCNT-OH [CNT5], (f) MWCNT-COOH [CNT6], (g) MWCNT-COOH [CNT7], (h) SWCNT-COOH [CNT8], (i) MWCNT-

COOH [CNT9] (TEM, Tecnai G2-12-SpiritBiotwin FEI- 120 kV).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Raman spectra of carbon nanotubes used in this study. Pristine-MWCMT (CNT1), SW/DWCNT-OH (CNT2), MWCNT-OH (CNT3),
MWCNT-OH (CNT4), MWCNT-OH (CNT5), MWCNT-COOH (CNT6), MWCNT-COOH (CNT7), SWCNT-COOH (CNT8), MWCNT-COOH (CNT9)
(for more details see Materials and methods).

rotenone) in a standard incubation medium consisting of 125 Determinations of MPT induction in different conditions.
mM sucrose, 65 mM KCl, 2 mM inorganic phosphate (K,HPO,) MPT was measured through monitoring the decrease in
and 10 mM HEPES-KOH pH 7.4 at 30 °C.*! apparent absorbance of the mitochondrial suspension

Table 1 Physico-chemical parameters (V) of CNT family

CNT properties® W; (%) D; (nm)

n Type Function min max min max L; (upm) P; (%) Mi (% metal) Ci(Sem™)
1 MWCNT — 0.9" 3.03" 8 8 0.5-2 >95 <5 <1.5
2 SW/DWCNT OH 0 3.96 1 4 0.5-2 >95 <5 <1.5
3 MWCNT OH 0 3.86 1 8 0.5-2 >95 <5 <1.5
4 MWCNT OH 3 4 10 20 0.5-2 >95 <5 <1.5
5 MWCNT OH 1 1.06 30 50 0.5-2 >95 <5 <1.5
6 MWCNT COOH 0 0.73 30 50 0.5-2 >95 <5 <1.5
7 MWCNT COOH 3 4 10 20 0.5-2 >95 <5 <1.5
8 SWCNT COOH 0 2.73 1 4 0.5-2 >95 <5 <1.5
9 MWCNT COOH 0 3.86 1 8 0.5-2 >95 <5 <1.5

“ MWCNT = Multiple-Walled, SWCNT = Single-Walled, SW/DWCNT = DWCNT + SWCNT mixture, W; (%) = functional groups (OH, COOH) carbon
atoms ratio (%); the properties of the ith carbon nanotube (CNT) are D; = CNT outer diameter, L; = CNT length, P; = purity, C; = electric
conductivity, Mi = metal impurities.

103232 | RSC Adv., 2015, 5, 103229-103245 This journal is © The Royal Society of Chemistry 2015
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measured at 540 nm in a Hitachi U-3000 spectrophotometer
equipped with magnetic stirring and temperature control
(28 °C).*> Mitochondria were incubated in the standard incu-
bation medium at 1 mg of mitochondrial protein per ml. Before
the spectrophotometric MPT-measurements the blanks with
CNTs were run to compare with mitochondria exposed to CNT
and interferences of carbon nanotubes were not observed at
400-550 nm. MPT was induced by three different experimental
conditions: (1) swelling assay induced by Ca®" 20 uM, for this
instance, we designed three protocols using different
MPT-inhibitors controls as CsA 1 uM a known classic MPT-
inhibitor of mitochondrial swelling induced by calcium over-
load; ruthenium red (RR), 1 uM an specific blocker of mito-
chondrial calcium uniporter that interferes with Ca®" influx
from cytoplasm to mitochondrial matrix and EGTA 100 pM as
chelating agent. The combinations tested were: [Ca®>" 20 uM];
[Ca®" 20 uM + CsA 1 uM]; [Ca®" 20 uM + RR 1 pM]; [Ca®* 20 uM +
EGTA 100 uM] to represent MPT-inhibition (100%) and [Ca>" 20
UM + CNTs]; (2) for swelling assay induced by Fe** 20 uM were
used as MPT-inhibitors control (EGTA 100 uM) and additional
control as second MPT-inductors to recreate synergistic action
on MPT. Followed this idea it was used (KCN 1 pM: indirect
MPT-inductor by inhibition of cytochrome c oxidase associated

Normal

Closed MPT-pore (CsA, RR, EGTA)

uUv-vis
Espectrofotometer
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to ROS-formation; ascorbic acid or VitC 100 puM: a strong
reducing agent that induce similarly MPT based in ROS-
generation). For this instance, the combinations evaluated
were: [Fe*" 20 uM], [Fe** 20 uM + EGTA 100 uM] (100% of MPT-
inhibition), [Fe*" 20 uM + CNTs]. For evaluate the maximum
value of MPT-induction induced by iron we performed the
following combinations in order to mitotoxic potential: [Fe*" 20
UM + VitC 1 uM + CNTs, 5 ug ml~'] > [Fe>* 20 uM + KCN 1 uM +
CNTs, 5 ug ml~'] > [Fe*" 20 uM + CNTs]. Please note that this
conditions proposed are propitious to induce mitochondrial
permeability transition based in Fenton-Haber-Weiss reaction.
(3) Swelling assay induced by H,O, 300 uM in this test was used
Fe®" 20 uM as second MPT-inductors to recreate synergistic
action on MPT based in pro-oxidant conditions (Fenton-Haber-
Weiss reaction) and quercetin 50 uM (Q: MPT-inhibitor, known
antioxidant, employed as control based in ROS-inhibition that
prevent the MPTP-thiols group oxidation associated to MPT-
induction in pro-oxidant conditions). The combinations tested
were [H,0, 300 uM], [H,O, 300 uM + quercetin 50 pM] (100% of
MPT-inhibition in pro-oxidant conditions), [H,O, 300 uM + CsA
1 uM], [H,0, 300 uM + CNTs], [H,0, 300 uM + Fe?* 20 uM +
CNTs, 5 pg ml™'] (100% of MPT-induction in pro-oxidant
conditions). These three mitochondrial swelling protocols: (1)

MPT

Open MPT-pore (matrix swelling)

Mitochondrial Swelling

Fig. 3 Workflow of the Experimental section.

This journal is © The Royal Society of Chemistry 2015
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PT-QSPR Model
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Fig. 4 Workflow used here to seek the PT-QSPR models.

Ca® 20 uM, (2) Fe** 20 uM, and (3) H,0, 300 uM; were
performed in the presence of CNT in different concentrations
(0-5 pg ml™") to investigate in parallel the mechanisms and
factors directly or indirectly involved in MPTP-inhibition. All the
swelling experiments where the second MPT-inductor is present
were performed with the highest concentration (5 ug ml™') to
challenge the mitoprotective potential of CNT.******® In addi-
tion, we considered other factors as metal impurities. In this
context, the maximum expected concentration of metal impu-
rities should be 0.25 pg ml~* (5% of the highest concentration
in the CNTs samples) which possess no risk of MPT induction
in this low levels.” In Fig. 3, we illustrate the workflow of this
Experimental section.

Microscopy analysis of mitochondrial swelling induction
associated to membrane potential. The suspension of isolated
rat-liver mitochondria were pre-incubated with a specific
mitochondrial dye (JC-1) in 0.2 mg ml~* for 15 min according
Reers et al.** Images were analyzed using a fluorescent micro-
scope (Olympus IX81, Markham, Ontario, Canada) equipped
with a DP72 digital camera to study the effects of different
mitochondrial swelling assays associated with the loss mito-
chondrial membrane potential (red to green fluorescent) after
incubation with a MPT-inductor (Ca**, Fe**, or H,0,) and in the

Table 2 Description of input variables and functions

Paper

presence or the absence of a MPT-inhibitor (CsA, RR, EGTA or
one kind of CNT).

Theoretical section

Theoretical details of the PT-NQSPR models. Very recently,
Gonzalez-Diaz et al.* formulated a general-purpose Perturba-
tion Theory (PT) model for Chemoinformatics problems with
multiple-boundary experimental conditions. In this work, we
are going to re-formulate this theory in order to develop a new
type of PT-QSPR models for Nanomaterials (PT-NQSPR models).
In Fig. 4, we illustrate the workflow for this theoretical part.
Specifically, the new PT-NQSPR models developed here are ex-
pected values to predict the effect of different CNT structures in
three different MPT induction assays under multiple experi-
mental boundary conditions. The PT-NQSPR model proposed
here is an additive equation with linear/non-linear terms
expressed in the following form:

kmax

L (E) g = €0+ 07 (), + Y i *f (AVE) (1)
k=1

kmax

S (E5) oy = €0+ a0 (e4) o + D (Vi= (Vi) (2)

k=1

We used Multivariate Linear Regression (MLR) and Non-
Linear Regression (NLR) algorithms implemented in the soft-
ware STATISTICA® to determine the values of the coefficients
(ax) and other parameters of the model. In our PT-NQSPR
model, the output 'fle;)new is a function of the expected absor-
bance. In the simplest case we use the identity function and
"fleidnew = "ey is equal to the predicted absorbance value
under the new sub-set of experimental boundary conditions of
reference. Other transformation functions applied to ¢; were:
"fley) = /ey, (1/e;)?, or —log(ey), see Table 2.

In addition, we are going to consider different sub-sets of
input experimental boundary conditions of reference refbj = (bo,
by, by, bs... be). In the equation we introduced one specific input
term to quantify each one of these conditions. The elements of
the vectors v; = [“fleg)rer, fIAVa)--- A2, " AAVimay,)]
are the inputs of this model.

Coefficient ~ Input variable MA Function f  Function examples Information

— — — 'f (ei)news L/(Egdnew s —10g(Enew Predicted absorbance

[ — — — — Error term

a — — °f (e Average of value of absorbance for all
CNTs samples for multiple experimental
conditions (assay, CNT-type, chemical function,
MPT-inductors, MPT-inhibitors)

a ti Aty 'f Aty (s), exp(—Aty (s)) Exposure time

a, ¢ Acy ’f Acy (ng ml™"), 1/(1 + Ac; (ng ml™"))  CNT concentration

as maxyy, Awy - Of AW;i (%) max CNT maximum function/carbon ratio

a, minpy AD; f ADj; (NM)imin CNT minimum outer diameter

103234 | RSC Adv., 2015, 5, 103229-103245
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This first term of this PT-NQSPR model is the function
Of[s,-j)ref = (&;)new- This function is the average of absorbance
value for all CNTs measured under the experimental conditions
of the output. It means that we could interpret Oﬂsij)new as the
new expected value of absorbance for CNTs measured under the
same sub-set of experimental conditions (for a normal
distribution).

Following this idea were incorporated the AV;; parameters as
the second class of terms, which are functions of the Box-Jen-
kins operators (moving average) used here as perturbation
terms “f{[AVy,). The functions f represent transformations
kj(AV,g) of the moving averages AVj; of the original input vari-
ables *V; for i-th type of CNT in j-th MPT-assay of one specify
boundary condition by;.

The value (Vy;) is interpreted as the average of the k-th
physicochemical properties (*V;), see the eqn (3):

1 [,
Vl‘f/ = ;j <Z Vi/') (3)

icj

This (*V;) of CNT was used to quantify the effect over the
output °flej)new Of perturbations on different experimental
boundary conditions (b;). The following set of conditions are
related to the CNT-structure, b3 = CNT type (SW, SW + DW,
MW), b, = CNT functionalization type (H, OH, COOH), b5 =
CNT chemical function (OH, COOH, or none) in term of
molecular weight/functionalization ratio and by = maximal and
minimal diameter (Duin/Dmax) and for b, = multiple experi-
mental boundary conditions. That include the average of the
values with the same conditions as mitochondrial swelling
assays using the MPT-inductor (Ca**, Fe**, H,0,, or none) or
toxic control TC,(+), second MPT-inductor (KCN, VitC, or none)
or second toxic control TC,(+), MPT-inhibitors or inhibitor
control IC;(—) (CsA or none) and non-classical MPT-inhibitor
control (RR, EGTA, quercetin, or none). Last, included other
conditions related to the assay like, solvent (DMSO, or none),
replicate sample (Yes, No).

For instance, for exposure time the condition b; = exposure
time (¢;) of samples corresponding to the i-th CNT used in bj-th
MPT-assay. Some of the functions used to transform these
variables where: 'f{At;) = 1/(At;), exp(—At), and the other b, =
concentration (c;) of i-th CNT in the j-th assay is *f{Ac;) = 1/Acy
or 1/(1 + Acy) for CNT concentration. In addition other functions
as *f[AW;) to molecular weight/functionalization ratio (bs),
*flaD;) for maximal and minimal diameter (bs) (see Table 2).

Results and discussion

Experimental measure of CNT-MPT modulation in different
conditions

The important role of mitochondria to regulate intracellular
calcium levels has been associated with several chronic diseases
as neurodegenerative diseases, cardiovascular and cancer, which
currently have high levels of morbidity and mortality.** In this
study, we performed three experimental protocols to evaluate the
effect of CNT in mitochondrial permeability transition (swelling)
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induced by different mechanisms, basing each experimental
protocol on the causes and factors that trigger this process, as
Ca®" overload in the mitochondrial matrix and loss of redox
balance under conditions of iron overload and high peroxide
production. Under these conditions, the physic-chemicals prop-
erties of CNT family were evaluated and linked to their capacity
for the inhibition of MPT.*»* For this instances the CNT-
interferences in spectrophotometric MPT-measurements it were
not detected based on the non-existence of the classic UV-visible
absorption peaks of mitochondrial redox hemoprotein (408 to
550 nm) as oxidized cytochrome ¢ (Fe**) at 408 nm and 530 nm
and three peaks of reduced cytochrome c (Fe**) at 415 nm, 520
nm, and 550 nm when we monitored the decrease in absorbance
of the mitochondrial suspension measured at 540 nm used to
evaluate the mitochondria swelling in the presence of carbon
nanotubes as mentioned in Materials and methods section.”

At first, we evaluated the effect of CNT family on MPT
induced by Ca®>" 20 uM, which has been described in many
pathological conditions as cancer, neurodegenerative diseases
and ischemia-reperfusion processes.'

In this sense, the selective MPT-modulation with CNT could
lead to alternatives for the treatment of cancer and its inhibi-
tion may prevent cell and tissue damage associated with
a number of diseases. The isolated mitochondria exposed to
high calcium concentrations are susceptible to the opening of
mitochondrial permeability transition pore, the larger impli-
cations of this phenomenon are the diffusion of solutes of up to
1500 Dalton, through the inner mitochondrial membrane,
depletion of ATP levels and dissipation of mitochondrial
membrane potential as illustrated in Fig. 5. These effects are
accompanied by mitochondrial swelling caused by the osmotic
difference between the mitochondrial matrix and the extra-
mitochondrial medium, followed by outer membrane rupture
and release of pro-apoptotic signals (caspases 3 and 9) from the
inter-membrane space.**

Firstly the calcium dependence on MPT was verified by
different mechanism, performing teste in the presence of Ca**
(20 uM) with CsA that inhibits the binding of Ca>* to cyclophilin
D, in this condition calcium overload produce conformational
changes that induce MPT** (assay P;). Also, other non-specific

Fig. 5 Isolated rat-liver mitochondria were incubated with a specific
mitochondrial dye (JC-1) in 0.2 mg ml™* for 15 min. Show represen-
tative fluorescent images of effects on mitochondrial membrane
potential for different swelling conditions after exposure with MPT-
inductor (Ca®*, Fe?* or H,0,) (A) and MPT-inhibitor (CsA, RR, EGTA or
CNT-COOH > CNT-OH > pristine-CNT) (B) were examined under
a fluorescence microscope (x600 magnification). Scale bars 50 pm.

RSC Adv., 2015, 5, 103229-103245 | 103235



RSC Advances Paper
Table 3 Experimental values of mitochondrial swelling induced by Ca®* for CNT family
CNT* Experimental mitoprotective activity vs. Ca>*?
n; Type Function W; D; Cij Py N; P, N; p; N;
1 MWCNT — 3.03° 8 0.5 0 42 0 42 0 42
1 3.5 42 3.4 42 4.1 42
3 0 42 0 42 0 42
5 32.3 42 31.2 42 37.8 42
2 SW/DWCNT OH 3.96 1 0.5 0 21 0 21 0 21
1 0 21 0 21 0 21
3 31.9 21 30.7 21 37.3 21
5 60.7 21 58.5 21 71.0 21
3 MWCNT OH 3.86 1 0.5 8.3 42 8.0 42 9.8 42
1 17.3 42 16.7 42 20.3 42
3 7.3 42 7.1 42 8.6 42
5 20.2 42 19.5 42 23.7 42
4 MWCNT OH 4 10 0.5 0 21 0 21 0 21
1 0 21 0 21 0 21
3 0 21 0 21 0 21
5 0 21 0 21 0 21
5 MWCNT OH 1.06 30 0.5 0 42 0 42 0 42
1 0 42 0 42 0 42
3 0 42 0 42 0 42
5 6.4 42 6.2 42 7.5 42
6 MWCNT COOH 0.73 30 0.5 10.6 21 10.2 21 12.4 21
1 0 21 0 21 0 21
3 0 21 0 21 0 21
5 0 21 0 21 0 21
7 MWCNT COOH 4 10 0.5 0 21 0 21 0 21
1 0 21 0 21 0 21
3 66.9 21 64.5 21 78.2 21
5 71.2 21 68.7 21 83.3 21
8 SWCNT COOH 2.73 1 0.5 0 21 0 21 0 21
1 0 21 0 21 0 21
3 22.9 21 22.1 21 26.8 21
5 67.3 21 64.9 21 78.7 21
9 MWCNT COOH 3.86 1 0.5 0 21 0 21 0 21
1 0 21 0 21 0 21
3 75.9 21 73.2 21 88.8 21
5 81.4 21 78.5 21 95.2 21
Groups Wi D; Cij ejj N; ejj N; ejj N;
IC+S Average 2.435 10.25 2.5 0.353 1071 0.353 1071 0.353 1071
+ SD 0.000 0.000 0.000
TC+IC+S Average 0.395 63 0.397 63 0.389 63
+ SD 0.0075 0.001 0.0079

“ MWCNT = Multiple-Walled, SWCNT = Single-Walled, SW/WTCNT = MWCNT + SWCNT mixture. ” Mitoprotective activity, P(%) = 100[¢;(CNT +
TC + S)obs — €5(TC + S)obs)/[£(IC + TC + S)ops — €4(TC + S)obs] and N; is the number of replicates of the assay. CNT = carbon nanotube, TC = toxic
control (MPT-inductor), IC = inhibitor control (MPT-inhibitor), S = solvent. The details of the assays are the following: for toxicity assay P; (a = 1),
TC = Ca®", IC = CsA, and solvent = DMSO, for assay P, (a = 2) TC = Ca®*, IC = EGTA and solvent = DMSO; and for assay P; (a = 3), TC = Ca**, IC =

RR, and solvent = DMSO.

MPT-inhibitors controls were evaluated as EGTA, a calcium
chelating agent (assay P,) and ruthenium red (RR), which
interfere in the Ca** uptake by the mitochondrial uniporter®
(assay P3). All these tests were conducted as experimental
controls to express the maximum of mitoprotective activity (%P)
by different mechanisms.

Swelling assays was performed to study the MPT-effects of
CNT family induced by Ca®" 20 pM to find similarities or
differences in the pattern of inhibition between CNT family and
classic and non-classical MPT-inhibitor controls as showed in
Table 3. The results showed low capacity of CNT family to
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inhibit the MPT induced by Ca®" 20 uM in most cases, when
compared with CsA, the main specific inhibitor of MPT pore
induced by calcium overload and also using non-specific MPT-
inhibitors controls (EGTA 100 uM, RR 1 uM) used as negative
control or MPT-inhibitors.>*

Several aspects must be considered to explain the low and
variable MPT inhibition induced by CNT family against mito-
chondrial Ca*' overload. First, CNT should cross the outer
mitochondrial membrane, mitochondrial inter-membrane
space, and matrix, process that should be facilitated in virtue
of its high lipid partition coefficient/water.”® However the

This journal is © The Royal Society of Chemistry 2015
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modest mitoprotective effects (%P) found may be related with
certain structural characteristics of CNT family. In this sense,
higher %P consistent with a decreased of mitochondrial
swelling induced by Ca®* was observed for functionalized CNT,
following the order CNT-COOH (MWCNT-9, MWCNT-7,
SWCNT8, MWCNT-6) > CNT-OH (SWCNT-2, MWCNT-3,
MWCNT-5, MWCNT-4) > pristine MWCNT (MWCNT-1).
According to the mitoprotective values (%P), CNT-9 is the
more mitoprotector and CNT-1 is mitotoxic. We suggest
a mechanism based in Ca®" adsorption by carboxyl groups
(COO™) of CNT-COOH, which should reduce the free concen-
tration of this divalent ion in the mitochondrial matrix.
Chemical adsorption capacity of oxidized CNT has been
demonstrated in other nanoQSAR studies using aromatic
organic and inorganic MPT inductors.”” Also for carboxylated-
CNT, specifically CNT-7, CNT-8, and CNT-9 it was observed
a significant increase of %P at higher concentrations (3.0 and
5.0 ug ml™"). The lower %P of hydroxylated-CNT compared with
their similar carboxylated-CNT could be related with a lower
Ca*" adsorption capacity, although higher when compared with
similar pristine-CNT, that presented mitotoxic effect.>”

In this case, the absence of COOH functionalization
(MWCNT) could generate mitotoxic effects based in this
mechanism and, under this context, the toxicity of carbon
nanomaterials should be reduced through the chemical oxida-
tion as in the case of CNT-OH and CNT-COOH according to
Zhenbao et al.>® Other possible inhibitory mechanisms could be
the interaction of carboxyl groups of carboxylated-CNT with
positive NH, groups of VDAC and ANT to prevent conforma-
tional changes necessary for MPTP components assembly and
apoptosis.®®** A significant number of studies have demon-
strated that MPT-modulation is mediated by conformational
changes of VDAC and ANT located on the outer and inner
mitochondrial membrane respectively.®*-*

Next, experiments were performed to study the MPT-effects
induced by iron overload for CNT family. Iron overloading has
been proposed to cause dissipation of membrane potential and
increase of calcium efflux in mitochondria dynamics that are
often associated with loss of redox balance, involving oxidation
of MPT pore-sulthydryl groups.®**® For this instance were con-
ducted swelling assays in the presence of Fe** 20 uM. Also it
were considered other more aggressive mitotoxic or condition
of synergism to enhance the MPT-effects of iron overload
combining separately with KCN 1 uM, an inhibitor of mito-
chondrial complex IV (cytochrome c oxidase) and consequently
of the electrons transport chain (assay P,). Also with ascorbic
acid 300 uM, a strong reducing agent that favors the reduction
of Fe’" to Fe*" and thus inducing pro-oxidant states (assay
P;).***” Both non-classical MPT inductors and second inductor
were used as positive controls to challenge the mitoprotective
potential of CNT family to reverse mitochondrial swelling
induced by Fe?* 20 uM.* Under this protocol, EGTA 100 uM was
used as negative control or MPT-inhibitors as show in Table 4.

Mitoprotective activity (%P) was higher for carboxylated-CNT
and hydroxylated-CNT in comparison with the lowest %P of
pristine-CNT, more mitotoxic, results that fits with a previous
study that reported increased cytotoxicity to pristine CNT in
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relation to the functionalized-CNT.* It is important to note that
the %P of CNT family was considerably higher to Fe*" swelling
than to Ca>" swelling tests. But in both cases the response
pattern was similar, according to the functionalization type:
CNT-COOH (MWCNT-9, MWCNT-7, SWCNT-8, MWCNT-6) >
CNT-OH (SWCNT-2, MWCNT-3, MWCNT-5, MWCNT-4) >
pristine-CNT (MWCNT-1). A direct chelation of mitochondrial
iron has been suggested as an attractive therapeutic strategy for
several clinical disorders involving iron imbalance.* In present
study, the inhibition of MPT could involve the interaction of the
COOH and OH groups of oxidized-CNT with the reduced state
(Fe**) of heme group in the mitochondrial complexes I and III,
known to be mitochondrial ROS producers. This interaction
should form a coordination complex between the oxidized-CNT
and the metallic center, helping to reduce the levels of ferrous
ions (Fe**), preventing Fenton-Haber-Weiss reaction that leads
to the generation of hydroxyl radical.>® Following this idea, we
suggest a possible mechanism based on iron coordination by
COOH and OH groups of the CNT combined with chemical
adsorption mechanisms onto oxidized-MWCNT to reduce the
excess in the Fe" free concentrations, thus preventing mito-
chondrial swelling in pro-oxidant conditions.>*** The P% for the
MPT-assay using the [Fe®>* 20 uM + KCN 1 uM + CNTs, 5 pg ml ']
(P,) showed a similar behavior to MPT-assay using [Fe>" 20 uM +
CNTs, 5 pg ml™'] (P,) in the order carboxylated-CNT >
hydroxylated-CNT > pristine-CNT for mitoprotective activity (%
P). The evidences suggest therapeutic potential of oxidized
nanotubes to reverse the swelling induced by Fe** overload
despite the participation of uncoupling mitochondrial mecha-
nisms as KCN 1 pM, which acts synergistically favoring the
opening of MPT-pore. However only carboxylated-CNT (5) and
hydroxylated-CNT (2, 3, 6) were able to reverse the pro-oxidant
effects generated by iron overload combined with ascorbic
acid 300 pM, a strong reducing agent. Also according to the
walls number, it was observed higher values of mitoprotection
in the order MW-motifs > SW + DW-motif > SW-motifs, these
evidences are coherent with studies performed using K562 and
HeLa cells cultured in the presence of SWCNT, SWNTs-OH,
MWCNT-COOH at concentrations ranging from 1 to 100 pg
ml ™" based in inhibition of telomerase activity.*

Finally, assessments were performed to analyze the potential
of CNT family to reverse the MPT induced in pro-oxidant
conditions of high mitochondrial H,O, levels as shown in
Table 5. It was performed mitochondrial swelling assays in the
presence of H,O0, 300 uM and using a known antioxidant,
quercetin 50 pM as negative MPT-control as [H,O, 300 pM +
quercetin 50 uM] (assay P;).”® The same protocol was run taking
CsA 1 pM as [H,0, 300 pM + CsA 1 pM] a negative additional
MPT-control (assay P,). Also it was performed a mitochondrial
swelling assay induced by H,0, 300 uM using Fe** 20 uM to
produce MPT-synergism conditions, for this instance the
combination [H,0, 300 uM + Fe>* 20 uM + CNTs, 5 pug ml ']
(assay P;) was employed, to intensify the pro-oxidant condi-
tions. In this case it was also used quercetin 50 M as negative
MPT-control of references to find similarities or significant
differences in the MPT-modulation based in pro-oxidant
induced by H,0, 300 pM of CNT family.
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Table 4 Experimental values of mitochondrial swelling induced by Fe>* for CNT family
CNT/ Experimental mitoprotective activity vs. Fe?*?
n; Type Function W; D; Cij Py N; p, N; P N;
1 MWCNT — 3.03? 8 0.5 0 14 0 14 0 14
1 0 14 0 14 0 14
3 0 16 0 16 0 16
5 20.3 14 90.8 14 0 14
2 SW/DWCNT OH 3.96 1 0.5 0 14 0 14 0 14
1 35.3 14 100 14 0 14
3 84.8 16 100 16 0 16
5 100 14 100 14 67.2 14
3 MWCNT OH 3.86 1 0.5 0 14 42.5 14 0 14
1 0 14 79.4 14 0 14
3 93.3 16 100 16 0 16
5 92.5 14 100 14 0 14
4 MWCNT OH 4 10 0.5 0 14 0 14 0 14
1 44.4 14 100 14 0 14
3 100 16 100 16 0 16
5 100 14 100 14 10.7 14
5 MWCNT OH 1.06 30 0.5 0 14 0 14 0 14
1 0 14 0 14 0 14
3 0 16 0 16 0 16
5 6.8 14 30.2 14 0 14
6 MWCNT COOH 0.73 30 0.5 0 14 68.4 14 0 14
1 0 14 14.7 14 0 14
3 0 16 16.9 16 0 16
5 80.4 14 100 14 0 14
7 MW COOH 4 10 0.5 12.0 14 53.8 14 0 14
1 91.0 14 100 14 0 14
3 100 16 100 16 0 16
5 100 14 100 14 0 14
8 SWCNT COOH 2.73 1 0.5 0 14 0 14 0 14
1 37.6 14 100 14 0 14
3 90.7 16 100 16 0 16
5 100 14 100 14 2.3 14
9 MW COOH 3.86 1 0.5 0 14 0 14 0 14
1 30.8 14 100 14 0 14
3 100 16 100 16 0 16
5 100 14 100 14 24.8 14
Groups (W) (Dy) {cq) (&) N; (&) N; (eg) N;
IC+S Average 2.435 10.25 2.5 0.393 189 0.378 189 0.337 126
+ SD 0.000 0.000 0.000
TC+IC+S Average 0.374 781 0.374 781 0.374 781
+ SD 0.003 0.001 0.030

“ MWCNT = Multiple-Walled, SWCNT = Single-Walled, SW/WTCNT = MWCNT + SWCNT mixture. ” Mitoprotective activity, P(%) = 100[¢;{(CNT +
TC + S)obs — &5(TC + S)ops)/[4(IC + TC + S)ops — €4(TC + S)obs] and N; is the number of replicates of the jth assay. CNT = carbon nanotube, TC = toxic

control (MPT-inductor), IC = inhibitor control (MPT-inhibitor), S = solvent.

The details of the assays are the following: assay P, (a = 1) TC, = Fe**, IC

= EGTA and S = DMSO; assay P, (a = 3), TC, = Fe**, TC, = KCN, IC = EGTA and solvent = DMSO and assay P; (a = 3), TC, = Fe**, TC, = VitC, IC =

EGTA and solvent = DMSO.

P% values mitoprotection of CNT family were remarkably
high in the swelling assays P; and P, except for pristine-CNT.
The result showed %P very similar between CNT-COOH and
CNT-OH in the conditions listed above to mitochondrial
swelling assays induced by Ca®* and Fe** at 20 pM. This
suggests that OH and COOH functionalization are important to
reverse the mitochondrial swelling associated to pro-oxidant
conditions.” The high %P values of functionalized-CNT
exhibited a similar pattern of inhibition, when compared with
the two controls used quercetin 50 uM (non-specific MPT-
inhibitors) and CsA 1 uM (specific MPT-inhibitors), pointing
that the inhibition of functionalized-CNT could be associated

103238 | RSC Adv., 2015, 5, 103229-103245

with the ability to attenuate the loss of redox balance induced by
H,0, overload.>***

The mitochondria has an efficient antioxidant defense
system, including superoxide dismutase, glutathione peroxi-
dase, glutathione reductase, reduced glutathione, NAD(P)" and
other cofactors. In physiological conditions the mitochondrial
superoxide dismutase transforms the superoxide radical (O, ") to
the less reactive H,0,, which is reduced to H,O by the action of
GSH and glutathione peroxidase.>

However, several mito-pathological conditions as peroxide
overload (300 pM) reduced the antioxidant defenses and
increases oxidative stress by H,O, accumulation, in our study.

This journal is © The Royal Society of Chemistry 2015
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Table 5 Experimental values of mitochondrial swelling induced by H,O, for CNT family
CNT* Experimental mitoprotective activity vs. H,0,”
n; Type Function w; D; Cij P, N; p, N; P, N;
1 MWCNT — 3.03% 8 0.5 0 0 0 0 0 0
1 0 7 0 7 0 7
3 0 7 0 7 0 7
5 0 7 100 7 0 7
2 SW/DWCNT OH 3.96 1 0.5 0 0 0 0 0 0
1 0 21 65 21 0 21
3 100 21 80 21 0 21
5 100 21 81.0 21 72.7 21
3 MWCNT OH 3.86 1 0.5 0 0 0 0 0 0
1 100 21 95 21 0 21
3 100 21 97 21 0 21
5 100 21 97.5 21 98.0 21
4 MWCNT OH 4 10 0.5 0 0 0 0 0 0
1 100 21 51 21 0 21
3 100 21 97.5 21 0 21
5 100 21 95.5 21 100 21
5 MWCNT OH 1.06 30 0.5 0 0 0 0 0 0
1 100 21 95 21 0 21
3 100 21 97 21 0 21
5 100 21 97.5 21 100 21
6 MWCNT COOH 0.73 30 0.5 0 0 0 0 0 0
1 100 21 51 21 0 21
3 100 21 97 21 0 21
5 100 21 97.5 21 91.0 21
7 MWCNT COOH 4 10 0.5 0 0 0 0 0 0
1 100 21 80 21 0 21
3 100 21 81 21 0 21
5 100 21 91 21 100 21
8 SWCNT COOH 2.73 1 0.5 0 0 0 0 0 0
1 100 21 80 21 0 21
3 100 21 81 21 0 21
5 100 21 91 21 90.2 21
9 MWCNT COOH 3.86 1 0.5 0 0 0 0 0 0
1 100 21 86 21 0 21
3 100 21 97 21 0 21
5 100 21 95.5 21 100 21
Groups (W) (Dy) {eq) (e;) N; (e;) N; (eg) N;
IC+S Average 2.435 10.25 2.5 0.366 175 0.404 175 0.241 105
+ SD 0.000 0.000 0.000
TC+IC+S Average 0.375 525 0.375 525 0.375 525
+ SD 0.0015 0.0068 0.00

“ MWCNT = Multiple-Walled, SWCNT = Single-Walled, SW/WTCNT = MWCNT + SWCNT mixture. ” Mitoprotective activity, P(%) = 100[¢;(CNT +
TC + S)obs — &5(TC + S)ops)/[e4(IC + TC + S)gbs — £{TC + S)obs] and N is the number of replicates of the assay. CNT = carbon nanotube, TC = toxic
control (MPT-inductor), IC = inhibitor control (MPT-inhibitor), S = solvent. The details of the assays are the following: assay P, (a = 1) TC; = H,0,,
IC = Q and solvent = DMSO; assay P, (a = 2), TC; = H,0,, IC = CsA, and solvent = DMSO; assay P; (a = 2), TC; = H,0,, TC, = Fe*", IC = Q, and

solvent = DMSO.

The presence of Fe*' induces formation of hydroxyl radical
("OH) through Fenton-Haber-Weiss reaction involved in the
oxidation of thiol groups constituents of MPTP. In the case of
assay P;, only the highest concentration, 5 pg ml~* was able to
reverse the mitochondrial swelling induced by pro-oxidant
condition®* similar to quercetin 50 uM.”*”> The obtained
results should contribute for the rational design of novels
carbon nanomaterial and point the way to new areas of research
as Mitochondrial Nanomedicine,”*”* based in the effects of
carboxylated and hydroxylate carbon nanotubes on mitochon-
drial permeability transition.

This journal is © The Royal Society of Chemistry 2015

PT-NQSPR model in multiple boundary conditions

In classic response-concentration models, we can use alterna-
tive forms of the hill-shaped curve to seek a dose-response
equation in order to calculate ICs, values.”® For instance,
the software MasterPlex (http://psg.hitachi-solutions.com/
masterplex) allows to choose different algorithms such as: 4
parameters logistic (4PL), 5 parameters logistic (5PL), quadratic
log-log it, log-log or linear model. The reader can see examples
of the use of this software and these algorithms in previous
works.?*** However, the 4PL and 5PL forms have some draw-
backs. Some authors have reported studies towards the search
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of alternatives models to these curves. For instance, Liao et al.
(2009) reported a re-parameterization of 5PL dose-response
curve.” In any case, almost all of these alternatives fail when we
need to account for multiple experimental boundary conditions
(b)). It means that the model fails when we want to predict the
response ¢; for the ith compound not only for different
concentrations of the compound (¢;) in a single assay. This
points to the need of a model able to predict multiple responses
e; for the same ith compound when we change multiple
boundary conditions like b, = multiple experimental condi-
tions of j-th MPT-assays, b, = different values of concentration
c; for the compound on the different j-th MPT-assays, different
exposure time (0-600 s) to the compound b, = ;. We can talk
here also of different structural or physicochemical properties
of the compound under study. For instance, in the case of CNT
we consider the CNT type, b; = Single-Walled (SW), Multiple-
Walled (MW), or mixtures of SW + DW. In these cases, 4PL/
5PL and similar models are unable to fit all the data at the
same time and we need to seek a different equation for each
sub-set of changing boundary conditions by;. In this work, we
propose by the first time a PT-NQSPR model able to account for
changes in multiple experimental boundary conditions (b;). The
general formula of this models the following:

/f(eij)new =ey t ap <8ij>new +a- lf(Atlj) + aZ'Zf(Acij)
+ a3 AAW,y) + ay-"AADy) @

,f(eij)new = € + do- <€ij>new + al'lf(zi - <tlj>) + a2'2f(ci - <cij>)
+ as Wi = (Wy)) + as-"fAD; — (Dy)) (5)

We can compare the equation above with the compact
notation presented in the Materials and methods section. In
this PT-NQSPR model we can also use (like in 4PL/5PL models)
optional weighting schemes for the response variable (output
function): 'fle;) = ¢, 1/ey, (1/ey)?, or —log(e;). We can incorpo-
rate different functions °f = (e;) of the expected value of ¢ for
a sub-set of conditions (e.g, different MPT-assays). We can also
use different functions for the input variable; such as: 'f = A,
1/At;; or exp(—At;) for exposure time, or ’f = Ac;, 1/Ac; or 1/(Ac;)?
for CNT concentration. A particular case is when the concen-
tration function takes the classic form of PL4/PL5 models.”®
This equation is represented through a sigmoid curve. The
formula below illustrates two examples of alternative models

following the eqn (6):
a1
C

= (&) i + zf(fz’j)max‘{l +

% (Aey) = A+ D-{l +

The parameters of 4PL/5PL models are: A, B, C, D, and E. A is
the value for the minimum asymptote. B is the hill slope. C is
the concentration at the inflection point. D is the ¢; for the
maximum asymptote. The last parameter E, is present only on
5PL model (E = 1 in 4PL model), is the asymmetry factor (E # 1
for a non-symmetric curve).”
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PT-NQSTR model for mitoprotective activity of CNTs. The ¢;
values are obtained after exposure of the mitochondrial
suspension to one volume of 100 ul of CNT at different c; values.
We used physic-chemical parameters of CNTs (Vi) and the
values of the Box-Jenkins operators (AVy;) of these parameters
as inputs of the model in statistical analysis. The best PT-QSPR
model found using MLR algorithm and linear operators (func-
tions) of AV;; was the following:

new
gij =

1.001191-¢;  — 0.000066- At;(s) + 0.002344-Ac; (ug ml™")
— 0.001191-AW;)max — 0.000688-AD;; (nm) i, + 0.000086,
N =6045, R*>=0.75, F=2482.1, p < 0.005 7)

As we mentioned above, in the simplest case the output
function 'fle;)new = "¢ is the value of absorbance predicted by
the linear model under the set of boundary conditions of test of
reference. N = number of cases used to train the model, R* the
determination coefficient, and F the Fisher ratio with the cor-
responding p-value are the statistical elements used to describe
the statistical significance and goodness-of-fit of the model. We
can expand the input terms and substitute each symbol Vi(b;) by
the classic symbol of the respective property in order to
understand better this equation. The model predicts values of
absorbance "“e; when assaying the ith CNT in a new
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Table 6 Statistical analysis for alternative PT-NQSPR models developed in this work®

Model parameters® Model

Vi ay s.e. t )4 Specifications

a, —0.000780 0.003041 —-0.26 0.79 Model 1

() 1.002419 0.008302 120.75 0.00 "fleg) fley) "fts) fley)
Aty —0.000066 0.000002 —42.77 0.00 & (&) Aty Acy
Acy 0.002395 0.000199 12.02 0.00 R F P 7
AWinax —0.001175 0.000237 —4.97 0.00 0.73 3308.1 <0.05 0.70
ADpin —0.000735 0.000174 —4.21 0.00

ao 0.92771 0.000488 —1900.43 0.00 Model 2

(eg) —1.33764 0.001332 1003.91 0.00 "fleg) fley) ) *fley)
Aty 0.00001 0.000000 -2.02 0.04 —log(;) (&) Aty Acy
Acy —0.00038 0.000032 11.92 0.00 R F P 7
AWinax —0.00042 0.000038 11.11 0.00 0.994 203 384.0 <0.05 0.994
ADpin —0.00044 0.000028 15.79 0.00

a, 32.5709 0.190990 170.53 0.00 Model 3

(eg) —67.6535 0.521307 —129.78 0.00 "fleg) fley) "t fley)
Aty 0.0035 0.000096 36.33 0.00 1/(eg) (&) Aty Acy
Acy —0.1744 0.012517 —13.93 0.00 R* F p 7
AWinax —0.0111 0.014857 —-0.75 0.45 0.75 3647.4 <0.005 —
ADpin —0.0295 0.010953 —-2.69 0.01

a, 6.5064 0.028482 228.44 0.00 Model 4

(&) —10.2097 0.077742 —131.33 0.00 "fleg) fley) "t fley)
Aty 0.0006 0.000014 39.71 0.00 1/ey (&) Aty Acy
Acy —0.0259 0.001867 —13.86 0.00 R* F p q
AWinax 0.0027 0.002216 1.20 0.23 0.76 3780.1 <0.05 —
ADpin —0.0003 0.001633 —-0.20 0.84

a, 0.002922 0.003037 0.96 0.33 Model 5

(&) 0.998287 0.008275 120.63 0.00 "fleg) fley) "ty fley)
Aty —0.000060 0.000002 —39.37 0.00 & (e5) Aty 1/(1 + Acy)
Acy —0.000467 0.000207 —2.25 0.02 R? F p 7
AWinax —0.000420 0.000166 —2.53 0.01 0.734 3331.7 <0.05 —
ADpin —0.006490 0.000488 —13.29 0.00

a, —0.927407 0.000494 —1877.49 0.00 Model 6

(eg) 1.337072 0.001346 993.49 0.00 "fleg) fles) "ty *fley)
Aty 0 0 0.47 0.64 log(ey) (e5) Aty 1/(1 + Acy)
Acy 0.000634 0.000034 18.80 0.00 R? F p q
AWinax 0.000539 0.000027 19.96 0.00 0.993 199 112.8 <0.05 —
ADpin —0.000286 0.000079 -3.60 0.00

@ fleg)rer = (¢;) is the average of ¢; (expected value of absorbance) fora glven assay carried out under the conditions b;. ” Symbols of input variables

used. The parameters AVy; = (v, - (Vi) are PT operators in form of moving averages, for more details see Materlals and methods.

experimental situation (jth set of conditions) given the expected
values of reference calculated from the data set. The correlation
between the inputs and the answer is statistically significant
according to p-error values (p < 0.005). The values R* are high
(75% of variance explained) but, unfortunately, we can observe
an important dispersion of data points from the straight line in
Fig. 6(A).

We carry out some transformations of output °f(e;) and/or
input functions in order to increase the R* and decrease the
dispersion. The transformation of the output function ¢; were:
"fleg) = 1ley, (1/e)?, or —log(e;). Some of the transformations of
the input functions “f{AV;)) were 'f{At;) = 1/(Aty), exp(—At;) and
*flAcy) = 1/Ac; or 1/(1 + Acy), between others (see details on
Materials and method section). In Table 6 we depict the results
obtained after some of these transformations. The trans-
formation of the output function into a logarithmic function
have lead to an outstanding increase in the determination

This journal is © The Royal Society of Chemistry 2015

coefficient from R* = 0.75 to R* = 0.994 (Model 2) with respect to
the linear model (Model 1). This result also supposed a notably
reduction on the dispersion of data, see Fig. 6(B).

We can note that other transformations of inputs variables like
Ac;;and At; do not improved the results of the regression (Models
3 and 4). In particular, the transformation of the Ac; function into
hill-shaped curves of common use in dose-effect studies was not
effective (Model 5). In addition, the transformation of both output
and input functions at the same time increased the correlation
but as a result we obtained a more complex model with loss of
statistical significance (p > 0.05) for some input variables (Model
6). In closing, the best PT-NQSPR model found here was the one
using the negative logarithmic transformation for the output. The
model have also a very high validation regression coefficient ¢* =
0.994, obtained in Leave-One-Out (LOO) cross-validation. The
model equation is the following:

RSC Adv., 2015, 5, 103229-103245 | 103241
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"Mog(ey) =
1.33764¢; — 0.000001-At(s) + 0.00381-Ac; (ngml ™)
+0.000422- AW; (%0)max + 0.000442-AD;; (nm) i
—0.927714, N = 6045, R* = 0.994, F = 203 384.0,
p < 0.005, > = 0.994 (8)
We presented the previous equation in a compacted form for
the sake of simplicity. However, we want to give also the
expanded form of the equation to make easier the under-
standing of the method. In the following equation, we expanded
each moving average term. It can be noted that each term
quantifies the deviation (perturbation) of the original variable
(i, ci5 Wy, or Dy) from its average value ((¢;), (c;), (Wy), or (D).
In this sense, each moving average term account for the devia-
tion of the original variable from its expected value (the average
value).>*°

"log(ey) =
1.33764-¢;,  — 0.000001-(1; — (1)) + 0.00381-(c; — (c;))
+0.000422-(W;; — (W))max + 0.000442-(Dy; — (D)) min
—0.927714, N = 6045, R*> = 0.994, F = 203 384.0,

p < 0.005, > = 0.994 (9)

Prediction of mitoprotective activity of CNT in other condi-
tions. We can use the previous PT-QSPR model to carry out
a computational simulation of mitoprotection by CNT in other

Table 7 Expected values of variables in different conditions®

Paper

conditions (not measured experimentally). In so doing, we need
to substitute three different types of values in the equation. The
first is the expected value of absorbance (e;) s for a given sub-
set of experimental conditions or assay (b;). We also need to
substitute the average values of the physic-chemical properties
of the CNTs (V;) in these sub-sets of different experimental
conditions (Vj;), see Table 7 (right).

Last, we need to substitute the values V; for CNTs with
different physic-chemical properties not assayed before. In this
way, we can obtain new values of absorbance predicted for new
CNT with changes in the original physic-chemical properties.
Thus we can predict the values of mitoprotection P(%) using the
values of ¢; predicted and the values observed with MPT-
inductor or toxic control (TC+) and solvent blank. The equa-
tion used was the following P(%)preq = 100[e;(CNT + TC + S)preq
— &5(TC + S)obs)/[e4(IC + TC + S)obs — £;(TC + S)ops].””””* In Table 8,
we show the prediction of P(%)pr.q if we increase at the same
time the maximal molecular weight to functionalization ratio
maxy and the minimal ™™D of the CNT in x(%) at #(s) = 600 seg
and ¢; = 2.5 ng ml~ . The effect of dose or concentration (1-5 pg
ml™") influenced poorly the model and, for this reason,
an intermediate value (2.5 pg ml™') was established for
the theoretical analysis of CNT-nanodescriptors. This was
considered reasonable because it allows the study of the
nanostructure-activity relationship and at the same time
considers non-agglomeration conditions for simulation of CNT-
nanodescriptors in mitochondrial exposure.*® In this sense the

Experimental conditions

Expected values

Type Function CT, CT, IC (e4) (V1) (Vo) (Vs) (Vi)
MWCNT NO Ca** NO NO 0.3528 300 2.38 0 8
SW/DWCNT OH Ca* NO NO 0.3528 300 2.38 3.96 1
MWCNT OH Ca** NO NO 0.3528 300 2.38 2.97 13.67
MWCNT COOH Ca* NO NO 0.3528 300 2.38 2.86 13.67
SWCNT COOH Ca** NO NO 0.3528 300 2.38 2.73 1
MWCNT NO Fe** NO NO 0.3741 94.14 2.4 0 8
SW/DWCNT OH Fe** NO NO 0.3741 94.14 2.4 3.96 1
SW/DWCNT OH Fe** VitC NO 0.3361 90 5 3.96 1
MWCNT OH Fe** NO NO 0.3741 93.83 2.22 2.83 14.88
MWCNT OH Fe** VitC NO 0.3361 90 5 2.97 13.67
MWCNT COOH Fe** NO NO 0.3741 94.14 2.4 2.86 13.67
MWCNT COOH Fe** VitC NO 0.3361 90 5 2.37 20
SWCNT COOH Fe** NO NO 0.3741 94.14 2.4 2.73 1
SWCNT COOH Fe** VitC NO 0.3361 90 5 2.73 1
MWCNT COOH Fe** VitC NO 0.3479 90 5 3.86 1
SW/DWCNT OH H,0, NO NO 0.3751 300 3 3.96 1
MWCNT OH H,0, NO NO 0.3751 300 3 2.97 13.67
MWCNT COOH H,0, NO NO 0.3751 300 3 2.86 13.67
SWCNT COOH H,0, NO NO 0.3751 300 3 2.73 1
MWCNT OH Ca* NO NO 0.3528 300 2.38 2.46 15.5
NO NO Fe** NO NO 0.3741 247.5 0 0 0
MWCNT NO Fe** VitC NO 0.3361 90 5 0 8
SW/DWCNT OH Fe** NO NO 0.3741 94.14 2.4 3.96 1
SW/DWCNT OH Fe** VitC NO 0.3361 90 5 3.96 1
MWCNT OH Fe** NO NO 0.3741 94.14 2.4 2.97 13.67
MWCNT COOH Fe** VitC NO 0.3361 90 5 2.86 13.67

(V1) = (ty) (seg), (V) = (¢5) (ng mI™"), (Va) = ("™Wy), (va) = (™"Dy) (nm).
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Table 8 Simulation of P(%)preq if "™W; and ™"D; increase in x(%) at t(s) = 600 and c(ug mli™Y) =25
CNT and assay” x(%) increase of ™™W; and ™"D;?
CNT structural parameters 0 1 5 10
Assay CNT mEwy, minpy, Type Function Py (%) P, (%) P5 (%) Py (%)
Ca*" 1 0 8 MWCNT H 9.77 10.45 13.14 16.53
2 3.96 1 SW/DWCNT OH 7.89 8.51 11.03 14.18
3 3.86 1 MWCNT OH 7.82 8.45 10.96 14.12
4 4 10 MWCNT OH 13.52 14.21 16.97 20.44
5 1.06 30 MWCNT OH 24.28 25.11 28.43 32.60
6 0.73 30 MWCNT COOH 24.07 24.90 28.21 32.39
7 4 10 MWCNT COOH 13.52 14.21 16.97 20.44
8 2.73 1 SWCNT COOH 7.12 7.75 10.26 13.41
9 3.86 1 MWCNT COOH 7.82 8.45 10.96 14.12
Fe** 1 1 8.08 MWCNT H 37.66 38.63 42.54 47.44
2 4.96 1.01 SW/DWCNT OH 34.92 35.83 39.47 44.04
3 4.86 1.01 MWCNT OH 34.83 35.74 39.38 43.95
4 5 10.1 MWCNT OH 43.08 44.08 48.08 53.10
5 2.06 30.3 MWCNT OH 58.67 59.87 64.68 70.72
6 1.73 30.3 MWCNT COOH 58.37 59.56 64.37 70.42
7 5 10.1 MWCNT COOH 43.08 44.08 48.08 53.10
8 3.73 1.01 SWCNT COOH 33.82 34.72 38.36 42.93
9 4.86 1.01 MWCNT COOH 34.83 35.74 39.38 43.95
H,0, 1 5 8.4 MWCNT H 0 0.97 5.72 11.68
2 8.96 1.05 SW/DWCNT OH 0 0 1.99 7.55
3 8.86 1.05 MWCNT OH 0 0 1.88 7.44
4 9 10.5 MWCNT OH 6.38 7.59 12.46 18.57
5 6.06 31.5 MWCNT OH 25.34 26.80 32.65 40.01
6 5.73 31.5 MWCNT COOH 24.97 26.43 32.28 39.63
7 9 10.5 MWCNT COOH 6.38 7.59 12.46 18.57
8 7.73 1.05 SWCNT COOH 0 0 0.64 6.19
9 8.86 1.05 MWCNT COOH 0 0 1.88 7.44

“ MWCNT = Multiple-Walled, SWCNT = Single-Walled, SW/WTCNT = MWCNT + SWCNT mixture. * P(%)preq = 100[e;{CNT + TC + S)preq — £4(TC +
S)obs)/[4(IC + TC + S)gbs — £;(TC + S)ops] is mitoprotective protective activity, CNT = carbon nanotube, TC = toxic control, IC = inhibitor control, § =
solvent. Assay details are the following. For toxicity assay 1 (@ = 1), TC = Ca®", IC = CsA, and solvent = DMSO. For assay 2 (a = 2), TC = Fe**, IC =
EGTA and S = DMSO. For toxicity assay 3 (@ = 3), TC = H,0,, IC = Q, and solvent = DMSO. N is the number of replicas of this assay.

predictions show that minp and ™&W; are relevant nano-
descriptors strongly implicated in the inhibition of mitochon-
drial permeability transition induced by Ca*', Fe**, H,0, for
carbon nanotubes. Small increments of ™"D; including SWCNT
and MWCNT may affect the function of certain proteins and
enzymes and induce serious cytotoxic effects at the biochemical
and/or sub-cellular level as we assayed in the isolated mito-
chondria experimental model. Theoretical predictions model
the variations of carbon nanotubes diameter (0% < ™™D; < 10%)
associated with mitochondrial dysfunction (swelling). The
results suggest that larger diameters also could act blocking or
interfering with the function of carriers and mitochondrial
proteins which forms MPTP (like VDAC and ANT) and in this
way inhibit apoptosis through deficient MPTP assembly in
swelling experimental conditions.

On the other hand the theoretical predictions to increase the
functionalization (0% < ™*W; < 10%) reveals interesting aspects
about the relationship nanostructure-mitoprotective activity
(MPT-inhibitors) of oxidized carbon nanotubes family particu-
larly related to motif structure in order (carboxylated-motif) >
(hydroxylated-motif) and considering the walls number of CNT
(MW-motif) > (SW-motif) in pro-oxidant conditions against

This journal is © The Royal Society of Chemistry 2015

mitochondrial swelling in order (swelling assays induced by
Fe**; P,) > (swelling assay induced by H,O,; P;), suggesting
mechanisms based on the inhibition of Fenton-Haber-Weiss
reaction.

Conclusions

The prediction of relationships between carbon nanomaterials
physic-chemical properties and biological responses, has
gained a significant importance to reduce their toxic effects and
extend their nanotechnology applications. The structural
determinants for mitochondrial mechanisms of functionalized
CNTs (oxidized) are remaining poorly understood actually. We
found that the CNTs-COOH and CNT-OH were more biocom-
patibility compared with the p-MWCNTs to prevent the mito-
chondrial dysfunction.

We can use mixed experimental-theoretic methodology to
study the effects of different CNT in the modulation of mito-
chondrial permeability transition pore under the influence of
multiple factors. In this context the modulation of mitochon-
drial physiology through MPTP in experimental swelling
condition (Ca®*, Fe**, H,0, overload) using oxidized CNT can
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represent a qualitative advance in the treatment of several
chronic diseases (hepatotoxicity, Alzheimer, Parkinson, cardiac
ischemia) where MPTP has been directly involved.

Particularly NQSPR perturbation approach used here can
contribute to predict nanotoxicological data allowing to infer
the effects of new nanomaterials in a short time. Indeed, the
derived nano-QSTR perturbation model to mitochondrial
swelling provided new insights regarding the typical CNT-
nanodescriptors (length, diameter, shape, partition coeffi-
cient, chemical functionalization, solubility and Young's
modulus) related to mitochondrial responses as therapeutic
target at the sub-cellular level, as well as the influence of
different experimental conditions under which these physico-
chemical properties were evaluated. Finally this in silico
method allows the prediction of the potential mitoprotective
effects of several nanoparticles under conditions not tested in
our original database, which could be used to make regulatory
decisions, rational design of CNT more selective and less
mitotoxic.
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Predicting the binding properties of single walled
carbon nanotubes (SWCNT) with an ADP/ATP
mitochondrial carrier using molecular docking,
chemoinformatics, and nano-QSBR perturbation
theory+t

Michael Gonzalez-Durruthy,* Adriano V. Werhli,“® Luisa Cornetet,“®
Karina S. Machado,“® Humberto Gonzalez-Diaz,*" Wilson Wasiliesky Jr,®
Caroline Pires Ruas," Marcos A. Gelesky" and José M. Monserrat®®

Interactions between the single walled carbon nanotube (SWCNT) family and a mitochondrial ADP/ATP
carrier (ANT-1) were evaluated using constitutional (functional groups, number of carbon atoms, etc.)
and electronic nanodescriptors defined by (n, m)-Hamada indexes (armchair, zig-zag and chiral). The
Free Energy of Binding (FEB) was determined by molecular docking simulation and the results showed
that FEB was statistically more negative (p < 0.05), following the order SWCNT-COOH > SWCNT-OH >
SWCNT, suggesting that polar groups favor the anchorage to ANT-1. In this regard, it was showed that
key ANT-1 amino acids (Arg 79, Asn 87, Lys 91, Arg 187, Arg 234 and Arg 279) responsible for ADP-
transport were conserved in ANT-1 from different species examined to predict SWCNT interactions,
including shrimp Litopenaeus vannamei and fish Danio rerio commonly employed in ecotoxicology. The
SWCNT-ANT-1 inter-atomic distances for the key ANT-1 amino acids were similar to that with
carboxyatractyloside, a classical inhibitor of ANT-1. Significant linear relationships between FEB and n-
Hamada index were found for zig-zag SWCNT and SWCNT-COOH (R? = 0.95 in both cases). A
Perturbation Theory-Nano-Quantitative Structure-Binding Relationship (PT-NQSBR) model was fitted
that was able to distinguish between strong (FEB < —14.7 kcal mol™) and weak (FEB = —14.7 kcal mol™)
SWCNT-ANT-1 interactions. A simple ANT-1-inhibition respiratory assay employing mitochondria
suspension from L. vannamei, showed good accordance with the predicted model. These results
indicate that this methodology can be employed in massive virtual screenings and used for making
regulatory decisions in nanotoxicology.

1 Introduction

Nanotechnology has brought great advances to many fields of
modern science. Multiple applications of nanomaterials have
been found by virtue of their optical, electrical and chemical/
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in nanomedicine as active ingredients, supportive substrates
and pharmaceutical excipients for the design of versatile drug
delivery systems."?

Given these diverse and important applications, it is ex-
pected that the number and variety of manufactured CNTs will

58680 | RSC Adv, 2016, 6, 58680-58693 This journal is © The Royal Society of Chemistry 2016



Paper

increase rapidly over the next years, imposing a need for new
methods to quickly test the potential toxicity of these nano-
materials for their safe use in nanotechnologies.”

Implementation of in silico methods based in Docking
Simulation (DS) appears to be an efficient alternative for the
prediction of the potential toxicity and environmental impact of
CNTs. DS methodology predicts the non-covalent binding of
a receptor (usually an enzyme or protein) and a ligand (smaller
molecules as SWCNT) at the atomic level.> The algorithms
defined in DS can test hundreds of thousands of ligand
conformations and orientations to find the best receptor-ligand
binding affinity by assigning and optimizing a score.**

In particular, Docking Simulation (DS) coupled to a Virtual
Screening Framework (DS-VSF) represents a powerful new
technique for the rational design of a SWCNT before its mass
production because it allows the computational analysis of
a large volume of hypothetical compounds and the selection of
the compounds that might have a greater chance of interacting
with certain receptors or targets.>” Currently there are no
precedents of this methodology applied to the evaluation of
potential toxicity of SWCNT.

Some in vitro studies have been demonstrated that SWCNTs
exert cytotoxicity after their accumulation in the mitochondria
matrix and/or by affecting the function of mitochondrial
proteins of the inner membrane.® Previous in vitro research
including drugs and environmental pollutants using sub-
mitochondrial particles (respiratory chain complexes I, II, III,
IV; ADP/ATP translocator, ATP synthase/ATPase) to predict the
toxic impact of 92 different xenobiotics showed a strong corre-
lations with the toxicity in human and indicated that the
mitochondria are a relevant model for studying the relative
toxicity of many xenobiotics.” On the other hand, some authors
using DS have found that carbon nanomaterials can block
different protein channels for the transport of cations, anions
and zwitterions, as the CNTs are rich in hydrophobic residues at
the catalytic sites, similar to natural toxins and synthetic drugs
specific for these channels.**3.

A few theoretical works have predicted that the electronic
properties of carbon nanotubes depend on both the chirality
and diameter, which are both functions of n and m parameters,
known as the Hamada indices and defined by wrapping spec-
ifies a translation vector of the graphene lattice (chiral vector;
Cp). Each CNT topology is usually characterized by these two
parameters, thus defining some peculiar symmetries such as
armchair (n = m), zig-zag (n > 0; m = 0) and chiral (n > m > 0)
forms.™ ™ The indexes n and m determine the electronic
properties of CNT, which can vary between being metallic and
non-metallic. If (n — m) is a multiple of 3, then the CNT exhibits
metallic behavior, otherwise the CNT exhibits semiconducting
or non-metallic behavior. Furthermore, the presence of OH and
COOH covalent functionalization may affect the electro-
chemical properties and reactivity of the CNT.™ However, the
constitutional and/or electro-topological nanodescriptors of
CNT (such as diameter, chirality, and functionalization) have
not yet been considered from the point of view of quantitative
structure-property/activity relationships (QSPR/QSAR) with
respect to their interactions with mitochondrial proteins. This

This journal is © The Royal Society of Chemistry 2016
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method may play an important role as a predictive tool for the
risk assessment of nanomaterials, as indicated by the pioneer-
ing works on nano-QSPR studies of nanoparticles (NQSPR)
published by Puzyn (2009).*” In general, the main assumption of
QSPR/QSAR models is that similar molecules have similar
properties. Consequently, smaller changes in the structure of
the system should correlate linearly with smaller changes on the
values of its properties. However, not all similar molecules have
similar properties. The underlying problem is therefore how to
define one smaller structural change on a molecular level. The
problem is relevant because each type of property, e.g., partition
coefficient, reactivity, or metabolism, is expected to depend on
another difference. It means that it is necessary to quantify
“smaller” variations (perturbations) in the molecular structural
level that in turn imply a “smaller” linear change in the free
energy of interaction of the nano-drug with the receptor (or CNT
with mitochondrial proteins).*®

Very recently, Gonzalez-Diaz et al (2013) formulated
a general purpose Perturbation Theory (PT) model for chemo-
informatics problems with multiple-boundary experimental
conditions.” This new methodology is potentially useful to
carry out Quantitative Structure-Binding Relationships (QSBR)
in the context of the present work to predict the interaction of
SWCNT with ADP/ATP mitochondrial carrier isoform 1 (ANT-1)
in quantitative terms. However, to do so, the method must be
adapted for QSBR studies in nanosciences. In this work, it was
describe the re-formulation of this model to develop a new type
of PT-Nano-QSBR model for nanoparticles (PT-NQSBR models)
to be used for in silico studies of SWCNT-ANT-1 interactions.

ANT-1 catalyzes the electrogenic ADP>~ and ATP*~ exchange
across the inner mitochondrial membrane. The transporter
provides ATP*~ efflux into the cytosol in exchange for the entry
of ADP?” into the mitochondrial matrix during oxidative
phosphorylation, which can be estimated in terms of efficiency
as ADP/O ratio. Considering the relationship between the
amount of ADP and total amount of oxygen consumed during
state III of respiration ADP-dependent. By the other hand, the
ADP transport can be specifically inhibited by carboxya-
tractyloside (CATR), which reduces the ADP affinity. Particularly
in the cationic cluster consisting of key amino acids (Arg 79, Asn
87, Lys 91, Arg 187, Asp 231, Arg 234) involved in the ADP-
transport through active site of ANT-1.>%**

Under several pathophysiological conditions such as
cardiomyopathy, Alzheimer disease and lactic acidosis, ANT-1 is
a component of the mitochondrial permeability transition pore
(PTPM), a multiprotein complex that is directly implicated in
apoptosis.** The induction and/or inhibition of the PTPM-
(ANT-1) by SWCNT could represent an attractive therapeutic
strategy to induce cytotoxicity and/or cytoprotection based on
the modulation of ANT-1 function. In these sense, some
potential pre-clinic applications of SWCNT could be consid-
ered: (1) death of cancerous cells by conformational changes of
ANT-1 associated with the inhibition of ADP transport and
mitochondrial swelling, which act as an MPTP-(ANT-1)
inducer;**** and (2) as an MPTP-(ANT-1) inhibitor, preventing
mitochondrial calcium overload in the calcium binding domain
of ANT-1 and the migration of ANT-1 during MPTP-(ANT-1)

RSC Aadv., 2016, 6, 58680-58693 | 58681
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assembly in pathophysiological conditions, on the basis that
ADP is an inhibitor of MPTP and has an important role in
oxidative phosphorylation.**?¢>*

In present study, it was analyzed how covalent functionali-
zation (-OH and -COOH) and different structural geometries of
SWCNT including armchair, chiral and zig-zag forms can act as
specific inhibitors of ANT-1. Taking into account the informa-
tion cited above, the main objective of this study was to evaluate
the interactions between SWCNT and ANT-1 using DS-VSF and
nano-QSBR-perturbation theory (PT) model to predict the
structural attributes of SWCNT involved in the interactions with
mitochondrial ADP transport by ANT-1.

2 Materials and methods

2.1. Docking simulation

To analyze the interaction between the ANT-1 protein and
various types of carbon nanotubes, it was followed the workflow
depicted in Fig. 1. In this methodology, the first step consists of
preparing the ANT-1 macromolecule structure file (receptor),
which was obtained from the RCSB Protein Data Bank (PDB).>®
Before the molecular docking, ANT-1 molecular structures was
converted in pdbqt format using the AutoDockTools 4 software
for AutoDockVina. The computational algorithm includes the
removal of water molecules crystallographic and all the co-
crystallized ANT-ligand molecules as carboxyatractyloside
(molecular name: CXT, classical inhibitor of the ADP-transport)
of the ANT-1 cavity in the PDB structure file and other like

Paper

cardiolipin (molecular name: CDL, phospholipidic component
of mitochondrial outer membrane), 3-laurilamido-N-N'-dime-
thylpropylaminoxide (molecular name: LDM), 1,2-diacyl-SN-
glycero-3-phosphocholine (molecular name: PC1). Also it was
performed the addition of hydrogen atoms with appropriate
built-in modules to add partial charges, protonation states fol-
lowed by bond orders assignment and set up rotatable bonds.

In the second step, the SWCNTs-ligands (pristine-SWCNTs
or SWCNT-H) structures were carefully modeled taking to
account general CNT-nanodescriptors semi-empirical values for
[n] and [m]-Hamada indexes calculated by H. Yorikawa and S.
Muramatsu in 1995 (ref. 29) and others CNT-parameters like
molecular weight, number of bonds, number of atoms, ratio,
diameter, hexagons number/1D unit cell, metallic and/or sem-
iconducting properties.> For this instance it was used the
software Nanotube Modeler (http://www.jcrystal.com/products/
winent/) version 1.7.5 registered to one of the authors (J. M.
Monserrat). Furthermore, some pristine-SWCNT structures
were oxidized either with carboxyl (-COOH) or hydroxyl (-OH)
moieties using an advanced semantic chemical editor Avogrado
(Version 1.1.1 free software). All the SWCNT-ligands minimi-
zation was done using the MOPAC extension for geometry
optimization based on the AM1-Hamiltonian method.

An ad hoc framework was developed to configure the virtual
screening (VS) experiments to evaluate the various parameters.
This framework has a web interface in which the user config-
ures the experiment and obtains the respective Python script to
automatically perform the VS steps. In the framework interface,

Prepare the ligands i
h | |
Prepare the receptor Generate Oxidationof ||
btal P PDB 1| SWCNT SWCNT:
Obtain Ipaiek “I'| nanotubes OH and COOH
PDB for docking
o
Y.
Calculate the Analyze the Perform the Configure the VS
Receptor-Nanotubes |e&q docking |& 'S e— experimentusingthe
interactions results experiment Framework

l

FEB

L

Fig. 1 Methodology employed for performing the virtual screening

<FEB>

1

PT-NQSBR
model

Vg

!

experiment with carbon nanotubes. PDB: protein data bank (http://

C|Llel"</V|

AVL: queryVL & re“vlb

www.rcsb.org/pdb/home/home.do). SWCNT: single walled carbon nanotube. VS: virtual screening and general workflow of the PT-NQSBR

study of SWCNT-ANT-1 binding affinity.
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the user provides information regarding the receptor file (ANT-
1) and the folder in which all the nanotubes structures are
stored. To evaluate the SWCNTs-ANT-1 in silico interactions
Autodock Vina rigid docking it was implemented, open source
software developed by Trott & Olson (2010) herein the receptor
(ANT-1) and ligands (SWCNTs) were considered as a rigid
molecules.*® Following this idea, conformational rigidification
favors a significant gain of enthalpy of SWCNT-ANT-1
complexes associated to reduction of SWCNT-intramolecular
deformation or vibrational decrease within ANT-1 active site.

In this context, the (SWCNTs-ANT-1) complexes free energy
of binding (FEB) were calculated based on the score function
which attempt to approximate the standard chemical potentials
(AGping)- For this instance, the AG scoring function used
combines the knowledge-based potential and empirical infor-
mation obtained from experimental affinity measurements.
Following this idea, the FEB of SWCNT-ANT-1 complex opti-
mization it was performed with sophisticated gradient and
efficient local optimization algorithm of energy based on quasi-
Newton method like Broyden-Fletcher-Goldfarb-Shanno
(BFGS). In this algorithm, a succession of steps consisting of
a mutation and a local optimization are taken, with each step
being accepted according to the Metropolis criterion.** This
theoretical procedure was performed to the receptor binding
cavity using Cartesian coordinates for ANT-1 grid box size with
the average dimensions of X = 30 A, Y=30A,Z=30A and the
ANT-1 receptor grid box center X =18.8 A, Y=18 A, Z=32 A to
evaluate the SWCNT-ANT-1 interaction, considering the CATR-
biophysical environment (ANT-1 active site) to evaluate the
SWCNT-affinity. Several runs starting from random conforma-
tions were performed, and the number of iterations in a run was
adapted according to the problem complexity. For this instance
an exhaustiveness option of 8 (average accuracy) in each dock-
ing calculation was used.*® The docking output results or FEB
values are similarly defined to AGp;nq values for all docked poses
according to AG energy scoring function with the thermody-
namic description represented below:

AGyping = FEB = GsWCNT/ANT-1 complex)
— GANT-1 receptor) — G(sWCNT)

FEB = AH + AG(solvation) - TAS(bind)
FEB = AE(MM) + AG(GB) + AG(SA) - TAS(bind)

where AG = — RT(In K;), R (gas constant) is 1.98 cal (mol K) "
and K;, represent the predicted inhibition constants at T =
298.15 K. AEu is the gas-phase interaction energy between
receptor (ANT-1) and ligands (SWCNTs), including the electro-
static and van der Waals interactions; AG(gp) and AG(s,) are the
polar and non-polar contributions of desolvation free energy,
respectively. —TAS(ing) is the conformational entropy change
upon SWCNT binding. Docking was considered as energetically
unfavorable when a FEB for SWCNT-ANT-1 complex = 0 kcal
mol ' indicating either extremely low or complete absence of
binding affinity. Following this criteria only the Gibbs free
energy of binding (FEB) were obtained. The remaining default
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thermodynamic parameters implicit on the AG energy scoring
function were not analyzed in this study.

The next step was the analysis of the FEB results inter-atomic
distances between key amino acids of the receptor (ANT-1) and
atoms at the best binding position for ligands (SWCNT).**** It
was considered key amino acids those involved in the inhibition
of ADP transport by CATR, in way to compare the SWCNT
inhibitory potential with this inhibitor.

2.2. Performed docking simulations

For the docking simulations we used, as stated above, the
protein ANT-1 from Bos taurus (see Section 2.3) as the receptor
(PDB ID 10KGC, resolution 2.2 A) and the following SWCNTs as
ligands: armchair, armchair-COOH and armchair-OH (Hamada
index n = m; 21 nanotubes); chiral, chiral-COOH and chiral-OH
(no reflection symmetry; 93 nanotubes); and zig-zag, zig-zag-
COOH and zig-zag-OH (Hamada index m = 0, n > 0; 21 nano-
tubes). Carboxy-atractiloside (CATR: C3;H46045S,), the classical
inhibitor of ANT-1, was used as a control to compare the affinity
and/or interactions of SWCNT with ANT-1. For this instance, to
analyze the receptor-nanotube interaction, a cutoff value of 7 A
was used.** Particularly for the cationic cluster consisting of key
amino acids (Arg 79, Asn 87, Lys 91, Arg 187, Asp 231, Arg 234)
involved in the ADP transport by ANT-1, ie., all atoms with
distances below this cutoff were considered as interacting
atoms. All docking simulations were performed using the
default values for Autodock Vina parameters.

2.3. Protein alignments

Sequences of ANT-1 from bull Bos taurus (NP_777083.1), human
Homo  sapiens (NP_001142.2), mouse Mus musculus
(NP_031476.3), rat Rattus norvegicus (NP_445967.1), fish Danio
rerio  (NP_999867.1), copepod Lepeophtheirus salmonis
(ACO12396.1) and shrimp Litopenaeus vannamei (AEZ68611.1)
obtained from Gene Bank database (http://
www.ncbi.nlm.nih.gov/genbank/). The alignments were per-
formed on-line using the free software Clustalw2 (http://
www.ebi.ac.uk/Tools/msa/clustalw2/).

were

2.4. PT-NQSBR models

In this section it was carried out a chemoinformatics model
incorporating the theoretical free energies of binding (FEB)
calculated in molecular docking experiments. For this instance,
it was described the re-formulation of QSPR approach based on
Pertubation Theory (PT) in order to develop a new type of PT-
Nano-QSBR model for prospective classification of carbon
nanotubes associated to ANT-1-mitotoxicity. The PT-NQSBR
model proposed here is an additive equation with non-linear
terms expressed in the following form:

Kmax Kmax
S(FEB) ey = @f (FEB) o + > b Vi + > Vi + e (1)
k=1 k=1
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Kmax Kmax

S(FEB)yury = ao(FEB)g oy + D ax®™™ Vi + Y b[* "V,
k=1

k=1
_ref Vk} 4 o (2)

The first input term is the function f{FEB)er = (FEB)query
which is the average value of FEB for all the SWCNT of the same
class as query SWCNT. It means that (FEB)query can be consid-
ered as the expected value of FEB for the interaction of a new
SWCNT (query SWCNT) with the target protein ANT-1
(assuming a normal distribution). The second class of terms
Vi are the values of the structural parameters of the query
SWCNT. Last, the difference (AV; = "V, — "V;) quantify the
deviations or perturbations (changes, distortions, etc.) on the
SWCNT-structural parameters (1"?V;) of the new SWCNT
compared with those of the original reference SWCNT (V).
We can substitute each symbol V; by the classic symbol of the
respective property (SWCNT-nanodescriptors) and expand the
input terms in order to understand better this mathematical
formalism following the eqn (3) and (4):

Kmax Kmax

S(FEB) oy = a0(FEB) oy + Y @iiiquery +
k=1 k=1

bk nquery

Kmax Kmax

+ > alAM] 4 dAN] + e 3)
k=1 k=1

Kmax Kmax

f(FEB)query = a0<FEB>query + Z AicMquery + Z bknquery
k=1

k=1

Kimax Kimax

+ Z Cr [quucry - ercf] + Z d [Naqucry — Ny
k=1 k=1

+ e

(4)

Refers to Table 1 to see more details of the employed model.
It was used the Linear Discriminant Analysis (LDA) forward-
stepwise algorithms implemented in the software STATISTICA
to fit the values of the parameters (ay, ax, bx, ¢, dr and e) and
other parameters of the model. In the PT-NQSBR model, the
output f{[FEB)query is a function of the value of FEB for the new
SWCNT-structure which contains the CNT-nanodescriptors

Table 1 Variables used as input for the nano-QSBR model. CNTs
stands for carbon nanotubes

Nano-QSBR model

input variables CNTs-nanodescriptors details (V)

(FEB) query FEB-expected value for a CNT of the same type
than the query

Mquery m Hamada index values for CNTqyery

Nquery n Hamada index values for CNTqyery

AMy =My, — M, Difference in molecular weight (M,,) between
the query and reference CNT

AN, =N, — Na, Difference in number of atoms (N,) between the

query and reference CNT

58684 | RSC Adv., 2016, 6, 58680-58693
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(Hamada index n and m, diameter, molecular weight, number
of atoms). Following this idea, it is important to note that the
SWCNT-diameter as a relevant nanodescriptor on the predic-
tion of the AIFEB)quer it was considered in our chemo-
informatics model through Hamada index n and m, because
this structural parameter has a strong and direct proportion-
ality relationship with the different geometry configurations of
SWCNT evaluated as referred in the Section 2.2 according to

eqn (5):

dsweNT(n, my = 0.783v/12 + nm + m? (5)

In Fig. 1, it is depicted the workflow for this theoretical
process. These PT-NQSBR models should predict the proba-
bility of interaction of the CNT structures with a target protein
(ANT-1 in this case).

2.5. Statistical analysis

Mean free energy binding (FEB) from the various carbon
nanotubes were compared through two-way analysis of variance
in which the factors were CNT functionalization (-H, -OH and
—-COOH) and geometry (chiral, armchair and zig-zag). Previ-
ously, normality and variance homogeneity assumptions were
verified. Pairwise comparisons were performed using the New-
man-Keuls post hoc test. Quantitative structure-affinity rela-
tionships were evaluated through the use of stepwise multiple
regressions considering the SWCNT-1-ANT-1 complex FEB
values as the dependent variable and several CNT quantitative
nanodescriptors (n, m, chiral angle, molecular weight and
diameter) as independent variables. In all cases, the signifi-
cance level was fixed at 0.05.

2.6. Experimental measure of oxygen consumption of
isolated mitochondria from shrimp Litopenaeus vannamei
exposed to carbon nanotubes

Taking account the importance of developing of alternative
methods in nanotoxicology and in order to corroborated the in
silico evidences it was performed a rapid and simple respiratory
biochemical experiment, considering the ANT-1 mitochondrial
physiology using one of the species considered in the docking
analysis (the shrimp Litopenaeus vannamei). In this regard,
mitochondria from hepatopancreas of Litopenaeus vannamei
were isolated by standard differential centrifugation.**® For
this instances adult L. vannamei shrimp weighing 30 £+ 1 g were
acclimatized to laboratory conditions for 8 days in marine water
at 28 °C, 35 ppt salinity, constant aeration at 6 mg O, per L, and
commercial food was supplied twice a day. All procedures per-
formed with L. vannamei were carried out are in accordance with
the Code of Ethics of the World Medical Association (Declaration of
Helsinki) for animal experiments. After acclimation, seven
shrimp were euthanized by decapitation. Hepatopancreas were
immediately removed, sliced in medium (50 mL) consisting of
250 mM sucrose, 1 mM ethyleneglycol-bis(B-aminoethyl)-
N,N,N',N'-tetraacetic acid (EGTA) and 10 mM HEPES-KOH, pH
7.2, and homogenized three times for 15 s at 1 min intervals
using a Potter-Elvehjem homogenizer. Homogenates were
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centrifuged (580 x g, 5 min at 4 °C) and the resulting super-
natant further centrifuged (10 300 x g, 10 min at 4 °C). Pellets
were then suspended in medium (10 mL) consisting of 250 mM
sucrose, 0.3 mM EGTA and 10 mM HEPES-KOH, pH 7.2, and
centrifuged (3400 x g, 15 min at 4 °C). The final mitochondrial
pellet was suspended in medium (1 mL) consisting of 250 mM
sucrose and 10 mM HEPES-KOH, pH 7.2, and used within 3 h.
Mitochondrial protein contents were determined by the Biuret
reaction.*>®

Continuous-monitoring of oxygen consumption in mito-
chondrial suspensions was polarographically determined with
a Clark-type electrode (Oxygraph System Hansatech Instru-
mens) in a 2 mL glass chamber equipped with a magnetic
stirrer. Isolated mitochondria (1 mg protein per mL) from
hepatopancreas were energized with 5 mM potassium succinate
(plus 2.5 pM rotenone) in a standard incubation medium con-
sisting of 125 mM sucrose, 65 mM KCl, 2 mM inorganic phos-
phate (K,HPO,) and 10 mM HEPES-KOH pH 7.4 at 20 °C in
standard respiration medium. The experimental approach was
calibrated using the oxygen content of air saturated
medium.*>*

It were performed respiration protocols using three types of
multi-walled carbon nanotubes MWCNT which were formed by
3 concentric tubes with distance of 0.34 nm between each wall
and semiconducting behavior (conductivity = 100 S cm ™). The
outer diameter of D, = 7.6 £ 1.5 A for the three CNT-samples
were similar to maximum diameter of zig-zag-SWCNTS (Dyax =
7.051 A) used in the molecular docking experiments. The final
concentration was 5 ug mL " in all cases.

Before the respiratory assays MWCNTs were dissolved in
dimethyl sulfoxide (DMSO: 900 pL) and ultrapure Milli Q water
(100 uL), to prepare individual stock suspensions at a concen-
tration of 1 mg mL . In order to prevent CNTs agglomeration
for the oxygen consumption assays, it was employed tip-
sonication regime during 5-10 min to generate a non-
agglomerated suspension or monodisperse state for these
CNT-samples. The sonication power was 9.3 W, with an energy
input of 16.7 kJ at 25 °C using a Ultronique/Eco-sonics Q-3.0/
40A sonicator. After, samples were stirred for 10-15 min. The
resulting diluted suspensions were cooled to room temperature
and filtered through a 0.22 pm polycarbonate membrane (Mil-
lipore, USA), before exposure to mitochondria suspensions at
a final concentration of 5 pg mL ™.

Mitochondria (Mit) total oxygen consumption was calculated
as the difference between oxygen concentration of respiration
medium (Resp med) at time 0 and oxygen concentration at the
end of the measurement (300 s). This allowed the estimation of
% ADP-transport inhibition considering oxygen consumption of
treatment (3) (see below) as 100%. For this instance, it were
performed several combinations of treatments in order to
evaluate the ANT-1 inhibition as following: (1) Resp med (blank
control), (2) Resp med + Mit, (3) Resp med + Mit + ADP, (4) Resp
med + Mit + ADP + CATR, (5) Resp med + Mit + ADP + MWCNT-
(H), (6) Resp med + Mit + ADP + MWCNT-OH, and (7) Resp med
+ Mit + ADP + MWCNT-COOH. CATR refers for carboxya-
tractyloside, the specific inhibitor of ANT-1. A final concentra-
tion of 1 uM of the inhibitor was employed in the assays. For the
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whole assays, two different experiments with two different
mitochondrial suspensions of L. vannamei were performed.

2.7. Identification of (COOH and OH)-moieties of carbon
nanotubes by Fourier transforms infrared spectroscopy (FT-
IR)

FT-IR spectra of carbon nanotubes samples from ANT-1 respi-
ratory biochemical test (MWCNT, MWCNT-OH, MWCNT-
COOH) were performed in the range 4000 to 400 cm ™' using
IR spectrophotometer (Shimadzu PRESTIGE-21) with Fourier
transform infrared spectroscopy for the analytical identification
of the functional group attached on the surface of the CNTs
(OH, COOH). Each CNT-samples were analyzed in solid state by
diffuse reflectance. For data processing, the Microcal Origin 5.0
software was used. All spectra were base line corrected and
vector normalized. The scan number was set at 45 and the
spectral resolution at 4 cm™'. See in details in Fig. 2 of the
molecular FT-IR signatures.

3 Results and discussion

The use of computational tools has been recommended and
recognized by major regulatory agencies including the Organi-
zation for Economic Cooperation and Development (OECD,
2009) and the International Organization for Standardization
(ISO/TC 229, 2011) based on the importance of developing
alternative methods in nanotoxicology.*®*° In accordance with
this idea, the prediction of the relationships between the
physico-chemical properties and the biological responses to
carbon nanomaterials is now considered of paramount impor-
tance. A large number of studies in nano-scale systems have
emphasized the importance of combining advanced experi-
mental data with theoretical models that can distinguish
among various atomic configurations. In this sense, computa-
tional algorithms can be effective tools to relate the biological
effects with complex descriptors of carbon nanomaterials that
are not easy to analyze experimentally.*” In the present study, it
was evaluated the relationships between the structural and
geometric properties of a family of SWCNT in order to identify
sites potentially suitable for the ANT-1 interactions. Firstly, the
influence of CNT-geometry/chiral configuration and type of
oxidation was considered. The FEB values were compared for
different families of SWCNT (SWCNT, SWCNT-COOH, SWCNT-
OH). As shown in Fig. 3, more negative FEB values, which
represent higher affinity for the interaction with ANT-1, fol-
lowed the order SWCNT-COOH > SWCNT-OH > SWCNT =
carboxy-atractiloside (CATR, classical inhibitor of ANT-1).
Taking into account that according to Pebay-Peyroula et al.
(2003),%” the protein ANT-1 has dimensions of 20 and 40 A for
diameter and depth, respectively, it is expected that these are
the maximum dimension limits that would allow interaction of
a CNT with the protein. In fact, the diameters of the CNT
assayed in the docking analysis ranged from 2.35 to 12.21 A and
in all cases the length was 10 A. Note that Pebay-Peyroula et al.
(2003) determined that the depth of the cavity for ADP binding
is 10 A. Thus, under the experimental conditions employed
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Fig.2 Fourier-transformed infrared (FT-IR) spectrum of CNT-samples
(MWCNT, MWCNT-OH, MWCNT-COOH) are depicted. (A) For
MWCNT sample, the water OH-linkages peaks appear as a broad band
between 3575 and 3211 cm™ and C=C stretch defined by the peak at
1625 cm™t. (B) For MWCNT-OH, three phenol (OH)-linkages peaks
appear as a broad band from 3600 to 3300 cm~* and C=C stretch at
1633 cm™. Also additional stretching frequency is observed at 1390
cm™ for C-OH. (C) The MWCNT-COOH spectrum is characterized by
a broad band at 3421 cm™! due to the stretching mode of the OH
groups of carboxyl acid. Carbonyl groups of carboxyl acid C=0O
stretch at 1635 cm~* as well as the C=C stretch at 1620 cm ™ and the
C-OH stretch at 1390 cm™™. In addition, it was depicted the small peak
for sp?-aromatic hydrogen Ar-H above 3000 cm™. In all cases, peaks
marked » refers to stretching mode.

58686 | RSC Adv., 2016, 6, 58680-58693

Paper
0
54
-104
n°laaa
w -204
w
-25- abab b [JLIY
304 = swent bbb
35 T3 SWCNT-OH
3 SWCNT-COOH
'40 1 T 1 1 1 1 1 1 1
azc¢c azc azec

Fig. 3 Free energy binding (FEB, in kcal mol™?) of adenine nucleotide
translocase (ANT-1) with pristine, hydroxylated and carboxylated
carbon nanotubes (SWCNT, SWCNT-OH and SWCNT-COOH,
respectively). Each value is expressed in terms of the mean £ 1 error
standard. Similar letters indicate the absence of significant differences
(p > 0.05) between the different carbon nanotubes. Carbon nanotubes
with different forms of chirality were considered: armchair (a), zig-zag
(z) and chiral (c). The dotted blue line represents the FEB value
determined for the specific inhibitor carboxyatractyloside. In all cases
the results were obtained using docking simulations (see Material and
methods for details).

here, there were no steric constraints for the interaction of CNT
with the catalytic site of ANT-1.%"

The results showed interesting aspects regarding the
potential for SWCNT to modulate the activity of ANT-1, indi-
cating that the employed theoretical procedure can be consid-
ered for the rational design of carbon nanomaterials with
higher affinity and specificity for ANT-1. The carboxylate
(COO™)-moieties of SWCNT-COOH may be important for elec-
trostatic interactions at the internal ANT-1 hydrophobic pocket,
which is formed by five cationic arginine residues (Arg 79, Arg
187, Arg 231, Arg 234, and Arg 279). This observation highlights
the importance of hydrophobic residues, particularly arginine
rich regions, to form stable complex with SWCNT as has been
suggested by Park et al. (2003) for studies of the molecular
docking between SWCNT and K'-channels.’> Pebay-Peyroula
et al. (2003) considered the COOH-moiety to be a toxicophore
important for the ADP transport inhibition by carboxy-
atractyloside (CATR).*” In contrast, the presence of the OH-
moiety of CATR is considered to be a low affinity descriptor
for the ANT-1 interaction.?**”

It seems reasonable to propose that the COOH-moiety of
SWCNT-COOH can establish stable complexes of salt bridges
with ANT-1, similar to the COO™ group of CATR. In this way,
deprotonated SWCNT-COO™ could disrupt the association of
the ADP®~ anion with the positive amines of Arg or Lys residues
present at the bottom of ANT-1 cavity. The same authors indi-
cated that the carboxyl groups of CATR bind primarily to resi-
dues Arg 79, Asn 87, Lys 91, Arg 187, Arg 231 and Arg 234 at the
active site of bovine ANT-1. These interactions showed an
electrostatic attraction, which explains the high efficiency of
this inhibitor to induce mitotoxic responses through the
significant reduction of phosphorylation efficiency (ADP/O
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ratio) and ATP synthesis. According to the FEB values obtained
for the CATR or SWCNT interactions with ANT-1, the following
order of affinity can be postulated: ANT-1-CATR complex ~
ANT-1-SWCNT pristine (armchair, zig-zag and chiral) ~ ANT-1-
SWCNT-OH (armchair and zig-zag) < ANT-1-SWCNT-OH (chiral)
~ ANT-1-SWCNT-COOH (armchair, zig-zag and chiral) (Fig. 3).
These in silico evidences suggest that SWCNT have great
potential to exert drastic effects in the same biophysical envi-
ronment as that affected by the specific inhibitor CATR,
increasing the likelihood of inducing mitochondrial toxicity.

In this context, single walled carbon nanotubes can induce
mitotoxicity through the modulation of the ADP/ATP transport
in diseases such as cancer through the induction of the mito-
chondrial permeability transition pore (MPTP), mitochondrial
dysfunction and apoptosis, in which ANT-1 is an important
player on the cell bioenergetics triggering of the MPTP-(ANT-1)
in pathophysiological circumstances.>***>7*

As mentioned in the Introduction section, ANT-1 plays an
important role in maintaining the cellular redox potential and
phosphorylation efficiency (ADP/O ratio), explaining its wide
distribution in all eukaryotic species. In particular, the key
amino acids (Arg 79, Asn 87, Lys 91, Arg 187, Asp 231, Arg 234)
involved in the ADP transport by ANT-1 were shown to be fully
conserved in all the species analyzed (Bos taurus, Mus musculus,
Rattus norvegicus, Danio rerio, Lepeophtheirus salmonis, Litope-
naeus vannamei, and Homo sapiens).?® In this way it was possible
to extrapolate SWCNT affinity to ANT-1 from Bos taurus
employed in this study to different animal species. To evaluate
the coincidence of the key amino acids of ANT-1 involved in the
interactions with the families of SWCNT (SWCNT, SWCNT-
COOH, SWCNT-OH) in ANT-1 (Table 2), the ANT-1 sequence
from bull Bos taurus (NP_777083.1) was aligned with the
homologous sequences from other relevant species to extrapo-
late the interactions and/or potential toxicity of SWCNT based
on comparison with the classical inhibitor of ANT-1 (carboxya-
tractiloside, CATR), proposed as control to compare the affinity
(FEB). As shown in Fig. 4, these amino acids are fully conserved
in all species analyzed.

Furthermore, the inter-atomic distance values between
SWCNT and the key amino acids (Arg 79, Asn 87, Lys 91, Arg
187, Asp 231, Arg 234) for binding to ANT-1 are, in most of the
cases tested, very similar to the critical values for the interac-
tions of the same amino acids with the classical inhibitor of
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ANT-1 (carboxyatractiloside, CATR) crystallographycally deter-
mined by Pebay-Peyroula et al., 2003.%” This was true particularly
for Arg 79, Asn 87, Lys 91, Arg 187, which are known to be
directly involved in the inhibition of ADP-transport (Table 2).*
In ESI S4+ it can be found the 3D structural alignment of ANT-1
from different species (Fig. S4t) as well as the root-mean-square
deviation of atomic positions (RMSD) (Table S4at) and the FEB
values after performing rigid docking simulations (Table S4b¥)
that showed no significant differences (p > 0.05) between
species.

The analysis presented in this study should provide relevant
information about biochemical models used for the evaluation
of the interactions of CNT with ANT-1. In particular, this
methodology may be used to understand the inhibitory mech-
anism and to infer a “binding site common substrate” with
a location for interaction similar to that of the carbon nano-
tubes. This would permit extrapolation of the interactions and/
or potential toxicity induced by the family of SWCNTs on ANT-1
independently of the phylogenetic position of evaluated species.

Consistent with our goal, the results obtained for the electro-
topological properties (diameter-chirality, and functionaliza-
tion) and the ANT-1 affinity (FEB) relationship indicated that
the chiral index 7 is a relevant electro-topological descriptor to
predict the interaction of some carbon nanotubes (zig-zag
SWCNT and zig-zag SWCNT-COOH) with ANT-1. In this sense
the correlation between electro-topological nano-descriptors
and affinity (FEB) by ANT-1 was determined. When the influ-
ence of the various geometric configurations of SWCNT on the
affinity to ANT-1 were analyzed, the chiral index n for the zig-zag
carbon nanotubes (pristine and carboxylated) was shown to
have an excellent linear correlation (R*> = 0.95) with FEB (p <
0.05; Fig. 5a and b). In contrast to these results, a low R* (0.65)
was observed for the linear relationship between FEB and 7 in
zig-zag SWCNT-OH (Fig. 5¢). The two dimensional (2D)-contour
plot analysis to the FEB values for SWCNT, SWCNT-COOH and
SWCNT-OH are depicted in the Fig. 5e and f to show that from
both Hamada index, only n was relevant to describe SWCNT-
ANT-1 interaction.

On the other hand, the chiral index m does not seem to be
a relevant descriptor of SWCNT-ANT-1 interactions, given the
lack of significant correlation (p > 0.05) with the FEB values for
the three geometric configurations of SWCNT studied (zig-zag,
armchair, chiral) and for all functional groups evaluated

Table 2 Comparison between inter-atomic distances for ANT-1 specific inhibitor or carboxy-atractiloside (CATR)-ANT-1 (critical residues to
ADP-transport) versus inter-atomic distances of three different pristine single walled carbon nanotubes (SWCNT) tested as ANT-1 ligands:
a (armchair), ¢ (chiral) and z (zig-zag). The numbers between brackets indicate the Hamada indices (n, m). All distances are expressed in
angstroms (A). The distances for CATR were obtained from Pebay-Peyroula et al. (2003)*

Amino acids CATR distance

a-SWCNT (9, 9) distance

¢-SWCNT (5, 4) distance z-SWCNT (9, 0) distance

Arg 79 2.65 3.81
Asn 87 3.12 8.50
Lys 91 2.73 3.60
Arg 187 3.0 5.02
Asp 231 3.0 15.40
Arg 234 3.0 5.30
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9.90 2.30
2.90 3.80
2.44 2.51
8.77 3.06
20.10 10.60
10.70 7.80
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gi|148747424|ref |NP_031476.3| MGD - - QALSFLKDFLAGGIAAAVSKTAVAPTERVKLLLQVQHASKQISAE 48
gi|32189355|ref |NP_445967.1| MGD - - QALSFLKDFLAGGIAAAVSKTAVAPIERVKLLLQVQHASKQISAE 48
gi|55749577 | ref |NP_001142.2| MGD - - HAWSFLKDFLAGGVAAAVSKTAVAPIERVKLLLQVQHASKQISAE 48
9132189340 |ref|NP_777083.1|  MSD--QALSFLKDFLAGGVAAAISKTAVAPIERVKLLLQVQHASKQISAE 48
gi| 47550717 |ref |NP_999867.1| MSD - - AAISFLKDFLAGGVAAATSKTAVAPIERVKLLLQVQHASKQITAD 48
gi]374722920|gb|AEZ68611.1| MGKAFDPMSFVKDFLAGGIAAAVSKTAVAPIERVKLLLQVQAVSKQISAD 50
gi]225713100|gb|AC012396.1| MSK----- DFVLDLVAGGVSAAISKTIVAPLERIKILLQIQDASKYIPKD 45
k‘. .t: *::tﬁt::tl:*** !t*:tt:’:*it:i .t! *. e
gi|148747424|ref |NP_031476.3| KQYKGIIDCVVRIPKEQGFLSFWRGNLANVIRYFPTQALNFAFKDKYKQI 98
gi]32189355 | ref |NP_445967.1]| KQYKGIIDCVVRIPKEQGFLSFWRGNLANVIRYFPTQALNFAFKDKYKQI 98
gi|55749577 |ref|NP_001142.2| KQYKGIIDCVVRIPKEQGFLSFWRGNLANVIRYFPTQALNFAFKDKYKQL 98
9132189340 |ref|NP_777083.1]  KQYKGIIDCVVRIPKEQGFLSFWRGNLANVIRYFPTQALNFAFKDKYKQI 98
gi| 47550717 | ref |NP_999867.1| MQYKGIIDCVVRIPKEQGFLSFWRGNLANVIRYFPTQALNFAFKDKYKKI 98
gi|374722920|gb|AEZ68611.1| QAYKGMVDCFVRIPKEQGVLAYWRGNLANVIRYFPTQALNFAFKDKYKQI 100
gi|225713100|gb|AC012396.1| QRYTGLVDCFRRVNAEQGTLSFWRGNVVNVVRYFPTQAFNFAFKDKYQKI 95
l.'::'.' ﬁ: .k '::"Q':.'*:.!""t:*tﬂﬁﬁﬁﬁﬁzn
gi|148747424|ref |NP_031476.3| FLGGVDRHKQFWRYFAGNLASGGAAGATSLCFVYPLDFARTRLAADVGKG 148
gi|32189355|ref |NP_445967.1| FLGGVDRHKQFWRYFAGNLASGGAAGATSLCFVYPLDFARTRLAADVGKG 148
gi| 55749577 | ref |NP_001142.2| FLGGVDRHKQFWRYFAGNLASGGAAGATSLCFVYPLDFARTRLAADVGKG 148
gi| 47550717 | ref |NP_999867.1| FLGGVDKNTQFWRYFAGNLASGGAAGATSLCFVYPLDFARTRLAADIGKG 148
gi| 374722920 |gb|AEZ68611.1 FLGGVDKKTQFWRFFLGNLASGGAAGATSLCFVYPLDFARTRLAADIGKG 150
gi]225713100|gb|AC012396.1| FLDGVDK - KDFWRFFAGNLASGGAAGATSLCIVYPLDFARTRLGADVGKA 144
".Q": .:'!':' ""'."ﬁttit":'I"*""""':'Q.
gi|148747424|ref |NP_031476.3| SSQREFNGLGDCLTKIFKSDGLK - GLYQGFSVSVQGIIIYRAAYFGVYDT 197
gi|32189355|ref |NP_445967.1| SSQREFNGLGDCLTKIFKSDGLK - GLYQGFSVSVQGIIIYRAAYFGVYDT 197
gi|55749577 | ref |NP_001142.2| AAQREFHGLGDCIIKIFKSDGLR-GLYQGFNVSVQGITIYRAAYFGVYDT 197
91]32189340|ref|NP_777083.1| AAQREFTGLGNCITKIFKSDGLR-GLYQGFNVSVQGIIIYRAAYFGVYDT 197
gi|47550717 | ref|NP_999867.1| AAEREFTGLGNCVAKIFKSDGLR-GLYLGFNVSVQGIIIYRAAYFGIYDT 197
gi|374722920|gb|AEZ68611.1| AGQREFNGLGDCLVKIFKADGLG-GLYRGFGVSVQGIIIYRAAFFGLYDT 199
gi]225713100|gb|AC012396.1| AADREFKGLFDCIGKCYKADGLVRGLYPGFLSSVQGIIVYRAIYFGAYDT 194

cEkEK KK k. K o k. kAR *EE KK EAKKKE L hKK S AK K EE

91148747424 | ref |NP_031476.3| AKGMLPDPKNVHI IVSWMIAQSVTAVAGLVSYPFDTVRRRMMMQSGRKGA 247
0i]32189355 | ref |NP_445967.1]| AKGMLPDPKNVHIIVSWMIAQSVTAVAGLVSYPFDTVRRRMMMQSGRKGA 247
gi|55749577 |ref|NP_001142.2| AKGMLPDPKNVHIFVSWMIAQSVTAVAGLVSYPFDTVRRRMMMQSGRKGA 247
9i]32189340|ref|NP_777083.1|  AKGMLPDPKNVHIIVSWMIAQTVTAVAGLVSYPFDTVRRRMMMQSGRKGA 247
9147550717 | ref |NP_999867.1| AKGMLPDPKHTHIVVSWMIAQTVTAVAGIISYPFDTVRRRMMMQSGRKGA 247
gi]374722920|gb|AEZ68611.1 | AKGMLPDPKSAGI IVSWATAQTVTTISGIISYPFDTVRRRMMMQSGRKGA 249
gi|225713100|gb|AC012396.1| CKQMIDKPTFG- - - TKFATAQTVAACSVSIAYPFDTVRRRLMMMSGE - -G 239
‘! Q: 'ﬂ. - ﬂﬂ!:i:: H ::l"'ﬂ'llt:'l lﬂ.
gi|148747424|ref |NP_031476.3| DIMYTGTLDCWRKIAKDEGANAFFKGAWSNVLRGMGGAFVLVLYDEIKKY 297
gi]32189355 | ref |NP_445967.1| DIMYTGTVDCWRKIAKDEGRKAFFKGAWSNVLRGMGGAFVLVLYDEIKKY 297
9i]55749577 | ref |NP_001142.2| DIMYTGTVDCWRKIAKDEGAKAFFKGAWSNVLRGMGGAFVLVLYDEIKKY 297
9147550717 | ref |NP_999867.1| DIMYKGTIDCWKKIAKDEGGKAFFKGALSNVIRGAGGAFVLVLYDEIKKY 297
gi|374722920|gb|AEZ68611.1| DIIYKNTIDCWRKVAKNEGTGAFFKGAFSNVLRGTGGALVLVLYDEIQVL 299
gi|225713100|gb|AC012396.1| EKMYSGTVDCWKKIVKEEGSRALFKGNFTNVLRSVGCALVLVLYDEIIVV 289
. :'..':'l':ﬁ:..:'ﬁ k:"' :'ﬁ:l. * ':""Q't'
gi|148747424|ref |NP_031476.3| VS 298
gi]32189355 | ref |NP_445967.1| Vi sawmman 298
gi|55749577 | ref |NP_001142.2| Vs smmsmes 298
0i|32189340|ref|NP_777083.1] V--------- 298
gi|47550717 | ref|NP_999867.1]| Temecacann 298
91374722920 | gb|AEZ68611.1| LFGTKSGGGE 309
gi]225713100|gb|AC012396.1| LKSAT-- - - - 294

Fig. 4 Alignment of the ANT-1 sequences from bull Bos taurus (NP_777083.1), human Homo sapiens (NP_001142.2), mouse Mus musculus
(NP_031476.3), rat Rattus norvegicus (NP_445967.1), fish Danio rerio (NP_999867.1), copepod Lepeophtheirus salmonis (ACO12396.1), and
shrimp Litopenaeus vannamei (AEZ68611.1). The sequence of B. taurus is shown in green and the key amino acids known to interact with the
ANT-1 inhibitor carboxyatractiloside are highlighted in yellow (also see Table 1).
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(d) Contour plot for SWCNT
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nanotubes. (a) Pristine carbon nanotubes (SWCNT), (b) carboxylated carbon nanotubes (SWCNT-COOH), (c) hydroxylated carbon nanotubes

(SWCNTs-OH). For (a)—(c), the best linear model is included at the top

of each figure, together with the determination coefficient (R?). In (d)—(f)

are depicted the two dimensional 2D-contour plot analysis of FEB values as function of n and m for SWCNT, SWCNT-COOH and SWCNT-OH,

respectively.

(hydrogen, carboxyl and hydroxyl groups) (see Table S1 of ESI
S1f). Chirality has been widely used to describe the metallic
and/or semiconducting properties, specifically for pristine
SWCNT with zig-zag geometry, according to Pumera (2010).*>
Also it is known that n index is proportional to the carbon
nanotube diameter."* As shown in Fig. 6, a higher diameter
could induce partial or total distortions in the key amino acids
within the active site of ANT-1 resulting in decreased FEB values
and increased inhibition of the ADP transport by ANT-1 (see ESI
S3f to see the results of the docking experiments used to
construct Fig. 6). In addition, we performed control simulations
with some examples of zig-zag SWCNT (3.0; 6.0; 9.0) tested,

This journal is © The Royal Society of Chemistry 2016

using flexible docking considering the cationic cluster formed
by the arginine residues (Arg 79, Arg 187, Arg 231, Arg 234, and
Arg 279) of the ANT-1 active site as flexible residues, and the FEB
values obtained were very similar (not significant differences; p
> 0.05) to FEB values from rigid docking simulation when these
computational procedures were compared (see Table S2a in ESI
27). Furthermore, it was verified that a high increase of the
exhaustiveness of simulation from 8 to 100 keeping the same
FEB results. The modification of the mentioned docking
parameters (receptor flexibility and exhaustiveness) only
increase the simulation time (see Table S2b in ESI 27).

RSC Adv., 2016, 6, 58680-58693 | 58689
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Fig. 6 Images of zig-zag SWCNT with different zig-zag chirality (3, 0); (6, 0); (9, 0) showing the proportional increase in the diameters (2.350;
4.701; and 7.051 A, respectively) (A-C). Interactions of CNT with bovine ANT-1 protein after docking analysis (D—F). Localization of the zig-zag
SWCNT (light blue) and carboxyatractiloside (dark blue) in the same biophysical environment with respect to the key amino acids of the active site

in ANT-1 (green) (G-1).

It has been reported that the zig-zag nanotubes are good
conductors (similar to metals) or are semiconducting when 7 is
a multiple of 3. Some theoretical studies have shown the
existence of symmetry in the distribution of electric charges in
the zig-zag SWCNT. In this case, the CNT maintain almost
constant charges in the walls and great charge variation at the
tips, a phenomenon called “edge effects”, that only appear in
semiconducting zig-zag topologies of SWCNTs.*® This electronic
feature may play an important role in the interactions of zig-zag
SWCNTSs with several channel proteins, including ANT-1. In this
sense the “edge effects” has not been reported for metallic-
armchair SWCNT, wherein the cycloparaphenylene aromatics
system of the extreme carbon nanotubes are closed and without
tips charge variation. In the case of zig-zag SWCNT-COOH, the
high correlation with n could also include the presence of
COOH groups that lead to more negative FEB values as shown in
Fig. 5. The low correlation (R* = 0.65) between n and FEB for zig-
zag SWCNT-OH indicates that the presence of the OH group is
not a good nanodescriptor and suggests that OH-
functionalization could modify their electronic properties,
reducing the influence of the chiral index n in the interaction
energy (FEB) with ANT-1.

58690 | RSC Adv., 2016, 6, 58680-58693

Experimentally it has been found that the covalent sidewall
functionalization generates sp® carbon sites in the CNT, which
disrupt the band-to-band transitions of 7 electrons and cause
loss of the novel properties of CNT including their high
conductivity and remarkable mechanical properties. Other
factors associated with loss of chirality is the presence of defects
produced by functionalization of the sidewall including vacan-
cies or pentagon-heptagon pairs (Stone-Wales defects) associ-
ated with full or partial covalent functionalization of SWCNT
with OH and COOH (Charlier et al., 2002).** Recently the use of
computational tools focused to theoretical quantitative analysis
have been extended to address pharmacological and/or toxico-
logical properties of multiple xenobiotics in biological complex
systems, including the interactions at the nanoscale range. In
the last years, several articles have been published in the
emerging field of Nano-QSAR studies of nanoparticles
(NQSAR)."7'#4445 T this sense, new chemoinformatics ideas
based in PT-QSPR models are very useful for the study of
complex molecular systems with simultaneous variation of
multiple experimental boundary conditions. In present study,
the LDA method was used to seek a PT-QSPR approach (PT-
NQSBR) for the prediction of SWCNT-ANT-1 binding

This journal is © The Royal Society of Chemistry 2016
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interactions. The PT-NQSBR equation infers the binding of
a query SWNCT using the expected values free energy of binding
for this type of SWCNT and structural parameters of SWCNT of
reference as input. The output of the model is the scoring
function fFEB)query Of the value of the FEB for the mentioned
query SWCNT or new SWCNT. The scoring function f{lFEB)query
increases for higher values of probability of binding with FEB
<—14.7 keal mol ™. The cutoff value (—14.7 kecal mol ") repre-
sents the FEB value for the interaction of CATR with ANT-1
(calculated in this work, see Fig. 3). The best equation found
is indicated below, where M,, stands for molecular weight, N,
for number of atoms and »n and m are Hamada index.

f(FEB), .., = —6.5656 — 0.3728FEB uery — 0.0532guery

query

—0.05181g4ery — 0.0004 [M

Wquery

-M,,,

—0.0035|N,

aquery

- N,

Aref :|

Neow = 18225 x> = 17603.14  p <0.005 (6)

This equation is able discriminate the SWCNTs that bind
strongly to ANT-1 (FEB < —14.7 kcal mol ') from those with
weak binding (FEB = —14.7 kcal mol ™). The equation showed
very high values of accuracy, specificity, and sensitivity in the
range of 86.5-99.5% in both the training and external validation
series (Table 3). The first input variable of reference is the ex-
pected value of [FEB),.f = (FEB) e\ (average value of FEB) for all
SWCNT of the same type as the query SWCNT. The values of
(FEB) new for different types (I, II, III, and IV) of SWCNT are
shown in Table 4. The other input variables are the structural
variables (Mquerys Nquery Mw,,, and N, ) for the query SWCNT
and the structural variables for the reference SWCNT (M,,_, and

a,ef)-

The model showed a remarkable efficiency (see Table 3) for
the correct classification of different forms of SWCNT having
strong or weak binding to ANT-1, showing its potential appli-
cation in the prediction of nanomaterial-protein interactions.
The values of accuracy, specificity, and sensitivity obtained with
this LDA model are similar to those obtained with other PT-
NQSAR models reported by other authors for the toxicity and

RSC Advances

Table 4 Average values of parameters for different types of pristine
and oxidized-SWCNTs. (FEB) and (M,, ) represent, respectively, the
mean value of free binding energy (FEB, in kcal mol™) according to
ANT-1 interaction and the molecular weight for each nanotube type.
Type and funct. indicate if the SWCNTSs are pristine (—H) or function-
alized (-COOH or —OH)

Class (FEB) (M,)  Type Funct. Conductivity

I —12.3 1127.9 Pristine H Metallic-SWCNT
Semi-metallic-SWCNT

I —12.7 1096.1 Pristine H Semi-conducting-SWCNT

11 —24.6 4778.5 Oxidized COOH No conducting properties

v —19.9 3507.1 Oxidized OH No conducting properties

ecotoxicity of nanoparticles. For instance, Luan et al (2014)
published a PT-NQSAR model that described the cytotoxicity of
nanoparticles in multiple experimental conditions.*® Klean-
drova et al. (2014) extended the use of PT-NQSPR to studies of
the ecotoxicity and cytotoxicity of uncoated and coated nano-
particles under different experimental conditions*”*® Please
note that, as depicted in Fig. 1, the estimated PT-NQSBR model
can be employed as a prospective tool or pre-screening filter to
SWCNT structure-assigned with predicted low or high affinity to
mitochondrial channels like ANT-1 prior to docking
experiments.

In order to validate the in silico evidences, experiments were
performed with mitochondria isolated from hepatopancreas of
shrimp Litopenaeus vannamei. The profile of oxygen consump-
tion increment after ADP addition (state 3 of respiration-ADP
dependent, compare black with red trace). A mild inhibition
was registered with CATR (20%, blue light trace in Fig. 7).
Maximum inhibition of state 3 of respiration-ADP dependent
(26%) was registered with MWCNT-COOH (light green, Fig. 7),
a result that fits with the more negative FEB values obtained for
this kind of nanotube in the docking experiments (Fig. 3).
Taking to account that the oxidative phosphorylation by ATP-
synthase is depending of ADP/ATP equilibrium concentrations
and the important role of ANT-1 in the ATP-transport to cytosol
in physiological normoxic conditions, the in vitro results

Table 3 Results of the LDA analysis using a PT-QSBR model that discriminates SWCNT strong binding interactions (FEB < —14.7 kcal mol™?) from
SWCNT weak interactions (FEB = —14.7 kcal mol™?) to protein ANT-1. The data in the table indicate the statistical parameters (stat. param.) for
specificity, sensitivity and accuracy for both the training data set (for model estimation) and the validation data set (for model evaluation). In each
case, the numbers of cases correctly or incorrectly classified are indicated in the table. FEB stands for Free Binding Energy

Observed values

(FEB = —14.7)preq (FEB < —14.7)prea

Training Statistical parameter

(FEB = —14.7)0bs Specificity 86.59%
(FEB < —14.7)ps Sensitivity 99.64%
Total Accuracy 94.62%
Validation

(FEB = —14.7)0bs Specificity 86.55%
(FEB < —14.7)0bs Sensitivity 99.50%
Total Accuracy 94.51%

This journal is © The Royal Society of Chemistry 2016
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Fig.7 Profiles of mitochondrial oxygen consumption of isolated mitochondria from shrimp Litopenaeus vannamei after ADP addition (state 3 of
respiration-ADP dependent), compare black (minimum) with red (maximum) trace. A mild inhibition was registered with carboxyatractiloside
(CATR) (20%, blue light trace). MWCNT-COOH (light green) induced maximum inhibition of state 3 of respiration-ADP dependent (26%), followed
by MWCNT-pristin (20%; yellow trace) and by MWCNT-OH (8%; brown trace).

suggest potential toxicity for shrimp mitochondria. The results
of this case study suggest that the severity of inhibition of the
mitochondrial ADP-transport, should depend primarily of the
CNT-electronic nanodescriptors as type of functionalization (H,
OH, COOH) considering the following order according to the
severity of state 3 inhibition: MWCNT-COOH (26%) > MWCNT-
(H) (20%) > MWCNT-OH (8%).

Recent experimental evidences using oxidized-CNT porin
have show the high potential of carboxylated-SWCNT as
synthetic analogues of biological membrane channels with high
efficiency and selectivity for transporting ions and mole-
cules.®*** In this regard carboxylated-CNTs can spontaneously
insert into cellular and mitochondrial membrane lipid bilayers
to form channels that exhibit a unitary conductance of 70-100
picosiemens under physiological conditions and at the same
time the negative charge of (COO™)-moiety of carboxylated-CNT
could create electrostatic barrier for the anions passage like
ADP?~ through the positive amines of Arg or Lys residues
present at the bottom of ANT-1 cavity as mentioned above.*”*

According to in silico and experimental physiological results,
the CNT-functionalization type (COOH > H > OH) can be
considered a relevant CNT-nanodescriptor to explains the ANT-
1 biochemical interactions in this context. By the other hand,
ANT-1 may be used as a good model for theoretical binding
studies because of their special electrostatics properties due to
the accumulation of positively charged residues near the
binding site that are similar to other cellular and sub-cellular

molecular in this way address structure-
49-53

carriers and
relationship studies for new carbon nanomaterials.

4 Conclusions

The presence of zig-zag topology and COOH functionalization
are geometric and toxicophoric SWCNT-nanodescriptors useful
to describe their interactions with ANT-1. In terms of FEB, the
interactions based on these SWCNT-nanodescriptors were
shown to be stronger than the specific ANT-1 inhibitor carbox-
yatractiloside. However, some geometric and electronic prop-

erties as armchair configuration, chirality and OH

58692 | RSC Adv., 2016, 6, 58680-58693

functionalization of SWCNT are uncorrelated with the ANT-1
affinity. The use of the Docking Simulation with Virtual
Screening Framework combined with new concepts of Nano-
QSBR-Perturbation Theory opens several avenues for exploring
the SWCNT biological interaction (protein channels nano-
toxicity) and their toxicodynamic properties on mitochondrial
bioenergetics through ADP transport modulation, which have
not been described in the literature currently for any carbon
nanomaterial. In this sense, the knowledge of the SWCNT
structural requirements involved in the ANT-1-interactions
contributes to the rational design of novel carbon nano-
materials with higher benefit/risk relationships, adding to the
development of new emerging areas such as nanomedicine,
computational nanotoxicology and comparative mitochondrial
physiology. Finally, these in silico evidences open a gate for the
use of chemo-informatics tools linked to experimental
biochemical models for making regulatory decisions in nano-
toxicology, allowing the prediction/assessment of human health
impact and environment risks.
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In the present study, different in vitro and electrochemical protocols were employed to determine the
mitoprotective properties of carbon nanotubes family (pristine-CNT, oxidized-CNT) based on free radical
scavenging ability against the most aggressive reactive oxygen species (ROS) as hydroxyl radical (-OH)
formed by Fenton-Haber-Weiss reaction, which was experimentally induced on isolated rat-liver mito-
chondria through Fe?* ions overload. The results suggest that the mitochondrial Fenton-inhibition
response involves a significant reduction of (-OH) concentration linked to iron-complexing ability of
CNT-family, following the order: carboxylated-CNT > pristine-CNT ~ hydroxylated-CNT, without affecting
the electrochemical mitochondrial membrane potential in Fe>"-overloaded mitochondria.

Besides, a new in silico dose-response QSPR-model was applied suggesting reliability for the CNT-dose-
effect series predictions towards the mitochondrial Fenton ROS-inhibition with excellent linear behavior
on the training set (R*> = 0.901; R*(adj.) = 0.901; Q*LOO-CV) = 0.901) and test set (Q%; = 0.9008;
Q% = 0.9008; Q%3 = 0.9009; MAE = 21.213) for internal and external validation respectively, with
p < 0.05 for all regression coefficient for > 70,000 data points. Lastly, these experimental and theoretical
evidences open a gate to the rational design of novel carbon nanomaterials toward mitochondrial
nanomedicine based redox-targeting as an alternative of treatment of several chronic diseases where
pathological Fenton-reaction mechanisms have been directly involved.
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1. Introduction

The mitochondrial dysfunction associated to oxidative stress
conditions is emerging as an important pathophysiological factor in
a large number of neurodegenerative (Alzheimer, Parkinson), car-
diovascular diseases and the most aggressive phenotypes of cancer.
The mechanism appears to involve the catalytic role of iron, the
most abundant metal in the human body (approximately 4 g in
normal adult humans), which exists in two ways: non-chelatable
iron that mainly acts as a co-factor for relevant proteins such as
the main mitochondrial ROS-generated respiratory complexes (I,
1) and chelatable iron as free ferrous (Fe?*) [1]. Under certain
physiopathological conditions, like Fe** overload, mitochondria
rapidly accumulates ferrous jons via mitochondrial (Ca**, Fe?™)
uniporter-sensitive to ruthenium red (RR) [2,3]. Fe** jons in mito-
chondrial matrix when combined with hydrogen peroxide (H,0,)
from a radical superoxide anion (O»*”) catalytic-dismutation
through superoxide dismutase enzyme (Mn-SOD), can induce the
reactive oxygen species (ROS) formation as hydroxyl (-OH) radical,
considered the most aggressive oxygen radical formed through
Fenton-Haber-Weiss reaction, which is strongly associated to sig-
nificant weakness of antioxidant defense system, dissipation of
mitochondrial membrane potential and events like ferroptosis, an
iron-dependent form of non-apoptotic cell death [1]. Some of the
mechanisms of mitotoxicity through Fenton pro-oxidant conditions
include mitochondrial permeability transition pore-iron dependent
(MPTP), a key event for the induction of pathological conditions
[2—5].

Carbon nanotubes (CNT) have rapidly become one of the most
widely studied nanomaterials, essentially for their unique physico-
chemical and biological properties that increase new applications
in nanomedicine as active principles and pharmaceutical excipients
of drug delivery systems [5]. Under this context, new mitopro-
tective therapies based on free radical scavenging activity using
CNT, grant more selectivity and efficacy as therapeutic strategies for
several pathologies.

On the other hand, the induction of reactive oxygen species has
been considered in several studies as one of the main mechanisms
implicated in CNT nanotoxicity [6]. In fact, some in vitro studies
have shown that CNT can be more cytotoxic after its accumulation
in the mitochondrial matrix [6].

However, it is possible to reduce CNT cytotoxicity through co-
valent functionalization on CNT-tips or CNT-walls through chemical
oxidation as in the case of oxidized-CNT (hydroxylated-SW/
MWCNT and/or carboxylated-SW/MWCNT). The interaction of hy-
droxyl and/or carboxyl-motifs with the porphyrin-metal centers
(Fe?*/Fe**) of mitochondrial complex can form stable unions
wherein the ligand acquires a new redox center that mimics anti-
oxidant enzymes such as superoxide dismutase, thus eliciting
mitoprotective effects. In this regard, it has been recognized that
these oxidized-motifs (OH, COOH) have potential ability to chelate
metals ions (as Fe’") in iron overload pro-oxidant condition. In
addition, oxidized-motifs (OH, COOH) are more easily detoxified by
redox multienzymatic cellular mechanisms, including horseradish
peroxidase (HRP) and hydrogen peroxide (H;0,) [7—9]. Latest
works published have shown that ROS (as *OH-hydroxyl radical)
can interact with pristine-MWCNT and carboxylated-MWCNT
inducing layer-by-layer carbon nanotube-degradation in the pres-
ence of HRP and H,0; (by hydroxylation and carboxylation asso-
ciated to several oxygen functionalized-defects generated in the
tips and walls graphitic-structure) [9]. But in this context, it is
important to note that new groups generated as oxidized-motifs
(OH, COOH) retain their potential ability to chelate metals ions
(as Fe?") in iron overload pro-oxidant condition.

The potential biomedical applications of CNT have increased the

interest in comparison to other carbon nanomaterials [9]. Recent
work using pristine and oxidized multi walled carbon nanotubes on
human liver cell line LO2 showed evidence of ameliorated cyto-
toxicity related to oxidative stress reduction for MWCNT-COOH
(cytoprotective effect) when compared with similar pristine-
MWCNT, which induced oxidative stress, membrane damage, cell
cycle arrestment at GO/G1, caspase-8 activation and L0O2 apoptosis
increase [10]. Other studies published by Lucente-Schultz et al.
(2009) [11] showed that SWCNT and ultrashort SWCNTs (US-
SWCNTs) induce little acute cytotoxic response or no deleterious
effect in human renal epitelial and HepG2 liver cells, suggesting
oxygen radical absorbance capacity (ORAC assay) associated to
SWCNT-functionalization with phenolic antioxidant derivatives.
Following this idea, Ye She-Fang et al. (2009) [12] showed that the
pre-treatment of adenocarcinomic human alveolar basal epithelial
cells (A549 cells) with antioxidants prior to adding MWCNTs
decreased ROS production and abrogated expression of IL-8 mRNA.

In this sense, very interesting works on free radical scavenging
ability of pristine and oxidized carbon nanotubes have been per-
formed by Galano et al. (2008)'3, using semi-empirical methods
based on Functional Density Theory (DFT), suggesting that the CNT-
free radical scavenging activity is particularly important for
hydroxyl-Fenton radical (-OH) and others, according to the type of
functionalization present at the order oxidized-CNT (carboxylated-
CNT > hydroxilated-CNT) > pristine-CNT [12—16].

According to this idea, electrochemical tools based on cyclic
voltammetry (CV) have been applied efficiently in mechanistic
studies of redox process like electro-induced Fenton-Haber-Weiss
reactions [17,18]. These techniques can be useful particularly when
combined with chemical-biological assays due to their accuracy to
elucidate ROS-mechanism based in chemical reaction induced by
electron transfer, which involves electrocatalytic processes as
addition and/or dissociation of ligand by immobilization/coordi-
nation with metallic center as possible mitochondrial redox effects
of CNT [19,20]. According to this idea, electrocatalized biochemical
processes as Fenton reaction considers that the thermodynamic
free energy variations to ligand-metalic centers is proportional to
the current (I(uA)) and the potential difference (AE (V)) in the redox
biochemical processes [21—23].

The discovery and development of new carbon nanomaterials is
a complex and expensive process in terms of time and money.
Thereby, the novel quantitative structure-activity relationship
paradigm (QSAR), in the nanoscience context, has become an
important tool for the nanomaterials optimization with less impact
on health and environment [24]. Herein, one important step in
QSAR/QSPR is to express structural features in a quantitative way
which is not always straightforward [25—28]. In this sense, quan-
titative structure-property relationships (QSPR model) can be seen
as a function that predicts the structure of a single or complex
systems using parameters that numerically describe its properties.
To this end, Gonzalez-Diaz et al. (2013) [26], formulated a general-
purpose PT-QSPR method combining QSPR/QSAR approach and
Perturbation Theory (PT). PT-QSPR models are very useful for the
study of complex molecular systems with simultaneous multiple
experimental boundary conditions. In fact, Gonzdlez-Diaz et al.
(2013) [26] have applied PT-QSPR analysis in studies dealing with
chemical reactivity, drug metabolism, immunotoxicity assays,
metabolic networks, metal nanoparticles and also CNT. Toropova
et al. (2016) [29] published a Nano-QSAR model to address the
genotoxicity of pristine multi-walled carbon nanotubes in multiple
experimental conditions. Recently, Gonzalez-Durruthy et al. (2015)
[30] using a PT-NanoQSPR approach was able to predict the inhi-
bition of mitochondrial swelling (MPTP-mitoprotective activity)
induced by oxidized CNT in multiple experimental conditions.
Their results suggested that oxidized-CNT could modulate the
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mitochondrial involved in mitochondrial
dysfunction [30].

The main assumption of QSAR/QSPR models in general is that
similar molecules have similar properties. Consequently, small
changes (“perturbations”) in the structural system should correlate
linearly with small changes on the values of their properties (bio-
logical activities). In this regard, QSPR-perturbation approaches
start knowing the exact solution of a problem (for instance a
physic-chemical or biological property) and continue adding small
terms to predict a solution to a related problem without a known
exact solution [31—34].

In this context, currently there are no precedents for the
application of this methodology combining experimental methods
in isolated rat-liver mitochondria, chemo-informatics ideas to
predict the potential therapeutic effects of CNT as ROS-
mitoprotective agents through the inhibition of Fenton reaction
and mechanistic explanations based on electrochemical assays.

Taking into account the facts aforementioned, the purpose of
this study was to evaluate and predict the potential of CNT-family
as radical scavengers against the most deleterious reactive oxy-
gen species like hydroxyl free radical (-OH) formed by Fenton-
Haber-Weiss reaction experimentally induced by Fe?* ions over-
load on isolated rat-liver mitochondria (RLM). This biochemical/
pharmacodynamic endpoint can be experimentally measured as
arbitrary fluorescence unit (or AFU %) and modeled applying new
chemoinformatic concepts on QSPR/QSAR-Perturbation Theory
approaches as a function of CNT-functionalization, CNT-diameter
and also optimal experimental conditions of exposure like CNT-
concentration and exposure time. This model can be regarded as
a generalized model for making predictions of free radical scav-
enging ability of other functionalized CNTs with different physical
(such as diameter) and experimental (such as CNT concentration
and exposure time) specifications not used in model development,
thus aiding in design of new functionalized CNTs of potential
therapeutic benefit. The acceptability and applicability of the QSPR/
QSAR models for such prediction purposes have been statistically
judged using different internal and external validation tests.

ROS-production

2. Experimental
2.1. Sample preparation

2.1.1. Reagents and solutions

Sucrose, ethylene-glycol-bis (B-aminoethyl)-N,N,N’,N’-tetra-
acetic acid (EGTA), Fe(NH4),(S04), x 6H,0, [Fey(citrate),]*" solu-
tions with 1:2 iron—citrate ratio, FeSQy4, Triazine, KCL, H,O; solution
in water, 30—32 wt%, semiconductor grade, 99.999% trace metals
basis, sodium citrate (NazCgHs07), potassium succinate (plus 2 pM
rotenone), K;HPOy4, piperazine-N-2-ethanesulfonic acid (Hepes),
Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine sensitive fluo-
rescent probe for H,O, from Invitrogen), horseradish peroxidase
(HPR, Sigma), carbonyl cyanide 3-chlorophenylhydrazone (CCCP)
stock solution of 1 mM, chloroacetic acid solution + KCL 1 M,
Fe(NO3)3-NayH,EDTA to form [Fe3+/EDTA] equimolar mixture so-
lution (0.4 mM) (1:1), Biuret reagent, safranine O; 5,5,6,6'-tetra-
chloro-1,1",3,3'-tetraethyl-benzimidazolcarbocyanine iodide (JC-1
probe), calcium green stock solution of 150 nm. All other reagents
were commercial products of the highest purity grade available.
Carbon nanotubes like pristine-CNT (CNT1) and hydroxylated-CNT
(CNT-OH: CNT2; CNT3, CNT4, CNT5) and carboxylated-COOH (CNT-
COOH: CNT6, CNT7, CNT8, CNT9) with very low conductivity and
semi-metallic properties were provided by Cheaptubes Company
(http://cheaptubes.com/shortohcnts.htm) (see Table 1 for details).

For ROS-mitochondrial assays CNT was dispersed in dimethyl
sulfoxide (DMSO: 900 pL) and ultrapure Milli Q water (100 pL) in

individual stock suspensions at concentration of 1 mg/ml [35].

2.1.2. Carbon nanotubes characterization

Transmission Electron Microscope (TEM, Tecnai G2-12 - Spi-
ritBiotwin FEI - 120 kV) was employed to characterize the
morphology of pristine and oxidized carbon nanotubes (see in
Fig. 1).

CNTs were synthesized by CCVD and purified/functionalized
using a concentrated acid mixture of HySO4:HNO3 mixed (2:1). The
pristine and oxidized multi-walled carbon nanotubes were formed
by 3 concentric tubes with distance of ~0.34 nm between each wall.
The content of metallic impurities in all the samples was less than
1%. The proportions of CNT-metal impurities were determined by
using energy dispersive x-ray (EDS) analysis. The metal impurities
of MWNT and SWNT with diameter (D) <8 nm (CNTs 1, 2, 8 and 9)
including their —OH and —COOH derivatives are the same: Co, Al,
Cr. For MWNT-OH and —COOH with diameter between 10 and
20 nm (CNTs 4 and 7) are Si and Al For larger diameter MWNT
(30—50 nm) (CNTs 5 and 6), the metallic impurities and their de-
rivatives are Al, Si. For more details see Supporting Information (S1)
about EDS characterization. For the final concentrations range
employed in present study (0.5—5 pg/ml) and with the aim of
preventing CNT-agglomeration for ROS-assays, it was employed
tip-sonication regime during 5—10 min that prevents the CNT-
exfoliation into individual CNT. In this sense, the employed soni-
cation time is known to generate a non-agglomerated suspension
in a monodisperse state at concentrations below 100 pg/ml ac-
cording to Bergin et al. (2010) [34—36]. The sonication power was
9.3 W, with an energy input of 16.7 kJ at 25 °C using a Ultronique/
Eco-sonics Q-3.0/40A sonicator. Afterwards, samples were stirred
for 10—15 min. The resulting diluted suspensions were cooled to
room temperature and filtered through a 0.22 pm polycarbonate
membrane (Millipore, USA), before exposure to mitochondria
suspensions.

2.2. Animal welfare

Male Wistar rats (4-month-old; approx. 150 g.) received food
and water ad libitum. They were kept in plastic cages with wire tops
in a light-controlled room (12:12 h light—dark cycle) at 22 + 3 °C
before starting the study in accordance with the animal care and
experimental procedures based on the Directive 2010/63/EU of the
European Parliament and of the Council on the protection of ani-
mals used for scientific purposes, and were also approved by the
Animal Care and Use Committee of the School of Pharmaceutical
Sciences of Ribeirao Preto (CEUA-FCFRP) (license and registration
Number: 01.0263.2014).

2.3. Isolation of rat-liver mitochondria (RLM)

Mitochondria were isolated throughstandard differential
centrifugation [35]. Male Wistar rats weighing approximately 150 g
were euthanized by decapitation; livers (10—15 g) were immedi-
ately removed, sliced in medium (50 ml) consisting 250 mM of
sucrose, 1 mM of ethyleneglycol-bis (B-aminoethyl)-N,N,N’,N’-tet-
raacetic acid (EGTA) and 10 mM of HEPES-KOH, pH 7.2, and ho-
mogenized three times for 15 s at 1 min intervals using a Potter-
Elvehjem homogenizer. Mitochondria were isolated by standard
differential centrifugation. For this purpose, homogenates were
centrifuged (580xg, 5 min at 4 °C) and the resulting supernatant
further centrifuged (10300xg, 10 min at 4 °C). Pellets were then
suspended in medium (10 ml) consisting of 250 mM sucrose,
0.3 mM of EGTA and 10 mM of HEPES-KOH, pH 7.2, and centrifuged
again (3400xg, 15 min 4 °C). The final mitochondrial pellet was
suspended in medium (1 ml) consisting of 250 mM sucrose and
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Table 1 »

Physic-chemical parameters ('Vy) of CNT family.
CNT Properties Wi (%) D;(nm) L; (um) P; (%) GScm™!
n Type Function min max min max
1 MWCNT — — — 8 8 0.5-2 >95 <1.5
2 Mixed-SW/DWCNT OH 0 3.96 1 4 0.5-2 >95 <1.5
3 MWCNT OH 0 3.86 1 8 0.5-2 >95 <15
4 MWCNT OH 3 4 10 20 0.5-2 >95 <15
5 MWCNT OH 1 1.06 30 50 0.5-2 >95 <1.5
6 MWCNT COOH 0 0.73 30 50 0.5-2 >95 <15
7 MWCNT COOH 3 4 10 20 0.5-2 >95 <15
8 SWCNT COOH 0 2.73 1 4 0.5-2 >95 <1.5
9 MWCNT COOH 0 3.86 1 8 0.5-2 >95 <15

MWCNT = Multiple-Walled, SWCNT = Single-Walled, SW/DWCNT = DWCNT + SWCNT mixture, Wj(%) = Functional groups(OH, COOH)/carbon atoms ratio (%); the properties
of the ith Carbon Nanotube (CNT) are D; = CNT outer diameter, L; = CNT Length, P; = Purity, C; = Electric conductivity.

Fig. 1. TEM images of carbon nanotubes used in this study: (A) Pristine-MWCMT (CNT1), (B) SW/DWCNT-OH (CNT2), (C) MWCNT-OH (CNT3), (D) MWCNT-OH (CNT4), (E) MWCNT-
OH (CNT5), (F) MWCNT-COOH (CNT6), (G) MWCNT-COOH (CNT?7), (H) SWCNT-COOH (CNTS8), (I) MWCNT-COOH (CNT9). (A colour version of this figure can be viewed online.)

10 mM of HEPES-KOH, pH 7.2, and used within 3 h. Mitochondrial
proteins content (>90%) was determined by the Biuret reaction.

2.4. Standard incubation procedure

Mitochondria liver isolated were energized with 5 mM of po-
tassium succinate (plus 2.5 uM of rotenone) in a standard incuba-
tion medium consisting of 125 mM of sucrose, 65 of mM KCl, 2 mM
of inorganic phosphate (K;HPO4) and 10 mM of HEPES-KOH pH
7.4 at 30 °C [35].

2.5. Determination of mitochondrial H,O,-production

The influence of CNT-family on mitochondrial H,O,-generation
was measured using the Amplex Red Assay for HyO, (Molecular
Probes, Eugene, OR). This assay was considered important because
the generation of H,0, and the factors associated to the increase of

their concentration, are directly involved in the Fenton reaction
induction with consequent hydroxyl free radical generation in the
presence of Fe?" overload. For this purpose, 1 mg of isolated rat-
liver mitochondria were incubated in 1 ml of standard incubation
medium and the mitochondria (1 mg of protein/ml) supplemented
with 50 uM of Amplex red (a derivative from 10-acetyl-3,7-
dihydroxyphenoxazine), which is employed as a specific probe for
the measurement of mitochondrial H>0,-production based on the
reaction with H,0, with 1:1 stoichiometic ratios catalyzed through
horseradish peroxidase (HRP) 0.025 pM (mU/ml) to form the
colored and highly fluorescent compound resorufin through
Amplex red oxidation via two one-electron oxidation with
continuous stirring at 37 °C.

Fluorescence of oxidized Amplex red probe (Resorufin) was
measured in a Model Hitachi F-4010 spectrofluorimeter (Tokyo,
Japan) equipped with a thermostatic cuvette holder and magnetic
stirrer at 563/587 nm (slits 5/5 nm) excitation/emission wavelength
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pairs, respectively and obtained as arbitrary fluorescence units
(AFU). In this sense the quantity of mitochondria protein isolated
(>90%) was determined through Biuret method. This procedure is
very important because the contamination of mitochondrial
preparation with cytosolic structures such as peroxisomes, frag-
ments of broken mitochondria can significantly interfere with ROS
measurements [35—39]. Previously the spectrofluometric ROS-
measurements, it was performed the blanks with each CNT in or-
der to compare with mitochondria exposed to CNT. In this sense,
the presence of Stern-Volmer quenching fluorescent processes
associated to carbon nanotubes UV—visible optical interferences
was not detected at 500—590 nm, according to their semi-metallic
properties [20]. Here, it was performed a genuine Fenton reaction-
induced model using mitochondrial suspension exposure of an iron
chelate [Fey(citrate),]> to Fe®’™ exposure. Sodium citrate
(Na3CgHs507) has been used by its potent chelating activity with a
variety of metals as iron [Fe(citrate);]* it was prepared with
Fe(NH4),(S04), x 6H,0 which is soluble at neutral pH and a potent
catalyst of Fenton reaction with 2—3 free iron (Fe?*)-ligands. In this
sense, the optimal ferrous ions experimental concentration was
established at 20 puM for all biochemical assays to study the Fenton
chemistry, considering that the physiological concentration is
0.5 uM in order to reproduce mitochondrial ferrous overloading
condition [38,39]. It is important to note that at the time of the
exposure to isolated mitochondria suspensions for spectrofluoro-
metric measurement of AFU (Fenton ROS-inhibition), each CNT-
sample was added under continuous stirring by using magnetic
stirrer cuvettes which favors optimal exposure conditions accord-
ing to monodisperse state and prevents spontaneous agglomera-
tion in CNT-sample dispersions.

The experimental protocols were performed using five Fenton
reaction-induced experimental assays: (1) mitochondrial control
groups in the absence, (2) in the presence of Fe?*: citrate (1:2) at
concentration of 20 uM as positive control for the induction of
Fenton-Haber-Weiss reactions, (3) mitochondrial exposed to Fe*:
citrate (20 uM) + CNT-family (0; 0.5; 3; and 5 pg/ml); and (4)
mitochondrial exposed to DMSO(CNT-solvent) as negative control.
Lastly it was estimated the relative free radical scavenging activity
against Fenton reaction of the studied CNT-family which has been
assigned through comparisons with assay (5) using mitochondrial
exposed to Fe?*/citrate 20 uM + Quercetin 50 uM as control or
reference to establish the maximum of free radical scavenging ac-
tivity against Fe?* electro-induced Fenton reaction, due to its well
recognized antioxidant properties and iron(Il)-complexing ability
[39]. Also we considered other factors such as the presence of metal
impurities (iron impurities) into CNTs-tested. In this context, the
maximum expected concentration of CNT-metal impurities
mentioned above should be 0.05 pg/ml (<1% of the highest con-
centration in the CNTs samples) which possess no risk of Fenton
ROS-induction in this lower levels of iron impurities [37—39].
Herein the % AFU-values decreasing is equivalent to CNT-ROS-
inhibition ability. The work-flow of this experimental section it
illustrated in Fig. 2.

2.6. Theoretical details of the QSPR-model

In this section we carried out a chemoinformatics study of the
experimental results obtained in the Fenton ROS-in vitro assays. For
this purpose, in classic dose-response models we can use alterna-
tive forms of the Hill curve to seek an equation in order to calculate
ICs5p values [40]. For instance, the software MasterPlex (http://psg.
hitachi-solutions.com/masterplex) allows to choose different al-
gorithms such as: 4 parameters logistic (4PL), 5 parameters logistic
(5PL), quadratic log-log, log-log or linear model. However, the 4PL
and 5PL forms have some drawbacks. Some authors have reported

studies towards the search of alternatives models to these models.
For instance, Liao et al. (2009) [41] reported a re-parameterization
of 5PL dose-response curve. In any case, almost all of these alter-
natives fail when we need to account for multiple experimental
boundary conditions. It means that the model fails when we want
to predict the ROS-response (AFU;) for the ith CNT not only for
different concentrations of the CNT in a single ROS-assay. This
points to the need of a model able to predict Fenton multiple dose-
response series (AFU;) for the same ith CNT when we change
experimental boundary conditions (cyj) like cg = ROS-assays with
Fenton-Haber-Weiss inductor or positive control (Fe*:citrate;
20 pM); free radical scavenge control test with Fe?*:citrate
20 uM + Quercetin (50 pM), c; = different CNT-times of exposure
(tj), cz = different values of CNT-concentration (¢j) and ¢z = CNT-
structural parameters like type of nanotube (SWCNT, SW/DWCNT,
or MWCNT), type of functionalization (H, OH, COOH),
W; = molecular weight/functionalization carbon ratio (Wpmjp,
Whax), Di = maximal and/or minimal diameter (Dpin, Dmax) in the
different j-th ROS-in vitro assay.

It is possible also to mention here the different structural or
physicochemical properties of the CNTs-family under study. In
these cases, 4PL/5PL and similar models are unable to fit all the data
at the same time and we need to look for a different equation for
each sub-set of Fenton experimental boundary conditions c;.

For this purpose, in the present work we propose for the first
time a Dose-Response Perturbation Theory Model able to account
for changes in multiple experimental boundary conditions (cyj) for
the CNT-family Fenton-effects assessment. In addition to the
strategy used for choosing the most adequate CNT-nanodescriptors,
the principle of parsimony was applied. This means that the best
model must be selected by considering the highest statistical
quality and the lowest number of parameters (experimental
boundary condition and CNT-nanodescriptors). For this instance,
the mathematical formalism adapted to work is presented in the
following way:

kmax

,f(AFUij)pred =4do 'Of(AFUij)expected + Z ak'kf (ij> +eo (1)
k=1

'f (AFUj) yreq = 20" °f (AFU}) qypectea + 31 F(4t) + a2-*f (Acy)
+as '3f(AWij) + ay '4f(ADij) + e
(2)

For this theoretical model, we can also use (like in 4PL/5PL
models) optional weighting schemes for the response variable
(output function): 'IAFU;) = AFUy, 1/AFUy (1/AFUy) [2], or
—log(AFUj) to minimize the error (eg). We can incorporate different
functions °f (AFUy) = (AFUy;) of the expected value of AFUj; for a sub-
set of conditions (e.g., different ROS-in vitro assays). The °f (AFUy)
expected function is the average value of fluorescence for all CNT-
structure measured under the experimental boundary conditions
of the AUF-output. It means that we could interpret OﬂAFUij)eXpected
as the AFU-expected value of fluorescence (AFU;) for a particular
CNT-type (pristine-CNT;j, hydroxylated-CNT;, carboxylated-CNTj)
measured under the same sub-set of j-th experimental conditions
(for a normal distribution) which allows to quantify the Box-
Jenking operators (moving average) of the first experimental con-
dition cyp = ROS-assays by using Fenton-Haber-Weiss inductor
(Fe?*:citrate) and after the co-exposure to CNT-type. We can also
use different functions for the input variable; such as: !f = Atjj, 1/At;
or exp(-Atjj) for exposure time, or ’f= Acjj, 1/Ac;j or 1/(Agy) [2] for
CNT concentration. A particular case is when the concentration
function takes the classic form of PL4/PL5 models [41]. This
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Fig. 2. Experimental workflow of Fenton ROS-inhibition assays. (A colour version of this figure can be viewed online.)

equation is represented through a sigmoid curve. The formula
below illustrates two examples of alternative models (3) and (4)
according to the following equations ((3) and (4)):

il

Ac\F1) "
= *f (AFUy) i +°f (AFU”)“’“'{I ’ KTU) ”

2f(AFU) = A+ D-{l +

(3)
2f[1/(AFUij)2] :AJFD'{] " [(C(Alc)z> ] }_
= *f(AFUy) ..
Jrzf(AFUij)max'{1 M [(C(;c)z> 1 }
(4)

The parameters of 4PL/5PL models are: A, B, C, D, and E. A is the
value for the minimum asymptote. B is the Hill slope. C is the
concentration at the inflection point (or IC5p-ROS-values). D is the
AFU; for the maximum asymptote or free radical scavenging
response against Fenton-Haber-Weiss reaction experimentally
induced (Fe?*:citrate 20 pM + Quercetin 50 pM). The last param-
eter E, present on 5PL model (E = 1 in 4PL model), is the asymmetry
factor (E # 1 for a non-symmetric curve) [41]. The workflow for this
theoretical model is showed in Fig. 3.

Specifically, the computational model developed here are AFU-

expected values to predict the effect of different CNT-structures on
mitochondrial ROS-inhibition mediated by Fenton-Haber-Weiss
reaction and we could interpret this as the expected value of AFU
for a CNT in this experimental condition (j'-ROS assay).

We used Multivariate Linear Regression (MLR) algorithms
implemented in the software STATISTICA to determine the values of
the equation optimal coefficients ai (ag,ajaz.as,aq) and ep to
represent the error or independent term of the QSPR-model using
statistical descriptors as the determination coefficient (R?), the
leave-one-out-cross validation (CV-LOO) as internal validation pa-
rameters, the Fisher F ratio with the corresponding probability of
error or p-level (p) [40]. In our dose-response QSPR-model, the
output 'fTAFUjj)pred is a function of the value of fluorescence (AFUj;).
In the simplest case we wuse the identity function and
"flAFUj)pred = (AFUij)pred is equal to the fluorescence value in the
new sub-set of experimental boundary conditions of reference
(AFUjj)ref (or AFU-expected value). Other transformation functions
applied to AFUj;; were: 'fIAFU};) = 1/AFUj;;, ( 1/AFUU) or —log(AFUj).

In addition, it was considered different sub-sets of input ROS-
experimental conditions according to the ontology ref = (co, C1,
Cy, C3 ... k) of reference (or boundary conditions, ckj) In the
equation we introduced one specific input term to quantify each
one of these conditions. All data were processed in an Excel file; the
functions Xf represent transformations XAV ;) of the moving av-
erages or Box-Jenkins operators (AV\;) of the original input vari-
ables (V) for i-th type of CNT; in j-th Fenton ROS-assay of one
specify experimental boundary condition cyj. The CNT-parameters
AVy; (or moving averages CNT-nanodescriptors) are useful to
quantify the output f(AFUU)eXpected of perturbations on different
experimental conditions (cy;) like AVi(cj) = (‘Vk (Vi (c;)y). The njis
the number of experimental entries for condition efcj according to
the total number of experimental entries measured in this work (nj.
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Fig. 3. Theoretical workflow to seek the Dose-Response Perturbation Theory Model. (A colour version of this figure can be viewed online.)

total)-
The (Vi(cj)) value can be interpreted as the average (or mean)

for all the k-th physicochemical properties of CNTs-tested, accord-
ing to the equation (5):

(Vk()) :nlj (iivk]) (5)

icg

The elements of the vectors v; = [OﬂAFUij)expected, lf(AVl‘j),
...zﬂsz_j), kmaxf(AvkmaxJ)] are the inputs of this model ac-
cording to equation (6), whereas the terms are expanded like
kf(Aij) =V — (Vk () as follows:

' (AFUj) yrog = 20" (AFU )y pecrea + 31 f (6 = () + 22 (i
—{cij)) + a3 3f (W — (W) + ag-*f (D;
—(Dyj)) +eo
(6)

We can compare Eq. (6), with Egs. (1) and (2) presented above in
the compact notation. This in silico model has two types of input
terms.

The first term is the function OﬂAFUij)expected = (AFUjj)pew (Or
AFUj-expected values) which is the average value of fluorescence
(AFU;) for all CNT-structure measured under the experimental
boundary conditions (j-th) of the output as mentioned above. The
second class of terms (AVy;) parameters were incorporated to
represent the XAV j)-functions of the Box-Jenkins operators
(moving averages) used here as Fenton-experimental perturbation
terms (see Table 2).

For instance, the condition c; = concentration of i-th CNT in the
Jj-th Fenton-ROS assay and the other is c; = time (t;) of exposition of
samples used in j-th ROS-assay corresponding to the i-th CNT. Some
of the functions used to transform these variables where:
1ﬂAtij) = 1/(Aty), exp(—Aty), for exposure time and 2ﬂAcij) = 1/Ag;
or 1/(1 + Acj;) for CNT concentration. The following set of condi-
tions are related to the physic-chemical nanodescriptors or CNT-
structure parameters (c3) for the j-th Fenton-ROS in vitro assay
like 3f(AWij) to molecular weight/functionalization carbon ratio
and 4f(ADij) for maximal and minimal diameter. Last, we also
included other conditions related to the Fenton ROS-assay (cg) like
Solvent (DMSO, or none) and replicate sample (Yes, No). It is very

important to note that internal validation parameters (R?, Q? (LOO-
CV)) aforementioned consider only the carbon nanotubes tested
belonging to the same set of experimental boundary condition. As a
consequence, one cannot assess the predictive potential of the
developed QSPR-model when it has been employed to predict a
completely new set of carbon nanotubes taking into account that, in
many cases truly external data points like modulation of Fenton-
Haber-Weiss mechanisms induced by carbon nanotubes are
currently unavailable for prediction purposes. In this case, the
original data set carbon nanotubes can be divided into training and
test sets, allowing external validation [27,40]. Following this idea, it
was divided the data points into a training set composed of 58,410
data points and a test set of 19,461 data points. For this division
every fourth data point of a particular CNT type was taken into the
training set. Herein we had a total of 77,871 data points with AUF
values for the mitochondria Fenton ROS-inhibition at different
exposure time for nine types of CNTs (this information can be found
in the Supporting Information S2 and S3 as raw data in .xIs format).
The training set was used for model development while the test set
was used solely for validation of the developed model. Stepwise
multiple regression analysis with an objective function as 'f{AFUj;)
(or F-to- enter = 4 and F-to-remove = 3.9) [40].

For developing a statistically acceptable QSPR-model and testing
its predictive ability through external validation among the
considered predictors were c(ug/ml), t(seg), Wmnin(%), Dmax(nm),
AFU(%)expected and considering the Fenton response AFU at time 0 s
(AFU—p). These last two predictors were derived by taking the Box-
Jenkins moving averages of the AFU-values and the AFU;_q for each
CNT-type considering the training set only (see Table 2) and
different conventional external validation parameters (Q%m, Q%
Q%F3, CCC, R%,) were used [40].

The CNT-structural parameters and experimental boundary
conditions relationships (concentration and time), involved in the
Fenton inhibition response (AFU) were expressed below as (<)
symbol to explain the different contribution on the biological
effects.

2.7. Continuous-monitoring of mitochondrial membrane potential
(W) linked to fluorescence microscopy analysis

The influence of CNT-family on the mitochondrial membrane
potential was performed on the basis of mitochondrial retention of
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Table 2

Description of CNT-input variables ('Vy), Box-Jenkins operators (AVy) and functions (f) to seek the QSPR-model.

Optimal (Vi) AV ke
coefficients

Function examples

Interpretation

— - - ,f (AFUij )predv 1/[(AFUij)pred]zr *IOg(AFUij)pred
ao - - F (AFU;j)
a ti Atij lf Atij(s)_ exp[—Atij(s)]
ay G Acjj i Acjj(ng/ml), 1/[1 + Aci(ug/ml)]
as Wi (min) AWjj 3f AWij min (%)
£ Di(max) AD;; if ADjj max (nm)
0
as - - f

AFUi_g (s
€9 - - - -

Predicted fluorescence

Average of value of fluorescence (or AFU- expected values) for all CNTs
samples for multiple experimental conditions (ROS-assay, CNT-type,
chemical function, Fenton-inductors.

Exposure time.

CNT concentration.

CNT minimun function/carbon ratio.

CNT maximum outer diameter.

AFU value at time O s.

Error term.

the fluorescent cationic probe safranine O using model F-4010
Hitachi spectrofluorimeter at excitation and emission wavelengths
of 495 and 586 nm, respectively, with a slit width of 5 nm. Relative
changes in membrane potential (¥ ;) were expressed as arbitrary
fluorescence units (AFU) [42].

For this purpose, the mitochondria (1 mg of protein/ml) were
incubated in 2 ml of standard medium consisting of 125 of mM
sucrose, 65 mM of KCl, 2 mM of inorganic phosphate and 10 mM of
HEPES-KOH pH 7.4 at 30 °C. supplemented with 2 uM of Safranin O
and individual CNT-sample (5 pg/ml) in the presence of Fe?*:citrate
20 pM. When mitochondrial potential was established, Fe?* :citrate
20 uM or Fe?*:citrate 20 pM + CNT was added to the medium
during 120 s to identify the ¥ ,-dissipation to compare with un-
treated mitochondria and mitochondrial exposed to (negative
control, CNT-solvent). At the final of mitochondrial potential
scanning (600 s), carbonyl cyanide 3-chlorophenylhydrazone (CCCP
1 uM; classic mitochondrial uncoupler) was added to obtain the
maximum of ¥ ,,-dissipation in the experiment.

Then the RLM suspensions were pre-incubated with a specific
mitochondrial membrane potential probe as 5, 5/, 6, 6’-tetrachloro-
1, 1/, 3, 3’-tetraethyl-benzimidazolcarbocyanine iodide (JC-1) in
0.2 mg/ml for 15 min according to Reers et al. (1991) [43] JC-1 is
widely used in apoptosis studies to monitor mitochondrial health.
JC-1 dye exhibits potential-dependent accumulation in mitochon-
dria, indicated by a fluorescence emission shift from green
(~529 nm) to red (~590 nm). To this end, mitochondrial depolari-
zation was indicated by decreasing the red/green fluorescence in-
tensity ratio. The potential-sensitive color shift is due to
concentration-dependent formation of red fluorescent JC-1 aggre-
gates. Fluorescent images were analyzed using a fluorescence mi-
croscope (Olympus IX81, Markham, Ontario, Canada) equipped
with a DP72 digital camera to study the effects on mitochondrial
membrane potential induced by pro-oxidant redox conditions after
incubation with Fenton-inductor Fe?*: citrate 20 puM, with iron-
—citrate ratio of (1:2)Next red:green fluorescent intensity ratios for
JC-1 mitochondrial membrane potential probe of carbon nanotubes
from CNT1 to CNT9 at maximum concentration of 5 pg/ml in Fe?*-
overloaded mitochondria were calculated.

2.8. Continuous-monitoring of mitochondrial iron (Fe**) uptake

The influence of CNT-family on the mitochondrial ferrous (Fe®")
jons influx trough mitochondrial (Ca**, Fe?*) uniporter was eval-
uated by using 5 uM calcein-free acid (Molecular Probes, OR, USA)
[2]. Calcein does not penetrate into the mitochondria locating itself
in the reaction medium Calcein fluorescence (495-nm excitation/
515-nm emission wavelength pair) was measured at 37 °C. After
collection of base-line fluorescence, CNT-interferences were not

detected according to similar criteria as mentioned above for the
H,0,-formation assays. For starting the mitochondrial iron (Fe**t)
influx measurements, FeSO4 (20 um) was added, and the fluores-
cence measured for 100 s Fe?>* binds to calcein in 1:1 ratio resulting
in quenching of calcein fluorescence [2—4]. Then the mitochondrial
ferrous (Fe?*) ions influx was observed between 30 and 60 s after
incubation with FeSO4 20 pm through the rapid decline on the
extra-mitochondrial calcein fluorescence intensity, which was
expressed as arbitrary fluorescence units (AFU).

2.9. Statistical procedures for the mitochondrial assays

Analysis of variance (ANOVA) followed by a post hoc New-
man—Keuls multiple comparison test to determine statistical dif-
ferences between experimental groups was performed. All
mitochondrial tests were performed at least three times in tripli-
cate. Differences were considered statistically significant at a
probability lower than 5% (p < 0.05). Normality and variance ho-
mogeneity were verified using Shapiro—Wilks and Levene tests,
respectively, before using ANOVA analysis. In all cases, significance
level was set in 5%.

2.10. Electrochemical assays

Electrochemical assays for each CNT sample (5 pg/ml) were
carried out with a BAS CV-27 potentiostat (BAS Bioanalytical Sys-
tems, West Lafayette, IN) and registered on an Omnigraphic XY
recorder (Houston Instruments, Houston, TX). For these purposes, a
stock solution of H,0, (2.4 mM) was dissolved in H,O containing a
mixture of stock solution with chloroacetic acid/KCL of 0.1 M as the
supporting electrolyte. Solution of Fe3*-EDTA (0.4 mM) was ob-
tained from a stock solution of equimolar mixture of Fe(NOs3); and
NayH,EDTA with a final volume and concentration of 5.0 ml and
0.4 mM, respectively. Each sample was deoxygenated with argon
for 15 min before measurement. Cyclic voltammetry was conducted
at a potential sweep rate of 100 mV s~ ! in 5 ml of phosphate buffer
pH 7.2. The reproducibility of the potential peaks voltammetry was
about +0.01 V. CNT samples were used from individual stock sus-
pensions at a concentration of 1 mg/ml.

A conventional electrochemical cell with three electrodes was
employed. A glassy carbon electrode with geometric area of
0.0314 cm? was used as working electrode. It was polished prior to
use with 1 pL of alumina water suspension 1 mM and rinsed
thoroughly with water and acetone. A platinum wire was used as
counter electrode and all potentials were referred to a potassium
chloride saturated silver/silver chloride electrode [Ag/AgCl/
KCl(sat)] without regard for the liquid junction potential.

For the electrocatalytic Fenton-Haber-Weiss reaction, the



320 M. Gonzalez-Durruthy et al. / Carbon 115 (2017) 312—330

methods reported by Laine F et al. (2009) [18] were used. Several
electrochemical assays (cyclic voltammograms) were measured as
intensity I (nA) versus voltage [E(V) vs. Ag/(AgCL)]. Before the CNT-
electrochemical studies, different control assays were performed
with the aim of optimizing the experimental conditions to evaluate
the redox responses of the CNT-samples as: a) chloroacetic acid
solution + KCI 1 M; b) chloroacetic acid solution + H,0; 2.4 mM; c)
chloroacetic acid solution + DMSO 100 mM (CNT-vehicle); and d)
chloroacetic acid solution + oxidized-CNTs (5 pg/ml). These assays
were run in order to discard the presence of faradaic peaks
(cathodic and/or anodic redox processes) or possible interference
associated to CNT-metallic impurities. Next, three voltametric ex-
periments were performed to evaluate the influence on the Fenton
chemistry for each type of nanotube using supporting eletrolyte
according to: 1) Fe>*-EDTA complex; 2) Fe3*-EDTA + hydrogen
peroxide (H0,); and 3) Fe3™-EDTA + H,0; + oxidized-CNTs (5 ug/
ml). All assays were performed in the absence of oxygen. For this
purpose, each sample was deoxygenated with argon for 15 min
before electrochemical measurement. When the potential was
scanned, the inert gas was kept on the surface of the solution to
ensure that any oxidation reaction was not initiated by oxygen.

Cyclic voltammograms were recorded in triplicate at a window
potential (- 0.4 to 0.4 V) similar to window potential observed in
mitochondrial redox complexes (I and III) of the respiratory chain,
which are the main sources of mitochondrial ROS-formation in
physiopathological conditions [3,4].

2.11. Determination of ferrous ions (Fe?*) chelating activity

The carbon nanotubes chelating ability of ferrous ions was
estimated using the method of Dinis et al. (1994) with small
modifications [44]. According to this protocol, triazine can form a
blue complex with Fe?*, which can be spectrophotometrically
measured at 570 nm. In the presence of chelating agents, the
complex formation is impaired, resulting in a decrease in the blue
color generation. Therefore, the color reduction allows an estima-
tion of the metal chelating activity of the co-existing potential
chelator [44]. Lower absorbance indicates higher metal chelating
activity and vice versa. Indeed, the metal chelation is an important
antioxidant property according to results obtained by Kehrer
(2000) [45]. For this instance, was assessed the CNT-ability to
compete with triazine for ferrous ions (Fe**) in the solution in or-
der to evaluate the potential of Fe>*-chelating. Before all spectro-
photometric chelating measurements, the blanks with each CNT
were run and interferences absorbance peaks of CNT were not
observed at 400—600 nm?°, a result that ensured that colorimetric
measurements at 570 nm were reliable. Firstly, it was determined
the absorbance of the control group, containing triazine-Fe’*
complex in the presence of DMSO (CNT-solvent), a condition that
represents the free Fe?t or non-chelated ferrous ions. Also, EDTA
(0.4 mM) was employed as positive control, in order to get an es-
timate of 100% of Fe?* chelating activity. Then, Fe>* chelating ac-
tivity was determined in the presence of different concentration of
CNT (0.5; 1; 3; and 5 pg/mL) from a CNT-stock suspension in the
solution of 2 mM FeSO4. The reaction was initiated throughthe
addition of 5 mM of triazine and the total volume was adjusted to
2 mL with water. Next, the mixture was shaken vigorously and left
at room temperature for ten minutes followed by spectrofotometric
measurement at 570 nm. Data of chelanting activity on ferrous ion
(Fe*™) by carbon nanotubes were expressed as the mean =+ 1
standard deviation (SD). Differences between the experimental
groups were evaluated using one-way ANOVA followed by the post
hoc Newman—Keuls multiple comparison test when appropriate.
All tests were performed at least three times in triplicate. Differ-
ences were considered statistically significant at a probability of

less than 5% (p < 0.05). Normality and variance homogeneity were
verified using Shapiro—Wilks and Levene tests, respectively, before
using ANOVA analysis. In all cases, a significance level of 5% was
employed.

3. Results and discussion
3.1. Effects of CNT-family on mitochondrial ROS levels

The experimental values of ROS-inhibition [ROS; (%)] for the
different CNTs determined in the concentration range of 0—5 pg/ml
are shown in Table 3. In order to evaluate the mitochondrial H,0,
production, the Amplex Red assay in the presence of Fe?* 20 uM, as
classical Fenton-Haber-Weiss-ROS-inductor, was used to induce a
mitochondrial pro-oxidant condition. The CNT potential interfer-
ence in this method was not detected. In this regard, it is important
to note that de-bundled semiconducting carbon nanotubes as the
CNT-family tested, are known to exhibit the first van Hove ab-
sorption peak (Ei1) in the near-infrared region (800—2500 nm)
[20], which does not compromise in any sense, the mitochondrial
Fenton in vitro measurements (AFU or ROS-inhibition response)
performed at 563/587 nm of excitation/emission, respectively as
mentioned in Materials and methods section.

In the present study relationship between CNT-concentration,
CNT-time of exposure, CNT-functional groups (OH, COOH) and
CNT-diameter toward mitochondria Fenton inhibition-targeted like
[ROS; (%)] was analyzed and compared with quercetin to obtain a
maximum free radical scavenging activity [39]. The obtained re-
sults presented the following order: quercetin (antioxidant positive
control) > CNT-COOH (MWCNT-9, MWCNT-7, MWCNT-6, SWCNT-
8) > CNT-OH (SWCNT-2, MWCNT-5, MWCNT-3, MWCNT-4) ~ pris-
tine-CNT (MWCNT-1).

3.2. Interpretation of QSPR-Perturbation model

The predictive QSPR-model obtained in the present work is a
canonical generalization of the pharmacodynamics problems of
dose-response, addressed to assess the effects of CNTs on the in-
hibition of mitochondrial ROS-production in Fenton chemical pro-
oxidant conditions. Next, the AFUj-values were obtained after
exposure of the rat-liver mitochondrial sample as ROS-target to one
volume of 100 pL of CNT at different c; values. It was employed CNT-
physic-chemical parameters (i), were used as inputs for statistical
model development as was shown in Table 2. The endpoint
(response variable) used in the QSPR/QSAR analyses is a predictive
function of the percent of arbitrary fluorescence unit ({AFU; %))
which means the free radical scavenging ability against mito-
chondrial Fenton reaction induced by Fe?*-overload (AUF;
(%) = ROSi(%) or % Fenton ROS-inhibition) obtained from experi-
mental dataset as a function of CNT-functionalization, CNT-diam-
eter and also optimal experimental conditions of exposure like
CNT-concentration and exposure time according to Eq. (7). This
approach allows to evaluate and predict the influence of multiple
experimental conditions in Fenton radical scavenging ability.

This QSPR/QSAR-model can be regarded as a generalized model
for making predictions of *OH-hydroxyl free radical scavenging
ability of other functionalized CNTs with different physical (such as
diameter) and experimental (such as CNT concentration and
exposure time) specifications not used in model development thus
aiding in design of new functionalized CNTs of potential thera-
peutic benefit. The acceptability and applicability of Eq. (7) for such
prediction purposes have been statistically judged in quantitative
terms using different internal and external validation parameters
according to the best quantitative structure—activity relationship
models (QSAR-model) obtained is represented by Eq. (7):
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Table 3
Experimental Fenton ROS-inhibition values (ROS;%) for CNT family.

an; 3CNT type 2Function  *W; ap; i PROS(%) N;
1 MWCNT - 303" 8 05 0 42
1 3.5 42
3 15.6 42
5 323 42
2 SW/DWCNT OH 3.96 1 0.5 0 21
1 0 21
3 31.9 21
5 60.7 21
3 MWCNT OH 3.86 1 0.5 7.3 42
1 83 42
3 17.3 42
5 20.2 42
4 MWCNT OH 4 10 0.5 0 21
1 6.2 21
3 134 21
5 17.2 21
5 MWCNT OH 1.06 30 0.5 0 42
1 6.4 42
3 211 42
5 24.1 42
6 MWCNT COOH 0.73 30 0.5 10.6 21
1 14.7 21
3 30.2 21
5 68.4 21
7 MWCNT COOH 4 10 0.5 29 21
1 53.8 21
3 66.9 21
5 71.2 21
8 SWCNT COOH 2.73 1 0.5 0 21
1 0 21
3 229 21
5 56.3 21
9 MWCNT COOH 3.86 1 0.5 0 21
1 221 21
3 759 21
5 814 21
Control  Quercetin 50 100 21
Groups (Wi) (D) (cjp) ROS(%) N;
Average 2435 1025 25 0.353 1071
+ S.D. 0.06802
AMWCNT = Multiple-Walled, SWCNT = Single-Walled, SwW/

DWCNT = DWCNT + SWCNT mixture. Percent of arbitrary fluorescence unit or
PAUF; (%) = PFenton ROS-inhibition = "ROS{(%) = 100*[AFUcn: — AFUsglvent]/[AFU-
Quercetin-control — AFUsolvent] Where CNT = carbon nanotubes or Fe?*:citrate (Fenton-
inductor), Solvent = DMSO or H,O from Fe?*:citrate solution; AFUquercetin-control
(Free radical scavenge-mitochondrial control with Fe?*-complexing ability) [52]
and N; is the number of replicates of the Fenton ROS-assay.

AFU;(%) preq =" f (AFUy)
= 0.332(20.0153)AFU; (%) expected
— 1.46(20.0567)c;;(1ng/ml)
+0.195(£0.0003)t;(s)
— 1.03(20.0826)W;min(%)
— 0.163(+0.0063)Dj;(NM) 11
+0.287(+0.0086)AFU;_g + 10.51(+2.555)  (7)

3.2.1. Training set statistics (internal validation parameters)

N = 58410, F = 88394.64 (df 5, 58403), s = 25.2042; R% = 0.901;
R*adj) = 0.901; Q*LO0-CV) = 0.901; SEE = 25.2042;
PRESS = 37109229.

3.2.2. Test set statistics (external validation parameters)
N = 19461, Q% = 0.9008; Q%*» = 0.9008; Q%3 = 0.9009;
MAE = 21.213; Scaled Avg. R%, = 0.8608, Scaled Delta R%, = 0.0796;

CCC = 0.9478.

Quality of prediction (based on MAE criteria): Moderate.

Please note that the standard errors of each regression coeffi-
cient of the predictive QSPR-model represented by Equation (7) are
shown in parenthesis. All the regression coefficients are significant
at p < 0.05 while the model shows 90.1% explained variance and
90.1% predicted variance based on the training set data. In order to
provide an example of numeric simulation about the potential
applicability based on Eq. (7) for such prediction purposes on free
radical scavenging ability against mitochondrial Fenton reaction
induced by Fe?*-overload in different experimental conditions it
was represented the following Eq. (8); to check, each parameters of
the model see the Supporting Information S2 and S3 as raw data in
Xxls format).:

AFUU(%)pred :,f(AFUij)
= 0.332(142%) — 1.46(2.5png/ml) + 0.195(600s)
—1.03(2%) — 0.163(5nm) + 0.287(33.67);_o
+10.51=177.79%
(8)

As we mentioned above, in the simplest case the output func-
tion ! fTAFUjj)pred represents the fluorescence predicted value (AFUj;
(%)pred) by the linear model under the set of boundary conditions of
test of reference. Overall behavior of observed vs. predicted values
for each CNT dose-effect series it was depicted (Fig. 4).

The general model predicts an excellent linear behavior for
different dose-effect series according to alternative models repre-
sented above by the equation (3) and (4) for the different CNT with
different diameters (Dj)mqx and chemical functions (Wj)min, etc.

3.3. Effects of CNT-family on mitochondrial membrane potential
(Ym)

In this regard Fig. 5 (a) shows graphically that the CNT-family
does not affect the electrochemical mitochondrial membrane po-
tential, despite of the presence of pro-oxidant experimental con-
ditions induced by Fenton initiator (Fe?*/citrate 20 pM). The
fluorescence units (means + SEM at 120 s) were of 22.10 + 3.72 for
the mitochondria from Fe*/citrate + CNT treatment at 5 pg/ml
(CNT-lines: CNT1 to CNT9) versus. 54.8 + 2.13 for the mitochondria
from Fe®*/citrate-treated treatment (Fenton-inductor, green line)
and 120.64 + 4.14 for CCCP (which was added at the final of the
mitochondrial potential scanning during 600 s for all ¥ ,,-experi-
ments). This value of response (120.64 + 4.14) was similar even if
CCCP (1 uM) was added at 120 s, attest to its strong uncoupling
properties associated to ¥ -dissipation. Statistically significant
differences (p < 0.05) were found between mitochondria from Fe®*
(20 pM)-treatment (green line) and for mitochondria from Fe®*
(20 uM) + CNT (5 pg/ml) treatment (CNT-lines: CNT1 to CNT9) at
120 s.

In addition, these evidences were similarly reinforced by the
(W) results with mitochondrial membrane potential dye (JC-1)
probe, allowing the identification of healthy and dysfunctional
mitochondria. In this regard it was not observed the presence of
miptotic J-monomers (green fluorescent) for mitochondria exposed
to from Fe?* (20 uM) + CNT (5 pg/ml) when compared with
mitochondria treated with Fe?+ (20 uM) and mitochondria exposed
to Fe?* (20 uM) + CCCP in the fluorescence microscopy analysis. See
details in Fig. 5(b—g). Also it was estimated the red: green fluo-
rescent intensity ratio for all the experiments performed and it was
confirmed the absence of significant statistical differences
(p > 0.05) for RLM exposed to Fe?* (20 uM) + CNT (5 pg/ml)
compared with untreated-RLM, treated-RLM with ruthenium red
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Fig. 4. Observed vs. predicted AFU-values obtained for each CNTs dose-response series with the QSPR-model. (A colour version of this figure can be viewed online.)

and DMSO-treated mitochondria (J-aggregates):dysfunctional
mitochondria (miptotic J-monomers) rate. At the same time, it was
observed marked significant statistical differences (p < 0.05) when
compared with treated-RLM from Fe?* and CCCP + Fe?*, which are
closely associated with loss of mitochondrial membrane potential.
See in details in Fig. 5h.

3.4. Electrochemical evidences on Fenton reaction inhibition by
CNT-family

The general mechanism of Fenton chemistry is represented by
the sequence of coupled redox reactions as depicted below:
Electrochemical Mediated Fenton Reaction:

[Fe3*EDTA]" + e~ « [Fe*"EDTA]* (9)
[Fe>"EDTA]" + H,0, — [Fe>*EDTA]" + *OH (hydroxyl
radical) + HO~ (10)

Firstly, the cyclic voltammograms are shown for the controls
experiments in the absence of Fe>*/EDTA. To this end, it was shown
that non-associated redox peaks to (Fe?t..q < Fe3>Ty), can be
related to H,0, catalytic reduction mediated by Fe>*/EDTA. In

addition, it was discarded the influence of possible interferences or
Fenton redox processes by CNT-metal impurities (Cr, Co or Fe) and
other types of carbon particles or amorphous carbonaceous im-
purities, since it was observed the absence of Faraday process
(cathodic and anodic peaks) in the control electrochemical assays
as depicted by Fig. 6A (above), where it can be verified the absence
of redox peaks.

Next, it was performed three electrochemical experiments ac-
cording to Fenton chemistry for each type of nanotube based on the
sequence of the following electrochemical reactions: (1) Fe>+-EDTA
complex; (2) Fe3*-EDTA + hydrogen peroxide (H;0,); and (3) Fe3*-
EDTA + H30, + oxidized-CNT (5 pg/ml) in order to evaluate the
hypothesis of Fe>* chelation as a possible mechanism for the CNT
scavenging activity, the electrochemical Fenton-Harbor-Weiss as-
says were performed as shown in Fig. 6B (below).

Each graphic shows an individual electrochemical assay (cyclic
voltammogram) performed for each carbon nanotubes of the
present study in Fig. 6B. In all the cases depicted, the black line
shows a cyclic voltammogram of Fe3* EDTA/Fe?* EDTA obtained
from a scan to the negative potentials and the oxidation process in
the reverse scan, this redox process can be represented by equa-
tion (9). The blue line shows a voltammetric behavior of Fe>*-EDTA
in presence of 8 mM H,0». It can be seen that cathodic current has
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Fig. 5. (a) Graphic behavior of effects on dissipation of mitochondrial membrane potential (¥'m) induced by Fenton-inductor (Fe>*/citrate 20 uM) expressed as arbitrary fluo-
rescence units (AFU) vs. time (s). Experimental conditions are described under Materials and Methods section. Different treatments are depicted: mitochondria control (untreated
RLM, red line), mitochondria from DMSO-treated rats (black line), mitochondria from Fe?*/citrate-treated rats (green line, positive control) and mitochondria from Fe?*/
citrate + CNTs-treated rats at concentration 5 pg/ml (remaining colored lines). RLM (1 mg/ml), Fe?*/citrate complex and Fe?*/citrate + CNTs, and CCCP (1 uM) were added where
indicated by the arrows. Results are representative of three experiments. Below, isolated rat-liver mitochondria were incubated with a specific mitochondrial dye (JC-1) in 0.1 mg/ml
for 15 min. Show details of representative fluorescent images of effects on mitochondrial membrane potential (¥m) for different controls and CNT-treatments. (b) Bright field
mitochondria from untreated rats, (c) mitochondria from untreated rats (control), (d) Mitochondria from Fe?*/citrate-treated rats (positive control) show miptotic ]-monomers
(green), (e) mitochondria from DMSO-treated rats without Fe?*/citrate (only CNT-solvent, negative control) show healthy mitochondria or J-aggregates (pseudocolored red), (f)
Mitochondria from Fe?*/citrate + CNTs(5 pg/ml) or Fe?*/citrate + RR 1 uM treated rats inducing mitoprotective activity after incubations with Fenton-inductor (Fe>* 20 uM) show
healthy mitochondria or J-aggregates (red to pseudocolored red), (g) Mitochondria from CCCP + Fe®*/citrate -treated rats show miptotic J-monomers (green) were examined under
a fluorescence microscope (x 600 magnification). Scale bars 50 um. (h) Overall red: green fluorescent intensity ratios for JC-1 mitochondrial membrane potential probe of carbon
nanotubes from CNT1 to CNT9 at maximum concentration of 5 pg/ml in Fe?*-overloaded mitochondria (RLM + Fe?*+CNT-family). Also are depicted the results of mitochondria
control (untreated RLM), mitochondria from DMSO-treated rats without Fe?*/citrate (RLM + DMSO), mitochondria from Fe?*/citrate + RR 1 uM (RLM + Fe?* + RR), mitochondria
from Fe?"citrate-treated rats (RLM + Fe?*) and Mitochondria from CCCP 1 uM + Fe?*/citrate -treated rats (RLM + Fe?* + CCCP). Experimental data are presented as the mean + S.E
of the fluorescent intensity ratio values to represent the J-aggregates and J-monomers measured using excitation/emission wavelengths of 535/595 nm and 485/535 nm,
respectively (n = 3). To denote the absence of statistical differences (ns or p > 0.05) it was used to compare with mitochondrial control, DMSO (CNT-solvent) or RR (Ca?*, Fe?*
uniporter classical inhibitor) and ***p < 0.001 to statistical differences between positive control (Fe>* or CCCP) are represent by # symbol. (A colour version of this figure can be
viewed online.)

its intensity increased noticeably, followed by absence of anodic according to the following order: oxidized carbon

current. This electrochemical behavior is due to the catalytic
behavior of Fenton reaction as depicted by the equation (10). For
this purpose, the addition of CNT represented by the red line for all
cyclic voltammograms, significantly inhibits this catalytic process,

nanotubes > pristine carbon nanotubes, more in details: carbox-
ylated-MWCNT-6(30—50 nm) >  hydroxilated-MWCNT-5
(30—50 nm) > MWCNT-1 (8 nm) > carboxylated-SWCNT-8
(4 nm) > carboxylated-MWCNT-7 (10—20 nm) > carboxylated-
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Fig. 6. A. Representative cyclic voltammogram controls for chloroacetic acid solutions and KCL (100 mM) supporting electrolyte (black line), in the presence of hydrogen peroxide
(H30,, red line), dimethyl sulfoxide solution (DMSO or CNT-solvent, blue line); CNTs (CNT1-CNT9) at 5 pg/ml (green line). Each experimental condition is representative of 3
individual experiments. B cyclic voltammograms of each carbon nanotubes tested are represented by three eletrochemical profiles of redox processes according to following
sequence: the Fe>*/EDTA solution showing the faradaic peaks to (Fe?* eq < Fe3*oy) (black line), Fenton-Haber-Weiss reaction electro-induced by Fe?* ions from Fe>*/EDTA solution
in the presence of hydrogen peroxide (H,0,, blue line); inhibition of cathodic peak current values [Ipc (nA)] of Fenton-Haber-Weiss reaction in the presence of carbon nanotubes at
5 ug/ml (red line). Scan rate it was 100 mV/s measured from 0.4 to —0.4 V, using a glassy carbon electrode (area = 0.0314 cm?). Please note that all cyclic voltammograms were
scanned including negative ranges (—0.4—0.4 V) similar to recognized window potential of mitochondrial complexes (I and III) of the respiratory chain, which are the main sources
of mitochondrial ROS-formation (*OH-hydroxy! free radical) in physiopathological conditions (Fenton-Haber-Weiss reaction) as tested. Typical examples are shown. Each experi-
mental condition is representative of 3 individual experiments, for experimental details see Materials and Methods. (A colour version of this figure can be viewed online.)

MW(CNT-9 (1-8 nm), what can be observed throughthe decrease of
cathodic current. On the other hand, the hydroxylated-CNTs (SW/
DWCNT-2, MWCNT-4, MWCNT-3) exhibit lower or non-activity

cathodic peak current values (Ipc (nA)) in Table 4.
It is recognized that (Ipc(nA)) is directly proportional to the
concentration of reduced species (hydroxyl free radical). In this

against Fenton reaction.
Electrochemical results of Fenton inhibition reaction for carbon
nanotubes are illustrated regarding the percent of inhibition to the

contex, only the CNT-Fenton inhibition (hydroxyl free radical
attenuating ability) as a function of (Ipc (pA)) was estimated
following the equation (9):
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Ipc [(Fe** /EDTA) + H0, + CNT]
Ipc[(Fe?+ /EDTA) + H,0,]

Ipc = [100 — x 100 (11)

Based on these evidences, the CNT-family exhibits the potential
ability to act as hydroxyl(-OH)-free radical scavenger based in the
inhibition of Fenton chemistry according to the CNT-type func-
tionalization. Particularly to oxidized-CNT (MWCNT-6 > MWCNT-5
with diameter range (30—50 nm) when compared with pristine-
CNT (MWCNT-1) with d = 8 nm. Taking into account the -OH-
free radical scavenging based on the inhibition of Fenton chemistry
associated to CNT with smaller diameter ranges (1—-20 nm), the
Fenton chemistry inhibition presents low % Ipc values following the
order carboxylated-SWCNT-8 (1—4 nm) > carboxylated-MWCNT-7
(10—20 nm) > carboxylated-MWCNT-9 (1-8 nm) > hydroxylated-
SW/DWCNT-2 (14 nm) > hydroxylated-MWCNT-
4(10—20 nm) > hydroxylated-MWCNT-3 (1—8 nm), which do not
show ability to inhibit the Fenton-reaction, and instead of sug-
gesting synergistic effect on the Fenton-reaction mechanism
induced in this electrochemical assay. On the other hand, the slips
observed for the cathodic peak potential values (Epc (V)) in the
presence of carbon nanotubes for the experiments (3) like Fe3*-
EDTA + H;0, + oxidized-CNT (5 pug/ml) showed less relevance to
explain the inhibition of Fenton reaction in most of the cases that
used this voltammetric cyclic study. However, the difference for the
cathodic peak current values (Ipc (uA)) were unambiguously
defined when compared with Fe>*-EDTA -+ H,0, in the absence of
carbon nanotubes used as control experiments.

3.5. Effects of CNT-family on the Fe’* chelating activity

The complexing effect of ferrous ions (Fe>*) by CNTs and the
controls were measured according to the method of Dinis et al.
(1994) [44]. The members of CNT-family interfered with the for-
mation of ferrous (Fe?*)-triazine complex, suggesting that CNTs are
capable of capturing ferrous ion before their interaction with
triazine in most of the cases. Performing a general analysis, it is
possible to observe that CNT-family showed an excellent ability to
chelate the ferrous ions at lower concentrations than 1 pg/ml, and
the values were statistically significant (p < 0.05) when compared
with the control treatment using DMSO (CNT-solvent) (Fig. 7).

The chelation ability followed this order: carboxylated-SWCNT-
8 (d = 4 nm) > carboxylated-MWCNT-9 (d = 8 nm) > carboxylated-
MWCNT-7 (d = 10—20 nm)>carboxylated-MWCNT-6
(d = 30-50 nm) > hydroxylated-MWCNT-5 (d = 30—50 nm).
Similarly, hydroxylated-MWCNT-3 (d = 8 nm) > hydroxylated-SW/
DWCNT-2 (d = 14 nm) > MWCNT-1 (d = 8 nm) > hidroxylated-
MWCNT-4 (d = 10—20 nm) showed ability to chelate the ferrous
ions at lower concentrations than 0.5 pg/ml, with statistically sig-
nificant differences (p < 0.05) related to control experiment

Table 4
Percent of inhibition of electrocatalyzed Fenton reaction for CNT-family.

(DMSO0), showing the same pattern of response in the sense of
decrease of nanotube diameter, but for this instance it was not
observed a concentration dependence for the ferrous ion chelating
activity. Also it should be emphasized that for higher concentration
than 3 pg/ml, the complexing activity on ferrous ion (Fe*>") for CNT
with diameter lower than 8 nm, the Fe?* jons immobilization
reached the maximum value, similar to positive control EDTA
(0.4 mM), used as reference of maximum Fe" chelating response,
with statistically significant differences (p < 0.05) related to control
experiment (DMSO).

3.6. Effects of CNT-family on mitochondrial iron (Fe**) uptake

This assay provided mechanistic information regarding the po-
tential of CNT-ability to inhibit the mitochondrial iron (Fe**) up-
take. The results showed that all the members of CNT-family did
not interferewith Fe?*-translocation from extra-mitochondrial
medium to mitochondrial matrix in Fe>* 20 uM overload condi-
tions. No significant statistical differences were registered
(p > 0.05) when compared with untreated mitochondria suspen-
sions. However, for mitochondria treated with ruthenium a (Ca*,
Fe?*)-uniporter classical inhibitor (positive control), significant
statistical differences (p < 0.05) were detected when compared
with control group (Fig. 8).

4. General discussion

The important role of mitochondria to regulate intracellular ROS
levels has been extensively characterized and associated with
several chronic diseases as neurodegenerative diseases, cardio-
vascular and cancer, which currently have high levels of morbidity
and mortality [1]. In this study, we performed biochemical and
redox electrochemical protocols to evaluate the properties of
different carbon nanotubes on mitochondrial Fenton reaction un-
der physiophatological conditions of iron overload and high
peroxide production.

In this sense, several aspects must be considered to explain the
ability of carbon nanotubes (oxidized-CNT) to inhibit mitochondrial
ROS-formation. First, CNT should cross the outer mitochondrial
membrane, inter-membrane space and mitochondrial matrix [7],
this ability could be dependent on its octanol/water partition co-
efficient and CNT-electronical properties [28].

The evidences suggest a CNT-hydroxyl free radical scavenging
ability mediated by CNT-(Fe?*)-complexing ability and suggest that
it removes Fe?* from the citrate complex because Fe?* is directly
involved in the formation of *OH radical through Fenton-Haber-
Weiss-reactions. Following this idea, the Fenton inhibition re-
sponses obtained are strongly dependent on the relevant structural
parameters (CNT-nanodescriptors).

CNT-Properties Wi (%) Di (nm) Cathodic peak current values Ipc (LA)

n Type Function min max min max Ipc (Fe3 + EDTA + H202) Ipc (Fe3 + EDTA + H202+CNT) Ipc inhibition (%)
1 MWCNT H 0.9 3 8 8 -17.2 -115 41.01
2 SW/DWCNT OH 0 4 1 4 -14 -13.5 4.67
3 MWCNT OH 0 3.9 1 8 -14 -14.1 0,00
4 MWCNT OH 3 4 10 20 —185 -17.5 345
5 MWCNT OH 1 1.1 30 50 -16.5 -11 43.31
6 MWCNT COOH 0 0.7 30 50 —15.5 -9.6 46.83
7 MWCNT COOH 3 4 10 20 -16.5 -13.7 20.74
8 SWCNT COOH 0 2.7 1 4 —185 —14.5 28.1
9 MWCNT COOH 0 3.9 1 8 -12.6 -11.6 10.99
10 DMSO no no no no no -17 -17 0,00
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Fig. 7. Ferrous ion (Fe?*) chelating activity of carbon nanotubes from CNT1 to CNT9 (a—i) at different concentrations (0.5, 1.0, 3.0 and 5 pg/ml) and EDTA (0.4 mM) control test used
to indicate 100% to Fe?* chelating activity. Experimental data are presented as the mean = S.E of the absorbance values at 570 nm (n = 3). *: p < 0.05; **: p < 0.01; and ***: p < 0.001,
compared with DMSO control (CNT-solvent or negative control) to express the Fe?* ions non-chelating activity. (A colour version of this figure can be viewed online.)
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Fig. 8. Effects of CNT-family on mitochondrial Fe?* ion uptake through (Ca®*, Fe?*)-uniporter in RLM (1 mg/ml). Show that all the members of CNT-family (RLM from Fe?*
20 uM + CNTs 5 pg/ml treated, colored CNT-lines: CNT1 to CNT9) not interfere with mitochondrial Fe?*-influx. Significant statistical differences were not observed (ns) when
compared with untreated-RLM and also with RLM from DMSO-treated (yellow line) between 30 and 100 s of mitochondrial Fe?>*-overexposure at 20 uM. RLM from ruthenium red
(RR)-treated (red line) show marked significant statistical differences (p < 0.05) related to untreated-RLM and RLM from DMSO-treated (yellow line) between 30 and 100 s of
mitochondrial Fe?*-overexposure. Each CNTs and Fe?* were added where indicated by the arrows. Results are representative of three experiments with different mitochondrial
preparations. *Significantly different from control (untreated-RLM) at p < 0.05. (A colour version of this figure can be viewed online.)
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The results obtained using the isolated liver-rat mitochondria
in vitro model are consistent with the results of the recent work
published by Zhenbao Liu et al. (2015) [8] using pristine and
oxidized multi walled carbon nanotubes on human liver cell line
L02, which reinforce the potential relevance for Nanomedicine. In
addition, the results are consistent with in silico evidences obtained
by Galano et al. (2010)'3, using semi-empirical methods based on
Functional Density Theory (DFT), which suggests that the CNT-free
radical scavenging activity is particularly increased for hydroxyl-
Fenton radical (-OH), following a pattern of CNT-functionalization
as oxidized-CNT  (carboxylated-CNTs > hydroxilated-
CNTs) > pristine-CNTs as mentioned in the Introduction of this
work [13—17]. According to this idea, the use of computational tools
has been recommended and recognized by the major regulatory
agencies including the Organization for Economic Cooperation and
Development (OECD, 2013) [46] and the International Organization
for Standardization (ISO/TC 229, 2011) [47] based on the impor-
tance of developing alternative methods to evaluate the
performance-related properties of new drugs (nanoparticles) to-
ward therapeutic potential and nano-risks [46—48]. In this regard,
very recently Gonzalez-Diaz et al. (2013) [26] formulated a general-
purpose Perturbation Theory (PT) model for Chemoinformatics
problems with multiple-boundary experimental conditions. In the
present study the CNT-nanodescriptors, like CNT-minimum func-
tion/carbon ratio (%¥Whmjin), CNT-maximum outer diameter (Dmax),
and experimental conditions as CNT-concentration (c;) and time (t;)
expressed good linear correlation performance with the Fenton
inhibition response for the in silico model performed with the
experimental results obtained from H,0,-formation assays.

We identified three important relationships to explain the
Fenton inhibition response by carbon nanotubes tested, which
involve original input variables 'Vi (CNT-nanodescriptors) and
experimental boundary conditions mentioned above: 1) CNT-
function/carbon ratio, maximum outer diameter and time of
exposure (Wi, Dimax < t;) relationships; 2) CNT-concentration-
time of exposure (¢; <« tj) relationships; and 3) CNT-
concentration, CNT-function/carbon ratio and maximum outer
diameter (c; < Wimin, Dimax) relationships. For the first (Winip,
Dimax < tj)-relationship, the type of CNT-function/carbon ratio
and/or relative position of these functional groups in the tips or
sides of the oxidized-CNTs (Wi, (%)) can increase proportionally
the (-OH)-free radical scavenging activity according to the
following order: carboxylated-CNT > hydroxylated-CNT ~ pristine-
CNT; assuming that -OH-radicals interactions with CNTs-structure
take place at the most CNT-reactive sites as it has been suggested
recently by Galano (2010) [6]. An increase of the CNT-
functionalization [W;j min(%)] is able to increase the value of the
Fenton inhibition response according to the observed and predicted
values (AFU-outputs results) of the theoretical model. It has been
recognized that CNT-covalent functionalization can generate
different vacancies as adatom and Stones-Wales defects formed by
rotating a C-C bond by 90° in the sidewalls of CNT-structure with
loss of sp?-carbon hybridization [13]. Moderate or partial oxidation
is associated to the presence of point defects in the carbon lattice of
CNT and, in this regard, it is predicted an increase of their free-
radical scavenging activity probably involving C-atoms with
dangling bonds which is expected to cause a larger increase of CNT
reactivity toward free radicals than the Stones-Wales and vacancy
defects without C-atoms with dangling bonds [13]. Carbon nano-
tubes covalently functionalized (oxidized-CNT) with point defects
are also expected to have such ROS inhibitory activity, probably to a
larger extent than the pristine carbon nanotubes. Particularly, the
CNT-covalent functionalization through introduction of OH and
COOH groups like the ones used in the present study is commonly
associated with Stone-Wales point defect according to Galano

(2010) [13]. This kind of CNT could increase the effect on the (*OH)-
free-radical scavenging activity through interaction of hydroxyl
radical on the CNTs walls and the formation of strong (*OH)-Fenton
radical-oxidized-CNTs adducts [14—16]. It is known that the for-
mation of new chemical bond is a time-dependent process and, in
this regard, taking into account the exposure time (t;) it is suggested
the generation of a transient charge transfer complex between Fe?*
and the oxidized-CNT that should accelerate Fe?* oxidation and
formation of a more stable Fe3*—oxidized-CNT complex, unable to
participate in Fenton—Haber—Weiss reactions [18].

Regarding the CNT-concentration-time of exposure (¢ < tj)
relationships, the experimental concentration to CNT (or carbon
nanotubes dosimetry), is a significant endpoint to address
biochemical target studies, particularly in vitro systems. In this
context, the redox effects observed in mitochondria depend on the
CNT-concentration and duration of exposure to a fixed level of
response for a given endpoint, according to dose/time-response
models based on the Haber's rule (law of toxicity) [49,50].
Following this criteria, the CNT-induced Fenton response (nano-
toxicity) is a function of (cj<t;) relationships. This issue should
always be examined exhaustively regading the CNT-
nanodescriptors (nanoparticle diameter, type of functionalization)
and concentration captured by the biological model (isolated rat
liver mitochondria). The CNT-properties are expected to signifi-
cantly affect mitochondrial dose-uptake, but are largely ignored in
the conduct of in vitro pharmacological studies for CNT. Herein the
(¢; < t;) relationship for the dose-response linear QSPR-model
found is consistent with studies performed by Miller et al. (2000)
[49] suggesting that the experimental conditions ¢; and t; have a
relevant influence.

For the relationship CNT-concentration, CNT-function/carbon
ratio and maximum outer diameter (¢; < W;j min, Di max), @ high
level of hydrophilic group functionalization on CNT can signifi-
cantly reduce the CNT-partition coefficient lipid/water and conse-
quently their solubility. Also, this should decrease the ability to
internalize in the mitochondrial membranes, and the efficiency as
ROS-scavenger regarding the biophysical environment in which it
occurs (mitochondrial matrix) [19]. In the present study, the linear
QSPR-model found expresses a good condition for modeling the
mitochondrial ROS-inhibition (Fenton reaction) when considered
the factors involved on the first relationship (Wimin, Dimax < ti).
The predictive linear QSPR-model represented by equation (7)
shows that the standard error for all the regression coefficients
are significant at p < 0.05 while the model shows 90.1% explained
variance and 90.1% predicted variance based on the training set
data. The high value of the variance ratio F suggests stability of the
regression coefficients while the low error (s) value indicates the
goodness of fit. Different conventional external validation metrics
(Q%F1, Q%2 Q%p3, CCC, RZ,) computed from the prediction for the test
set show acceptable values suggesting the reliability of predictions
from the QSPR-model. The external validation parameters (sz,
Q%k, Q%r3, CCC, RZ) are valuable criteria of the predictive potential
of a QSAR/QSPR model according to the literature: a model has
predictive potential if their values exceed the predetermined value
of 0.5 [40]. The application of the recently suggested MAE based
criteria [27] after converting the response range and error value
into log units showed that the predictions are of moderate quality
[27,40]. It is straightforward to realize that the general model
predicts linear behavior for different dose-effect series according to
alternative models represented above by the equation (3) and (4)
for the different CNT with different diameters, chemical functions
and concentrations.

In addition, it was observed that CNT-family tested did not
induce dissipation of mitochondrial membrane potential (¥'m) at
the maximum concentration of 5 pg/ml in the presence of Fe?* as
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Fenton initiator for the two mitochondrial membrane potential
tests applied (safranine O and JC-1) (see details in Fig. 5). In the
presence of mitochondrial Fe**-overexposure, all CNTs tested were
able to keep the ¥'m avoiding the miptotic J-monomers formation,
which are characteristic of mitochondrial dysfunction processes
associated to ROS-increment and other pathological conditions,
like induction of mitochondrial permeability transition pore
(MPTP)-iron dependent. All these data indicate an unambiguous
mitoprotection effect when compared to the strong uncoupling
effects verified for the mitochondria from Fe?* and CCCP treat-
ments as shown (Fig. 5d and g). Consistent with this idea, the re-
sults obtained for the red: green fluorescence intensity ratio
suggest that CNT can act preventing the dissipation of the mito-
chondrial electrochemical potential gradient (¥'m) which has been
described as an early event in apoptosis (ferroptosis) [1].

According to recent experimental evidences obtained by
Gonzalez-Durruthy et al. (2015) [30], oxidized single and multi
walled carbon nanotubes can act as mitoprotective agents based on
their ability to prevent the mitochondrial permeability transition
pore (MPTP) induced in strongest pro-oxidant conditions using
Fe?* ions overload with ascorbic acid 100 uM (a strong reducing
agent) and H,0, to generate hydroxyl free radical from Fenton-
Haber-Weiss reaction experimentally induced in the context of
mitochondrial swelling assays [30]. Therefore, the evidences sug-
gest potential biomedical relevance of oxidized-CNT family,
pointing that the ROS-inhibition could be associated with the CNT-
ability to attenuate the loss of redox balance induced by the
physiophatological concentration of -OH radical [22].

Multi-walled carbon nanotubes have exhibited good electronic
relation with redox proteins. It is also known the involvement of
iron on free radicals production in several chronic diseases through
induction of oxidative stress. Besides, the reduced metals such as
Fe?* can catalyze the production of Fenton hydroxyl radicals
through the decomposition of preformed lipid hydroperoxides [10].

For this purpose, it was reproduced an electrochemical study
published by Laine and Cheng (2009) [18] in order to measure the
oxidized-CNT ability for the inhibition of Fenton reaction [18]. To
this end, cyclic voltammograms for all CNT were recorded at a
window potential (- 0.4 to 0.4 V), similar to a potential window
observed in mitochondrial redox complexes (I and III) of the res-
piratory chain, which are the main sources of mitochondrial ROS
generation.

In this regard we suggest that the weak Fenton inhibition
response obtained for hydroxylated-CNT compared with carboxyl-
ated-CNT = pristine-CNT (MWCNT-1) is consistent with its chem-
ical structure (hydroxyl covalent functionalization). In this sense,
the OH-oxidation of C=C double bonds can create sp> sites that do
not offer the adjacent conjugated structure necessary for free radical
resonance stabilization. For this reason, OH-moieties are not ex-
pected to exhibit strong antioxidant activity based on the results of
electrochemical assays. In addition, the only source of phenolic
groups (aromatic hydroxyl sites) would be at the hydroxyl-CNT tips,
which could mimic to a lesser extent the free radical scavenging
ability from poliphenolic systems present in antioxidants like
quercetin. However, in hydroxylated-CNT most of OH-moieties
must be non-phenolic, which is consistent with a low H-donor
antioxidant activity towards hydroxyl radical scavenging effect [51].

Also the decrease of the catalytic process (cathodic peak current
inhibition) observed in the cyclic voltammetric analysis may have
occurred through two logical paths: first, a direct decomposition of
H,0; used in the Fenton-generation of hydroxyl radical by the
presence of the carboxylated-CNT. According to Voitko et al. (2011)
[52], the hydrogen peroxide decomposition kinetics process is
inextricably linked to the surface chemistry, number, type of
functional groups and ability to trap and deactivate free radicals

(hydroxyl-Fenton radical). The second option is the chelation of the
catalyst Fe?*EDTA or ferrous ions complexation by carboxylated-
CNT to form a Fe’™-oxidized-CNT complex unable to participate
in Fenton—Haber—Weiss reactions [18,52]. Curiously for pristine-
CNT(MWCNT) it has been demonstrated that in aqueous suspen-
sion it does not generate oxygen free radicals in the presence of
H,0,. On the contrary, it was observed that MWCNTs exhibit a
remarkable free radical scavenging ability, when in contact with an
external source of hydroxyl or superoxide radicals, suggesting that
the walls of MWCNTSs can act as oxygen free-radicals sponges for
multiple -OH radicals on the carbon lattice [14—17]. Taking into
account the results of Fe?* jons chelating activity, this mechanism
seems to have a crucial role on the inhibition of Fenton chemistry
and the potential therapeutic as hydroxyl-free radical scavenging of
CNT-family tested. Because it is well recognized that elemental
metal species such as ferrous iron (Fe>*) can facilitate the hydroxyl
free radical generation and lipid peroxidation, therefore the ability
of oxidized CNT to chelate iron in its reduced state can be a relevant
antioxidant capability by retarding metal-catalyzed oxidation
[44,45]. Even though ferric ions Fe3* also produce oxygen radicals
from peroxides, the rate is tenfold lower than that of ferrous Fe?*
[38].

It is also known that the covalent functionalization of carbon
nanotubes (hydroxylation, carboxylation) can activate small mol-
ecules and increase the scope of their use. In particular, metal
porphyrins such as mitochondrial complexes can display strong 7-
stacking interactions for the case of pristine-MWCNT sidewalls or
through immobilization of iron center by oxidized-MWCNT [53],
which allows their stable binding and consequently their use in the
oxygen reduction [54—56].

In the context of the present study, the oxidized-CNT/iron (Fe3+)
porphyrin formed complexes might exhibit catalytic properties
towards the complete oxygen reduction reaction to H,O from the
H,0; and in this way avoid the Fenton reaction in the presence of
external high concentration of Fe>* ions as shown in the experi-
mental ROS assays using horseradish peroxidase, a classical enzyme
to detect Hy0; [56,57]. Following this idea, a direct complexation of
mitochondrial iron (as Fe?*) has been suggested as an attractive
therapeutic strategy for several clinical disorders involving ROS-
imbalance and iron overload [58]. The evidences obtained in the
present study suggests that the inhibition of mitochondrial ROS-
formation experimentally induced by Fenton reaction could
involve the electrostatics binding interaction of the COO~ groups of
oxidized-CNT with the reduced state (Fe’*) of metallic heme-
centers in the mitochondrial complexes (I and III, known to be
mitochondrial ROS producers). Nevertheless, for the only pristine-
CNT tested, the non-substituted rings present an extensive -
conjugated system, also could favor iron (Fe?*)-chelation.

The mitochondrial iron Fe?* uptake has been recognized as
relevant mechanism involved in mitochondrial permeability tran-
sition pore (MPTP) when present in non-physiological concentra-
tions. The study of the influence of CNT-family on the
mitochondrial Fe?* jons influx was performed to verify the hy-
pothesis of a potential pharmacodynamics inhibition of mito-
chondrial (Ca?*, Fe?*) uniporter by the CNT assayed. In this sense,
this divalent cation channel was able to retain its physiological
function for all CNT-tested at their maximum concentration (5 pg/
ml). This characteristic was observed by Geng et al. (2014) [59]
using oxidized-CNT porin, showing the potential of carboxylated-
SWCNT as efficient synthetic analogues of biological membrane
channels. According to the mentioned authors, carboxylated-CNT
can spontaneously insert into cellular and mitochondrial mem-
brane lipid bilayers to form channels (CNT-porin), which exhibit
high selectivity for ion transport and unitary conductance of
70—100 pS without affecting membrane functionality [59]. Based
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on these criteria, we suggest that the negative charge of (COO™)-
moiety of carboxylated-CNT could favor the mitochondrial ferrous
cations passage. In addition, we must take into account that the
natural biophysical environment of Fenton-Haber-Weiss reaction is
located in the mitochondrial matrix. This fact is consistent with the
results obtained for JC-1 mitochondrial membrane potential probe
in the presence of Fe?" and CNT, where the miptotic J-monomers
formation and its attenuation occur spatially in the mitochondrial
matrix. Mitoprotective activity of carbon nanotubes family
(oxidized-CNT > pristine-CNT) towards Fenton free radical scav-
enging activity, from a temporal point of view occurs after
approximately 30—60 s of the iron (Fe?*) uptake by the mito-
chondrial (Ca®*, Fe>*) uniporter.

Finally, considering the potential CNT-biomedical applications,
the carboxyl-groups (oxidized-CNT) and other structural parame-
ters as -conjugated aromatic network (pristine-MWCNT) could be
considered as a relevant CNT-redox moieties or free radical
scavenger-pharmacophores to address the potential activity of CNT
against Fenton reaction based on the Fe?* complexing activity
[13—15,58]. Also, the electrochemical results suggest that the CNT
diameter could influence in the inhibition of Fenton catalytic pro-
cess based on the modulation of Fe?*-CNT side wall electron
transfer [8,15]. This relation has been observed by Chenguo Hu et al.
(2005) [60] and it was explained above in the theoretical model.

The obtained results open several pathways to assess the risk-
benefit relationships to study the exposure to manufactured car-
bon nanomaterials and can contribute to the rational design of new
CNT with potential significance in nanomedicine.

5. Conclusion

Mixed experimental-theoretical methodologies were used to
study the effects of different CNT on the Fenton radical scavenging
ability against Fenton-Haber-Weiss reaction experimentally
induced by Fe?* overload. The pertinent properties of CNT
(oxidized-CNT) towards mitochondrial redox mechanisms are still
poorly understood nowadays. Our results suggest that the CNT
ability to inhibit the electrocatalytic Fenton reaction in Fe>* over-
load pro-oxidant condition, depends primarily on the structural
parameters such as CNT-functionalization, CNT-diameter and also
optimal experimental conditions of exposure like CNT-
concentration and exposure time, according to the results of the
theoretical QSPR-model. Other essential conclusions from this
work is that carboxylated-CNT are better than their pristine and
hydroxylated CNT analogues to inhibit the electrocatalytic forma-
tion of hydroxyl Fenton radical associated to their Fe?>* ions com-
plexing ability and also in concentration dependent manner.
However, it should be emphasized that the good relationship
biocompatibility/nanotoxicity for the best carbon nanotubes
(carboxylated-CNTs) against Fenton reaction mechanism is not
limited to the presence of carboxylic groups but also to exposure
experimental conditions.

According to the experimental and theoretical results, mito-
chondrial redox effects could be useful for the prediction of new
CNT-endpoints (or CNT-pharmacophores) toward Fenton free-
radical scavenger ability, including carbon nanotubes not tested
in our original database. Finally, the present work can contribute for
the rational design of novel carbon nanomaterials and opening new
opportunities to emergent areas of research as Mitochondrial
Nanomedicine as alternative for the treatment of several chronic
diseases (hepatotoxicity, Alzheimer, Parkinson, cancer, etc.) where
pathological Fenton-reaction mechanisms have been directly
involved.
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Decrypting Strong and Weak
Single-Walled Carbon Nanotubes
Interactions with Mitochondrial
Voltage-Dependent Anion Channels
Using Molecular Docking and
Perturbation Theory

Michael Gonzélez-Durruthy®?, Adriano V. Werhli(®?, Vinicius Seus?, Karina S. Machado?,
Alejandro Pazos**, Cristian R. Munteanu*, Humberto Gonzalez-Diaz(®>° & José M.
Monserrat(®?

The current molecular docking study provided the Free Energy of Binding (FEB) for the interaction
(nanotoxicity) between VDAC mitochondrial channels of three species (VDAC1-Mus musculus, VDAC1-
Homo sapiens, VDAC2-Danio rerio) with SWCNT-H, SWCNT-OH, SWCNT-COOH carbon nanotubes.
The general results showed that the FEB values were statistically more negative (p < 0.05) in the
following order: (SWCNT-VDAC2-Danio rerio) > (SWCNT-VDAC1-Mus musculus) > (SWCNT-VDAC1-
Homo sapiens) > (ATP-VDAC). More negative FEB values for SWCNT-COOH and OH were found in
VDAC2-Danio rerio when compared with VDAC1-Mus musculus and VDAC1-Homo sapiens (p < 0.05).
In addition, a significant correlation (0.66 > r? > 0.97) was observed between n-Hamada index and
VDAC nanotoxicity (or FEB) for the zigzag topologies of SWCNT-COOH and SWCNT-OH. Predictive
Nanoparticles-Quantitative-Structure Binding-Relationship models (nano-QSBR) for strong and
weak SWCNT-VDAC docking interactions were performed using Perturbation Theory, regression
and classification models. Thus, 405 SWCNT-VDAC interactions were predicted using a nano-PT-
QSBR classifications model with high accuracy, specificity, and sensitivity (73-98%) in training and
validation series, and a maximum AUROC value of 0.978. In addition, the best regression model was
obtained with Random Forest (R? of 0.833, RMSE of 0.0844), suggesting an excellent potential to
predict SWCNT-VDAC channel nanotoxicity. All study data are available at https://doi.org/10.6084/
m9.figshare.4802320.v2.

VDAC is the most abundant and highly conserved channel-protein in outer mitochondrial membrane of cells
from all eukaryotic kingdoms including human (Homo sapiens). VDAC is the main communication route
between this organelle and cytosol, generating the mitochondrial membrane potential, sucrose exchange, mito-
chondrial [Ca?*] dynamics and ATP-efflux between these two cellular compartments' . Besides, VDAC is an
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essential component of the induced-structure of mitochondrial permeability transition pore (MPTP-VDAC), a
multi-protein complex that is directly involved in mitochondrial dysfunction (apoptosis)>~’.

Carbon nanotubes (CNT) are nanomaterials considered for biomedical applications due to their flexi-
ble nature and versatility for chemical functionalization/oxidation (e.g. OH, COOH)!®!'. More specifically,
single-walled carbon nanotubes (SWCNT) have rapidly become one of the most widely studied nanomaterials,
based on their unique physico-chemical properties that allow their potential use in new nanomedicine applica-
tions like pharmaceutical excipients for the design of several drug delivery systems'®!1.

The VDAC channel inhibition by SWCNT could be an attractive therapeutic strategy to induce mitotoxic-
ity based on specific VDAC-modulation. Following this idea, the chemo-informatics tools based on Docking
Simulation (DS)!? appears to be an efficient strategy for the potential nanotoxicity prediction and SWCNT envi-
ronmental impact. The use of Docking Simulation coupled to a Virtual Screening Framework (DS-VSF)!>1? is
a powerful new platform for the rational design of a new SWCNT before its mass production, allowing for the
computational interaction analysis of a large volume of SWCNT designs with key molecular targets'*!*. Several
in vitro studies have demonstrated that SWCNTs exert their cytotoxicity mechanism after their accumulation in
the mitochondria matrix!®'’.

In this context, chemoinformatics algorithms may be also very useful to predict carbon nanomate-
rial structure-activity relationships (QSAR models). Specifically, the term Quantitative Structure-Binding
Relationships (QSBR) model is used for ligand-protein interactions. In the particular case of Nanoparticles we
can talk about Nano-QSAR (NQSAR) or Nano-QSBR (NQSBR) models, by analogy. In general, these NQSAR/
NQSBR models use as input physico-chemical properties of nanoparticles (nanodescriptors) to predict their
biological activity, toxicity, and/or target-binding affinity'®*°. The main assumption of classic QSAR algorithms
in general form is that the similar structures (ligands) have similar properties. Consequently, small structural
changes (“perturbations”) should correlate linearly with small changes in the values of their properties biolog-
ical (endpoints). NQSAR/NQSBR models based on Perturbation Theory use as a first parameter the value of
an exact solution to the problem. This first parameter represents a known value of biological property used as
reference value (or an expected value of this endpoint). After that, the PT-NQSAR model add small correc-
tions (functions of nanodescriptors for one specific case) to predict a solution to a related problem!®3%-32 In
principle, there is a large variety of data analysis techniques that have proven to be effective in QSAR/QSBR
modeling in general (including NQSAR and PT-NQSAR models). Examples of these techniques are: Linear
Discriminant Analysis (LDA), Neural Networks (NN), Random Forest (RF), efc.>-%%. Last, we should note that,
NQSAR/NQSBR algorithms should have the ability of feature selection (FS) to exclude redundant nanodescrip-
tors before NQSAR model building**’. Specifically, (n, m)-Hamada indices (related to SWCNT-chiral topol-
ogy and SWCNT-diameter) may become interesting candidates to input variables in NQSAR/NQSBR studies'®.
The electro-topological and constitutional SWCNT nanodescriptors for pristine SWCNT and oxidized SWCNT
(SWCNT-OH, SWCNT-COOH), based on the information of SWCNT-periodic properties*!~*>, have not yet
been considered from the perspective of NQSAR with respect to their relevant interactions with mitochondrial
channels, such as voltage-dependent anion channel (VDAC).

In this context, the main objective of this study was to evaluate in silico interactions (or mitochondrial channel
nanotoxicity) between pristine and oxidized SWCNT and VDAC from different species (VDAC1-Mus muscu-
lus, VDACI1-Homo sapiens, and VDAC2-Danio rerio) using DS-VSF Chemoinformatic tools. These models are
expected to be able to predict the strength of SWCNT-interaction and to quantify the structural requirements of
SWCNT family governing the strong or weak SWCNT-VDAC interactions. In this sense, after docking studies
we developed a new PT-NQSBR model using as input SWCNT-structural properties (Hamada indices, etc.) and
Free Energy of Binding (FEB values), obtained after DS to perform a PT-NQSBR model based on LDA tech-
nique. LDA was implemented because it allows explaining the linear relationship between the input variables
(SWCNT-structural properties) and ‘nanotoxicological endpoint’ (FEB values). To verify potential errors in the
linear relationship hypothesis on SWCNT nanodescriptors/VDAC channel nanotoxicity, new non-linear classifi-
cation and regression models were proposed. These non-linear PT-NQSBR models are based on machine learning
algorithms implemented on Weka and RRegrs (R package)®-*%. The present work could pave the way for the use
of chemo-informatics tools based on SWCNT-ligand and mitotarget docking interactions for making regulatory
decisions in Nanotoxicology, allowing the prediction of potential human health impact and environment risks.

Results and Discussion

Mechanistic interpretation of molecular docking results. The present work evaluated the relation-
ships between all the semi-empirical geometric and physico-chemical SWCNT-nanodescriptors inspired by their
periodic properties*!~* and FEB values from the different SWCNT-VDAC complexes formed. Herein, FEB-mean
values of the SWCNT-VDAC complexes were significantly negative (p < 0.05) when compared with FEB-mean
values of the ATP-VDAC complexes, following a higher binding stability for SWCNT-VDAC complexes formed
like FEB (SWCNT-VDAC2-Danio rerio complexes) > FEB (SWCNT-VDACI-Mus musculus complexes) > FEB
(SWCNT-VDACI1-Homo sapiens complexes) in all cases. Nevertheless, higher values of oxidized SWCNT
interactions for FEB (SWCNT-COOH > SWCNT-OH) were found in VDAC2-Danio rerio when compared to
VDACI1-Homo sapiens and VDAC1-Mus musculus (p < 0.05) (Fig. 1).

According to the evidence obtained by Hiller et al.*” the VDAC channel diameter of wall-to-wall is ~34-38 A,
the maximum dimension limits being those allowing SWCNT-interaction with the VDAC-binding active site.
Indeed, the assayed SWCNT diameters oscillated from 2.35 to 12.21 A in the DS and, in all cases, the length
was 10 A, meaning that under the in silico conditions employed here, there were no steric constraints for the
SWCNT-VDAC interaction with the VDAC-catalytic site. However, in general, a high proximity of the SWCNT
family members with the voltage-sensing N-terminal o segment was observed, which is interesting because
it explains the toxicodynamic mechanisms based on SWCNT properties and interatomic distances to key

SCIENTIFICREPORTS|7: 13271 | DOI:10.1038/s41598-017-13691-8 2



www.nature.com/scientificreports/

O L

SWCNT SWCNT-OH SWCNT-COOH

<'.Ino

154
-204

FEB (kcal/mol)

-40 T T T T T T T T T
S © O
Q¥ 0 é\e'(\ &

O P ¥ O \?\60 » O

Figure 1. Free energy binding (FEB, in kcal mol™) of mitochondrial voltage-dependent anion channel
(VDAC) with pristine, hydroxylated and carboxylated single-walled carbon nanotubes (SWCNT, SWCNT-OH
and SWCNT-COOH, respectively). Each FEB-value is expressed in terms of the mean +1 error standard
(n=14-93) from the different SWCNT-VDAC complexes evaluated. Equal letters indicate the absence of
significant differences (p > 0.05) between the different single-walled carbon nanotubes. The dotted red line
represents the average FEB value (—5.6 £ 1 Kcal/mol) determined for the adenosine triphosphate (ATP), a
natural substrate of the VDAC channel from the three different species like VDACI1-Homo sapiens (PDB ID:
2JK4, Resolution 4.1 A), VDAC1-Mus musculus (PDB ID:3EMN, Resolution 2.3 A), VDAC2-Danio rerio (PDB
ID:4BUM, Resolution 2.8 A) used as control. In all cases, the results were obtained using docking simulations
(see Methods for details).

VDAC-functional and regulatory residues. The oxidized SWCNT-moieties (COO~ and OH) could be relevant
for electrostatic interactions with the VDAC hydrophobic binding active site formed by cationic residues (argi-
nine and lysine) closely involved in the each of the phases of mitochondrial ATP-transportation'. Moreover, the
FEB docking results obtained for the electro-topological SWCNT-properties (diameter-chiral topology and func-
tionalization) and the VDAC-affinity relationship suggest that the Hamada index # is a valuable SWCNT nan-
odescriptor, able to predict the SWCNT-VDAC interactions in zigzag SWCNT topologies (n > 0; m = 0) based
on the determination coefficient (R?). In this regard, a significant linear correlation (0.66 <R*< 0.97; p < 0.05)
was observed between n and FEB for all zigzag SWCNT topologies. However, theR? between n and FEB varied
for different CNT-types, following the order: SWCNT-COOH > SWCNT-OH > SWCNT (Fig. 2). Particularly,
the affinity of zigzag SWCNT based on R? takes high values according to VDAC-interspecies criteria following
the order VDAC1-Mus musculus (0.78 < R?<0.96), VDAC2-Danio rerio (0.58 <R?<0.96) and VDAC1-Homo
sapiens (0.66 <R?<0.75).

On the other hand, the m-Hamada index does not seem to be an important nanodescriptor of SWCNT-VDAC
interactions, since a lack of significant correlation (p > 0.05) with the FEB values was observed for the three
SWCNT-topologies (zigzag, armchair, and chiral), for all the SWCNT-functional groups (H, OH, and COOH)
considered and considering the VDAC-channels from different species see Figshare*® (Fig. SMO01).

VDAC-active binding site residues (Arg 15, Arg 163, Arg 218, Lys 12, Lys 20, Lys 109, Lys 113, Lys 115, Lys
161, Lys174, Lys 256) that are involved in the ATP-transport have been shown to be fully-conserved in all the
species considered (Fig. 3).

In this sense, a “common binding site substrate” can be proposed for ATP-VDAC interaction in the same
biophysical environment to that where the SWCNT-family members were tested by DS with VDAC channel.
This would support extrapolation criteria of the potential VDAC-nanotoxicity induced by SWCNT (SWCNT-H,
SWCNT-OH, SWCNT-COOH) from any species assayed to other eukaryotic species not tested, independently
of their phylogenetic location.

It is important to note that to avoid obtaining false positives on flexible-docking interactions
(SWCNT-VDAC-channels) it was verified the absence of restricted-flexibility for each VDAC-residues from the
three VDAC.pdb x-ray structures (PDB ID: 3EMN, 4BUM, and 2JK4) through Ramachandran plots. All the
possible conformations of each VDAC-residue is defined by the torsion values of the dihedral angles (Psi) and
(Phi) around the C,, of the peptide-bond of the VDAC-residues and can be represented by Ramachandran plot.
For this instance, allowed torsion values of U (Psi) versus ® (Phi) of a given VDAC-residue are found within the
contour lines of the Ramachandran plot (Ramachandran favored). Otherwise, is considered as disallowed and
the torsion values of dihedral angles W (psi) versus @ (phi) appear outside of the Ramachandran contour line
(Ramachandran outliers). Note that the VDAC-active binding site residues (Argl5, Argl63, Arg218, Lys12, Lys20,
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Figure 2. Linear relationships between free energy binding (FEB, in kcal mol™') and the n-Hamada index for
zigzag single-walled carbon nanotubes (# > 0, m = 0) regarding the VDAC channels from different species

(mouse: Mus musculus, zebrafish: Danio rerio, human: Homo sapiens).

(a) Pristine carbon nanotubes (SWCNT),

(b) hydroxylated carbon nanotubes (SWCNT-OH), (c) carboxylated carbon nanotubes (SWCNTs-COOH). For

all relationships, the determination coefficient (R?) is included.

Lys109, Lys113, Lys115, Lys161, Lys174, Lys256) of the VDAC-cavity domain of the voltage-sensing N-terminal
a-helix and also for VDAC- phosphorylation binding site regulatory residues (Ser13, Ser43, Ser102, Ser104,
Ser240, Ser57, Ser215, Tyr225) considered as flexible in the docking study were not identified as Ramachandran

outliers*->! (Fig. 4).

It should be pointed out that the identified Ramachandran outliers were not key residues for ATP-transport

and phosphorylation (showed in Fig. 3)*-.

In silico results for the Euclidean SWCNT-interatomic distance values (&) relative to ATP-VDAC active bind-
ing site residues used R code letter for arginine (R15, R163, R218), K code letter for lysine (K12, K20, K109, K113,
K115, K161, K174, K256) and E code letter for glutamate (E280). For most of the SWCNT analyzed, the inter
atomic distances for the SWCNT-VDAC interaction with the amino acid residues cited above were very similar
or, in some cases, lower than the interatomic distance of these residues for the ATP-VDAC interaction (Fig. 5).
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Figure 3. Primary sequence alignment with the position of VDAC-active binding site residues for the

ATP transport. The figure includes details of 3D VDAC alignment of amino acid residues known to be
phosphorylated (in yellow) (REF) and of the ATP transport (light blue). Note the high homology for VDAC
critical residues both for ATP transport and phosphorylation. The alignment was performed for the three
analyzed species: VDAC1-Homo sapiens (HS), VDAC1-Mus musculus (MM) and VDAC2-Danio rerio (DR).
Note that in the case of residue lysine (K161), it is replaced by the basic residue arginine (R) with a similar
ability to that of ATP transport, and the regulatory residue serine (S57) is replaced by tyrosine (T57) with the
same ability to be phosphorylated in VDAC2-D. rerio (light green).
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Figure 4. Representation of Ramachandran diagrams (general cases) (left) and spatial distribution of
Ramachandran outliers in each VDAC.pdb x-ray structure analyzed (right). Figure shows the similar patterns
of the VDAC geometry based on all the possible combinations of dihedral angles of torsion ¥ (Psi) versus &
(Phi) of the each amino acid residues of VDAC of the different species analyzed: VDAC1-Homo sapiens PDB
ID: 2JK4 resolution 4.1 A (A); VDAC1-Mus musculus PDB ID:3EMN resolution 2.3 A (B), and VDAC2-Danio
rerio PDB ID:4BUM resolution 2.8 A (C). The stereochemical spatial distribution of the Ramachandran outlier
residues (marked in violet) in each VDAC.pdb x-ray structure analyzed (right) confirms that these residues do
not belong to the ATP-VDAC active binding site of the VDAC pore domain of the voltage-sensing N-terminal
a-helix on the polypeptide formed by the basic residues (Lys12, Lys20, Lys109, Lys113, Lys115, Lys161, Lys174,
Lys256).
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Figure 5. Radar plots showing the relative interatomic distances (scale: 0, 5, 10, 15, 20, 25, and 30 A) of SWCNT
family member (pristine-SWCNT, SWCNT-OH, SWCNT-COOH) with different #n, m-Hamada index for the
most negative FEB value results based on the final position after SWCNT-VDAC docking simulations for the
three VDAC channels (HS: Homo sapiens; DR: Danio rerio; MM: Mus musculus). The amino acid residues of
ATP-VDAC active binding site are marked with R for arginine (R15, R163, R218); K for lysine (K12, K20, K109,
K113, K115, K161, K174, K256) and E for glutamate (E280). Red asterisks (*) show VDAC-phosphorylation
binding site experimentally determined residues’: *S code for serine (*S13, #S43, *S102, *S104, #5240, *S57,
*$215) and *Y code for tyrosine (*Y225). Radar plots show that the relative interatomic distances (A) for
SWCNT members with different geometric configurations such as armchair (blue line), zigzag (red line), chiral
(orange line) and different types of SWCNT oxidation (OH, COOH) are similar and, in some cases, lower than
ATP-relative interatomic distances (green line) used as control.

The atoms-proximity (C, O, H atoms) for each SWCNT-type to key binding residue atoms of VDAC-channels
(for the ATP-transport and VDAC-phosphorylation binding site residues) could offer relevant information about
VDAC physiological function. Interatomic distances lower than 7 A imply a high probability of interaction in
terms of free energy of binding and low probability of obtaining false contacts®*> (Fig. 6).

Considering the docking results the SWCNT-VDAC-interactions (VDAC-channel nanotoxicity) it should be
reasonable to hypothesize that the deprotonated SWCNT-COO ™~ moiety of SWCNT-COOH should disrupt the
association of the ATP*~ anion (phosphate tail) with the positively charged e-amino group (N* primary amines)
of Argl5 or Lys residues (Lys12, Lys20) present at the bottom of the VDAC cavity in the three species studied by
forming stable complexes of salt bridges.

Moreover, the presence of pristine SWCNT and oxidized SWCNT in the cavity of the VDAC pore could cause
a partial or total narrowing in the VDAC-active site, and thus affect the VDAC conductance through weakness
of the function of Lys256 and Glu280, which are associated with electrostatic stabilization of the ATP*~ with
Arg 15-(N™) during the ATP passage through formation of hydrogen bonds in the voltage-sensing N-terminal
a-helical segment. Potential SWCNT-interactions (H-bond) with Argl5 and other important positive residues,
such as Lys113 and Lys115 in the VDAC-binding active site, could alter the rate of ATP-dissociation from the
helix. This happens when the adenosine ring is released and ATP passes to Lys12, Lys20, and Lys109 on the
N-terminal a-helix segment via Lys174 on the 3-barrel wall, which is considered a limiting step in the ATP-efflux
when the Euclidean SWCNT;-VDAC; interatomic distance d;; < 7A%2-54 Tt is important to note that interatomic
distance values relative to VDAC-phosphorylation binding site residues (Ser13) associated to regulation of
ATP-efflux in VDAC-pore exhibit values of d;; < 5 A for all the SWCNT-types tested.

Phosphorylation is an important mechanism involved in mitochondrial signaling pathways®>>>. Then, these
potential biochemical events could explain the difference observed for FEB-values (of SWCNT-VDAC complexes
formed) and could still be viewed as a friend or a foe depending on the toxicological condition considered®”
like the presence of zigzag SWCNT topologies with high n Hamada index. Besides, a recognized phenom-
enon of “edge effects”, which only appears in semiconducting zigzag SWCNT topologies, plays an important
role in the mitochondrial channel nanotoxicity of zigzag SWCNTs!8. The “edge effects” were not observed for
metallic-armchair SWCNT, wherein the cycloparaphenylene aromatic system of the SWCNT-extremes were
closed and without tips charge variation!'®*,

Perturbation Theory Modeling and Mechanistic interpretation. Herein, a PT-NQSBR approach for
the prediction of SWCNT-VDAC docking free energy of binding (FEB values) was applied. The output of the
PT-NQSBR model is the scoring function fFEB)guery (or AFEB;) ) of the FEB value for the query SWCNT. The
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Figure 6. (A) Cartoon representation of the docking results in VDAC1-Mus musculus showing the calculated
lower interatomic distances (d;; cutoff value <7 A) represented by yellow dashed lines for overlapping pristine-
SWCNT with different n,m-Hamada indexes such as SWCNT (7.7) (blue), SWCNT (9.0) (orange), SWCNT
(9.7) (red) compared to ATP (natural substrate of VDAC) from the supercritical ATP-VDAC active binding

site residues (Lys 20; Lys 12; Arg 15). (B) Supercritical VDAC phosphorylation binding site regulatory residue
(Ser 13) located in the VDAC pore domain of the voltage-sensing N-terminal c-helix show the calculated lower
interatomic distances (d;; < 2 A) for overlapping pristine-SWCNT with different n,m-Hamada indexes such as
SWCNT (7.7) (blue), SWCNT (9.0) (orange), SWCNT (9.7) (red) compared to ATP. (C and D) The calculated
lower interatomic distances (d; <5 A) from the supercritical ATP-VDAC active binding site residues (Lys 20;
Lys 12; Arg 15) and also from the phosphorylation regulatory residue (Ser 13) on zigzag oxidized SWCNT
members, such as SWCNT-OH (9.0) and SWCNT-COOH (9.0) compared to ATP in the VDAC voltage sensing
pore domain, depicted as van der Waals surface (red is acidic, blue is basic). All docking images were designed
using open-source Pymol 1.7.x. This pattern is representative of the remaining cases, as shown previously in the
radar plots.

scoring function f(FEB;), increases for higher values of probability of binding, with FEB < —5.6kcal/mol as a
cutoft value that represents the FEB value for the ATP-VDAC interaction calculated in this work (see Fig. 1). The
best NQSBR model found is shown below, according the following equation (1):

f(FEBy),, = 0.044984 - f(FEB,) oy puroa + 0.124831 - Vj,
+ 0.386548 - V;; + 0.004531 - V;, — 0.519378

New = 405 x*=206.47 p < 0.005 (1)

This equation is able to discriminate between the SWCNTs that bind strongly to VDAC (FEB < —5.6 kcal/
mol) and those with a weak binding site (FEB > —5.6kcal/mol), only by including the FEB-expected value
(f (FEBy).pecteq)> n-Hamada index (V01), C,-Chiral vector (V11), and the semi-empirical radial breathing mode
Viem (V14) This LDA model has values of accuracy, specificity, and sensitivity in the range of 73.0-94.7% for the
training series, and in the range of 78.0-98.0% for the external validation series (Table 1).

These results obtained with the LDA-NQSBR model support the hypothesis of a linear relationship for the
strength of SWCNT-VDAC interactions based on the input variables (SWCNT nanodescriptors) and the output
variables f(FEB;)., (Table 2).

However, both linear and non-linear Artificial Neural Networks (ANN) analyses were carried out to calculate
the Receiver Operating Characteristic (ROC) curves and obtain more evidence to support the linear hypothesis
of SWCNT-VDAC interactions. The ROC analysis may also contribute to discard more extreme alternatives, such
as the non-linear hypothesis or the random classification®, due to the large number of SWCNT-nanodescriptors
used. In fact, the ROC graph shows high values of the area under the ROC curve (AUROC) of 0.9 in training
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Training Parameter % (FEB> —5.6) a1 (FEB < —5.6)
(FEB > —5.6) 4, Specificity 73.0 111 41

(FEB < —5.6) s Sensitivity 94.7 8 144

Total Accuracy 83.9

Validation (FEB > —5.6)41c (FEB < —5.6) 41
(FEB > —5.6) Specificity 780 |39 11

(FEB < —5.6) 4ps Sensitivity 98.0 1 50

Total Accuracy 88.1

Table 1. Results of the LDA analysis using a PT-QSBR model that discriminates between SWCNT strong
binding interactions (FEB < —5.6 kcal/mol) and SWCT weak interactions (FEB > —5.6 kcal/mol) with VDAC.
The data in the table show the statistical parameters (Stat. Param.) for specificity, sensitivity, and accuracy for
both the training dataset (for model estimation) and the validation dataset (for model evaluation). In each case,
the numbers of cases correctly or incorrectly classified are mentioned in the table. FEB stands for Free Binding

Energy.

Pristine H VDAC2 —10.20

Danio rerio oxidized | COOH VDAC2 —29.06
oxidized OH VDAC2 —22.80
Pristine H VDAC1 —10.44

Mus musculus | oxidized | COOH VDAC1 —20.63
oxidized OH VDAC1 —17.44
Pristine H VDAC1 —12.87

Homo sapiens | oxidized | COOH VDAC1 —5.44
oxidized | OH VDAC1 —17.11

Table 2. Expected values of free energy of binding (FEB, in kcal/mol) of SWCNT-VDAC interaction.
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Figure 7. Results of the ROC curve analysis. Training and validation sets of the statistical parameters are
represented by the area under receiver operating characteristic curve (AUROC) according to multiple layer
perceptron (MLP), radial basis function (RBF) and linear neural network (LNN). The AUROC values are
presented in brackets.

and validation series for the Linear Neural Network (LNN) model with the same input variables used in the LDA
NQSBR model (Fig. 7).

These values are notably higher than the expected values of AUROC = 0.5, typical of a random classification.
The non-linear model corresponding to a Multiple Layer Perceptron (MLP) has also a very high AUROC=0.92
to 0.94, but the values of accuracy, specificity, and sensitivity (in the range of 80.9-84.2%) are not higher than
those for the LDA and LNN linear models. Finally, the Radial Basis Function (RBF) topology shows also notably
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Figure 8. Two Way Joining Cluster (TWJC) analyses for the validation prediction of VDAC nanotoxicity of
pristine SWCNTs using an external dataset (SM02.x1sx)**° by applying the obtained LDA classification NQSBR
model. Each y-axis describes a vector of the elements corresponding to pristine SWCNT (y;) in individual
layers. x-axis represents the main clusters of parameters from x, row vectors used to predict the VDAC channel
nanotoxicity for individual pristine SWCNT (x;), such as n: Hamada index, Ch: Chiral vector, Vygy: Radial
Breathing Mode (cm™!) and expected f{FEB), as predictive function of free energy of binding used to classify
strong and weak SWCNT-VDAC interactions in different species. The m-Hamada index was included in the
TW]JC analysis, but no correlation was observed in the performed NQSBR model for this SWCNT geometric
parameter. Code numbers for SWCNT-VDAC interactions: very strong = 3; strong = 2; moderate = 1; and
weak = —1. The results for the three species (zebrafish, D. rerio; mouse, M. musculus; and human, H. sapiens)
are shown.

lower AUROC = 0.7 values in the training and validation datasets. Overall, the ROC curve analysis supports our
selection of a linear hypothesis to predict the SWCNT-VDAC interaction represented by the LDA model. Vide
infra in the Materials and Methods section. To verify the results obtained with the LDA classification NQSBR
model from the external dataset, the empirical physico-chemical parameter of pristine SWCNT was used, not
tested in our original dataset obtained by Bachilo (2002)*.

The multiple factors involved in VDAC channel nanotoxicity were represented based on the
SWCNT-nanodescriptors using Two Way Joining Cluster (TWJC) (Fig. 8) from the external dataset available in
Figshare*® (Table SM02).

A detailed analysis of the two-way contingency table with heat map contributes to verify the VDAC-affinity
levels between similar clusters of relevant SWCNT-nanodescriptors. Particularly, the cluster obtained from
X, row vectors for n-Hamada index, Ch-Chiral vector, Vg and expected f(FEB) is consistent with the theo-
retical evidences obtained by the linear NQSBR model based on the classification power of strong and weak
SWCNT-VDAC interactions, following the heat map intensity of the contingency table from pristine SWCNT
(yy) in individual layers.

Futhermore, to explain SWCNT-VDAC interactions based on non-linear relationships classification and
regression approaches using feature selection (FS) based on QSAR/QSPR non-linear algorithms were efficiently
implemented. This procedure allowed eliminating redundant SWCNT-nanodescriptors that could cause a poor
predictive potential and generalization of the results, as mentioned in the introduction of this work.

In this sense, J48 model could be used to filter SWCNT-nanodescriptors of new mitochondrial channel inter-
actions based on Vg (V14), n-Hamada index (V01) and FEB-expected value see Figshare* (Fig. SM03-A and
Fig. SM03-B).

The results of this decision tree (J48 model) are consistent with our goal and have previously been verified in
the linear NQSBR model. The Vi, is a low frequency mode observed in the SWCNT-Raman spectrum linked
to the CNT chiral-index assignments and it has a direct influence on the SWCNT-diameter (V06). Particularly,
the n-Hamada chirality-index (V01) has a relevant meaning from the biophysical point of view to predict the
SWCNT-VDAC interactions. This is because the n-Hamada index has a direct proportionality and strong linear
relationship with the SWCNT-diameter (V06) following equation (2):

2 2
dsyyentinm = 0.783n? + nm + ni® o

Note that this relationship also applies for zig-zag topology SWCNT, where m = 0, which showed the most
negative FEB-values (Kcal/mol). The average cavity-diameter wall-to-wall from the three VDAC-channel stud-
ied (VDAC1-Homo sapiens, VDAC1-Mus musculus, and VDAC2-Danio rerio) is about ~34-38 A and these
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dimensions should the maximum to allow interaction with SWCNT. As mentioned previously this was in fact the
case since the assayed SWCNT presented diameters raging from 2.35 to 12.21 A.

We strongly suggest that SWCNT tested could cause partial or total distortions in the VDAC-active site
affecting the ATP-efflux and/or modulate potential post-translational modifications in VDAC phosphorylation
binding-site residues for large n-Hamada index (high SWCNT diameter) directly influencing the strength of
interactions (more negatives FEB values) of the formed SWCNT-VDAC complexes available in Figshare* (Fig.
SMO1).

The results based on the FS1 dataset are in general slightly better than the Pool dataset with all SWCNT nan-
odescriptors. Thus, Random Forest and K Star model were the best classifiers of SWCNT nanotoxicity on VDAC
with the same TPR of 0.916, but AUROC of 0.978 and 0.968 see Figshare* (Table SM04 and Table SM04-1).

FS3 dataset was used to decrease the dimensionality of the full dataset (Pool) by transforming the 19 dimen-
sions based on SWCNT nanodescriptors into only 8 Principal Components to identify an optimal subset of
SWCNT nanodescriptors that best map a relationship between structure and VDAC nanotoxicity see Figshare
(Table SM04).

The Random Forest and Multilayer Perceptron are the best classifiers for SWCNT-VDAC interactions. The
maximum AUROC/TPR was lower than FS0, FS1, FS2, with values of only 0.956/0.872. OneR model pointed
to SWCNT molecular weight (V02) as an important SWCNT nanodescriptor see Figshare*® (Table SM04),
SWCNT-molecular weight was not identified as a relevant SWCNT-nanodescriptor in the previous LDA NQSBR
model. However, an increased SWCNT-molecular mass could be associated with a proportional increase in
SWCNT diameter (V06). This affected the FEB values through potential steric collisions of the SWCNT-atoms
with key binding site residues atoms near to N-terminal a-helical segment in the VDAC channels. Similarly,
the FEBexp and SWCNT-molecular weight (V02) were used in FS4 dataset with a minimal dataset of SWCNT
nanodescriptors. The Random Forest model demonstrated a similar performance by using FS1 and FS2 dataset
of SWCNT nanodescriptors (AUROC =0.978, TPR=0.919). J48 classifier model was performed as a simple
set of rules using only V02 and FEBexp with good performance for the predictive classification with AUROC
of 0.897 and TPR of 0.889: SWCNT with molecular mass <2337 g/mol will have weak SWCNT-VDAC inter-
actions, SWCNT with molecular mass = 2,337-6,245 g/mol and FEBexp < —29.1 Kcal/mol will have strong
SWCNT-VDAC interactions see Figshare*® (Fig. SM03-A and Fig. SM03-B).

In general, a better performance of the predictive classification model is obtained for the non-linear Random
Forest model when all 19 SWCNT-nanodescriptors are used (Pool dataset) with an AUROC value of 0.973 and
true positive rate (TPR) of 0.916. In this case, the MLP classifier (1 hidden layer with 19 neurons =number of
SWCNT nanodescriptors (19) + no. of classes (2)) is better than the one used for the FS0 dataset (AUROC of
0.970 and TPR of 0.904) see Figshare*® (Table SM04 and Table SM04-1).

The last predictive test included additional categorical information, such as SWCNT Electroconductivity
(metallic, semimetallic, semiconducting), SWCNT type (pristine SWCNT, oxidized SWCNT), SWCNT func-
tion (H, OH, COOH), VDAC isoform (VDAC1, VDAC2) and species (Mus musculus, Homo sapiens and Danio
rerio) using Weka classifiers see details in Figshare*® (Table SM04 and Table SM04-1). Thus, by the addition
of these categorical information to the Pool dataset with REPTree method, we obtained good prediction with
AUROC/TPR/FPR =0.926/0.889/0.111 (FPR = false positive rate). The classifier chooses only the information of
FEBexp, n-Hamada index of the SWCNT (V01), SWCNT Molecular Weight (V02), SWCNT No. Bonds (V03),
SWCNT Radio Rt (V05), SWCNT Nanotube diameter (V06), and species. Simple rules could be decrypted to
predict the SWCNT-VDAC interaction from the plot: if V03 < 202 or if V03 >202 and V02 < 2,772 (g/mol) see
Figshare*® (Fig. SM05-A). According to the species type, the SWCNT-VDAC interaction varies: for Mus musculus
and Danio rerio, the SWCNT-VDAC interaction is strong, but in the case of Homo sapiens, there is a need for
n-Hamada index and SWCNT Molecular Weight values to decide on the strength of interactions see Figshare*®
(Fig. SM05-B). It should be noted that in the case of VDAC2-Danio rerio, the basic residue Lys161 is replaced
by another basic residue (Argl61), with an equivalent physiological role in the ATP passage to cytosol'. The
calculated interatomic distances relative to basic residues (Lys12, Lys20, Argl5, Argl63, Arg218, Lys109, Lys113,
Lys115, Lys174, Lys256) for the SWCNT members with higher values of n-Hamada index and lower FEB values
from pristine SWCNT and oxidized SWCNT are lower than 5 A in most cases. The different single-walled carbon
nanotubes followed the order SWCNT-COOH ~ SWCNT-OH < SWCNT, according to the interatomic distance
values, as shown in the radar plot in Fig. 5, and considering a cutoff value of 7 A.

To search for the best regression NQSBR model which predicts the FEB values, linear and non-linear method-
ologies were implemented by using the full dataset of nanodescriptors (Pool) as input. As an initial test, regression
models were obtained by excluding the expected free energy of binding (FEBexp) to check the importance of the
Perturbation Theory for this type of NQSBR models. All the methods provided regression models with very low
performance (R% < 0.50). Thus, the importance of free energy of binding expected value (FEBexp) is confirmed
for the prediction of new FEB values.

Finally, the best regression model that predicts FEB values for SWCNT-VDAC interactions based on the Pool
dataset (all 19 SWCNT nanodescriptors) was provided by non-linear regression Random Forest models with
R%.;=0.833 and RMSE,,, = 0.0844. Besides, NN provided a performance of R?/RMSE,., = 0.757/0.0953. In
addition, Random Forest Recursive Feature Elimination (RF-RFE) results were between RF and NN by select-
ing only 2 SWCNT nanodescriptors (9 out of 10 splits): FEBexp and V02 (the same SWCNT nanodescriptors
used in the classification with the minimal dataset, FS4). With only two SWCNT-nanodescriptors, RF-RFE has
a good performance to classify the SWCNT-VDAC nanotoxicity docking interactions, with R?, of 0.798 and
RMSE,., =0.0953. If filters are applied in order to select optimal SWCNT nanodescriptors in RRegrs, the perfor-
mance slightly decreases see Figshare* (Table SM06 and Table SM06-1). However, the linear methods (LM and
GLM) and the parametrical models (Lasso, PLS and ENET) show very low performance (R%., < 0.50), whereas
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the applying of non-linear methods showed an increased R? over 0.75. See the pairwise model comparisons of
R?% (A) and RMSE, (B) for multiple linear and non-linear regression models in Figshare*® (Fig. SM07).

Conclusions

The Free Energy of Binding was determined using Molecular Docking Simulation with Virtual Screening
Framework. The results showed that the affinity was statistically more negative for FEB values following the
order (SWCNT-VDAC2-Darnio rerio) > (SWCNT-VDACI1-Mus musculus > (SWCNT-VDAC1-Homo sapiens) ~
(ATP-VDAC). In addition, the presence of zigzag topology and the COOH, OH functionalization are geomet-
ric, and toxicophoric SWCNT nanodescriptors are useful to describe their interactions with VDAC (order:
COOH > OH > H). The FEB values of interactions based on these SWCNT nanodescriptors were shown to be
stronger than the VDAC-natural substrate (ATP). However, some geometric and electronic properties, such as
armchair and chiral configuration are uncorrelated with the VDAC affinity.

The broader theoretical importance of this work is not limited only to molecular docking simulation for
solving nanotoxicological problems. The relevant alignments of sequences for the key functional and regulatory
residues of VDAC channels from different species (represented as 3D-objects) should be relevant for the extrapo-
lation of potential toxic effects of SWCNT to animal models, commonly used for nano-ecotoxicological studies on
Danio rerio. Furthermore, classification and regression models able to predict strong and weak SWCNT-VDAC
interactions (FEB values) were performed for the first time. Several decision trees were constructed to extract
simple rules for the prediction of classes and exact values for the SWCNT-VDAC as channel nanotoxicity criteria
linked to optimal SWCNT nanodescriptors, and involving interspecies comparison. The classification models
demonstrated high accuracy, specificity, and sensitivity in training and validation series (73-98%) and area under
receiver operating characteristic (AUROC) up to 0.978. The best regression method to predict the complex free
binding energy was Random Forest with R? of 0.833 and RMSE,, of 0.0844. These in silico results pave the
way for the rational designing of novel carbon nanomaterials with higher benefit-risk relationships, and for the
creation of new regulatory decisions in nanotoxicology for the prediction/assessment of human health impact
and environment nano-risks.

Methods

Docking simulation. To evaluate the interaction between the VDAC from three different species (VDACI-
Mus musculus, VDAC1-Homo sapiens, VDAC2-Danio rerio) and various types of SWCNT, a NQSBR flowchart
was performed see Figshare*® (Fig. SM08). The first step consists of preparing the VDAC macromolecule struc-
ture files (receptor), which was obtained from the RCSB Protein Data Bank (PDB) x-ray structures?’. Before
the molecular docking, VDAC molecular structures were optimized using the AutoDock Tools 4 software for
AutoDock Vina. The algorithm includes the removal of crystallographic water molecules and all the co-crystal-
lized VDAC ligand molecules, such as Lauryl dimethyl-amine-N-oxide (LDA) or C,,H; NO from VDAC2-Danio
rerio.

Moreover, hydrogen atoms were added, according to appropriate hybridization geometry, to those atoms
based on built-in modules to add partial charges, protonation states followed by bond orders assignment and set
up rotatable bonds of the different VDAC channels.pdb x-ray structures.

In the second step, the SWCNT ligands (pristine SWCNT or SWCNT-H) structures were carefully modeled
taking into account general SWCNT nanodescriptors such as semi-empirical values for [n] and [m]-Hamada
indexes, calculated by H. Yorikawa and S. Muramatsu in 1995, and other SWCNT parameters such as molecular
weight, no. bonds, no. atoms, radio, diameter, hexagons number/1D unit cell, metallic and/or semiconducting;
SC)*>-*, Herein, the software Nanotube Modeler (http://jcrystal.com/products/wincnt/) version 1.7.5, registered
by one of the authors (J.M. Monserrat), was used. Some SWCNT-H structures were oxidized either with carboxyl
(-COOBR) or hydroxyl (-OH) moieties using an advanced semantic chemical editor, Avogrado (Version 1.1.1 free
software). The minimization of all the SWCNT ligands was performed using the MOPAC extension for geometry
optimization based on the AM1-Hamiltonian method.

An in silico framework was developed to configure the virtual screening (VS) experiments in order to evaluate
the various parameters. This framework has a Web interface in which the user configures the docking experi-
ment and obtains the respective Python script to automatically perform the VS steps. In the framework inter-
face, the user provides information regarding the receptor files (VDAC channels) and the folder in which all
the SWCNT structures are stored. To evaluate the SWCNT-VDAC in silico interactions, Autodock Vina flexible
molecular docking was implemented, open source software developed by Trott & Olson (2010). The cationic
cluster formed by ATP-VDAC-active binding site residues (Lys12, Lys20, Argl5, Argl63, Arg218, Lys109, Lys113,
Lys115, Lys161, Lys174, Lys256, Glu280) and the VDAC phosphorylation binding site residues, experimentally
determined by Martel & Brenner (2014)° (Ser13, Ser43, Ser102, Ser104, Ser240, Ser57, Ser215, Tyr225), obtained
from Homo sapiens-VDAC, Mus musculus-VDAC and Danio rerio-VDAC were tested as flexible residues and the
ligands (SWCNTs) were considered a rigid molecules®!. In this context, the SWCNT-VDAC complexes of free
energy of binding (FEB) from different species were calculated based on the score function which approximates
the standard chemical potentials (AGy;,q). The implemented AG scoring function combines the knowledge-based
potential and empirical information obtained from experimental binding affinity measurements. The FEB opti-
mization algorithm for SWCNT-VDAC complexes from the different species were implemented in Autodock
Vina scoring function with default Amber force-field parameters. The FEB of SWCNT-VDAC complex opti-
mization was performed with a gradient and efficient local optimization algorithm of the free energy of bind-
ing based on a quasi-Newton method, such as Broyden-Fletcher-Goldfarb-Shanno (BFGS). The algorithm is a
succession of steps consisting of a mutation and a local optimization, with each step being accepted according
to the Metropolis criterion. The components are the position and orientation of the SWCNT (as rigid mole-
cules), as well as the torsions values of the VDAC-flexible residues. Conformational relaxation (flexible docking)
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favors a significant gain of enthalpy of SWCNT-VDAC complexes non-associated with SWCNT intra-molecular
deformation or vibrational decrease within VDAC active sites. This theoretical procedure was performed for
the receptor binding cavity using Cartesian coordinates for VDAC1-Homo sapiens grid box size, with dimen-
sions of X=20A, Y=22A, Z=20A and the VDACI- Homo sapiens receptor grid box center X =28.036 A,
Y =0.3614, Z=5.176 A. Cartesian coordinates for VDAC1-Mus musculus grid box size, with the average dimen-
sionsof X=22A,Y=26A, Z=22A and the VDAC1- Mus musculus grid box center X =14.826 A, Y=32.707A,
Z=13.009 A. Finally, the Cartesian coordinates for VDAC2-Danio rerio grid box size, with the average dimen-
sions of X=24 A, Y=24 A, Z=22 A and the VDAC2-Danio rerio grid box center X =-14.894 A, Y=20.794A,
Z=-9.617 A were used to evaluate the SWCNT-VDAC interaction of the three species studied, considering the
ATP biophysical environment (VDAC active site) as control to evaluate the SWCNT-VDAC affinity. Several runs
starting from random conformations were performed, and the number of iterations in a run was adapted accord-
ing to the problem complexity. An exhaustiveness option set to 50 (average accuracy) in each docking calculation
was used®’. Furthermore, it was verified whether a high increase of the exhaustiveness docking parameter of 100
increased the simulation time keeping the same FEB results.

The docking free energy of binding output results (or FEB values) is defined by AGy;,4 values (affinity) for all
docked poses of the formed complexes (SWCNT-VDAC) and include the internal steric energy of a given ligands
(SWCNT) which can be expressed as the sum of individual molecular mechanics terms of standard-chemical
potentials like: van der Waals interactions (AG,4y), hydrogen bond (AGyypona) electrostatic interactions
(AGjectros)> and intramolecular ligands interactions (AGyyerma) from empirically validated Autodock Vina scor-
ing function based on default Amber force-field parameters.

In fact, the force field parameters were validated from experimental data which are molecular mechanics
terms based on the scoring function to ligand-receptor conformation-dependent parameters (SWCNT-VDAC;
inter-atomic interactions) and the ligand conformation-independent parameters (SWCNT;-; internal interac-
tion). These mechanistic force-field parameters included in the Autodock Vina scoring function were validated
on the basis of a strong linear correlation (scoring capability) of experimental binding-affinity data (K, K;, and
ICs,-values) of the original crystallographic protein-ligand complexes (>16,000 complexes from >114,000
x-ray crystallographic structure). Besides, Autodock Vina scoring function considers optimal-linear free bind-
ing energy coefficients from experimentally determined chemical potentials (AGi,erna) of ligands (SWCNT).
Following this idea, Autodock Vina scoring function has an optimal docking performance, which can be effi-
ciently applied to multiple ligand-receptor affinity problems (as SWCNT-VDAC interactions). It is important
to note that overall docking force field parameters are based on distance-dependent atom-pair interactions (d;)
according to the general thermodynamic equations represented below:

FEBdock ~ AGbind = AGvdW + AGHfbond + AGelectrost + AGin'r (3)
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AG=—RT(InK)), R (gas constant) is 1.98 cal*(mol*K) !, and K; represents the predicted inhibition constants
at T =298.15K. The first term of a 12-6/Lennard-Jones potential (with 0.5 A smoothing) describes the van der
Waals interaction as A;/d;'? (attractive Guassian function) and By/ dij6 (repulsive or hyparabolic function) to
represent a typical Lennard-Jones interactions (SWCNT-VDACs), provided the Gaussian term is negative and
the parabolic positive, d; is the surface distance calculated as d;;=r;; — R; — R;, where r;; is the interatomic distance
and R; and R are the radii of the atoms in the pair of interaction of SWCNT;-VDAC; atoms. The second term
is the pair consisting of an H-bond donor and an H-bond acceptor as a directional 12-10 hydrogen-bonding
potential term such as B;/d;'* and Cy/d;'® (H-bonding potential with Goodford directionality), where E(t) is
an angular weight factor which represents the directionality of the hydrogen bonds and d;; follows the criteria
mentioned above. The third term represents the Coulomb electrostatic potential stored in the formed complex
(SWCNT-VDAC);; of N charges (g;, g;) of pairs of charged atoms of SWCNT; and VDAC;. For this instance,
appropriated Gasteiger partial atomic charges of the VDAC-channels (VDACI1-Homo sapiens, VDAC1-Mus
musculus, VDAC2-Danio rerio) were assigned. Herein, d;; is the interatomic distance between the point charges
as the reference positions of interaction based on distance-dependent dielectric constant. In the present study
Autodock Vina based on Amber force field was parameterized with default options for the SWCNT-data set
(pristine-SWCNT, SWCNT-OH and SWCNT-COOH) by summing up individual molecular mechanic con-
tributions like: SWCNT-intra-molecular contributions, SWCNT-aromaticity criterion and the set number of
active torsions moving of each SWCNT-ligand following to general preparation procedures of ligand®!. For this
instance, the fourth term of the equation (3) as (AG;yerma) Was used to validate the internal steric energy of each
SWCNT-ligand including dispersion-repulsion energy and a torsional energy through the sum of the default
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Amber force field parameters (ligand conformation-independent parameters of the Autodock Vina scoring
function).

By the other hand, the electrostatic components were considered and the SWCNT-partial atomic charges
were properly assigned with the Gasteiger-Huckel algorithm using partial equalization of orbital electronega-
tivities (PEOE) after the addition of polar and non-polar hydrogen atoms. These steps were empirically cali-
brated by default Amber force-field parameters. Furthermore, Autodock conformational search space for the
ligands (SWCNT-structures) were experimentally-validated with Autodock default options which include a ran-
domized large training dataset for ligands properties, 50 genetic algorithm runs, and 25 million evaluations in
each, and also including all default structural-parameters to predict the best position and orientation of the ligand
(SWCNT-docking capability) taking into consideration the coordinate systems of the receptor (VDAC-channels).
It is important to note that, molecular docking dimensionality based on degree of freedom (DOF) of the each
member of the SWCNT-data set (pristine-SWCNT, SWCNT-OH and SWCNT-COOH) like: SWCNT-atom
position/translation (x;, y;, z; = 3), SWCNT-atom orientation/quarternion (q(x;), q(y;), q(zy), q(w;) =4),
SWCNT-number of rotable bonds/torsion (tor,, tor,, ..., tor, = N,,;) and SWCNT-total dimensionality (total
DOF=3+4+n) not have a significant weight in the FEB,,, based on the very small intra-molecular contribu-
tions of force field parameters of the SWCNT-ligand which were considered as rigid-bodies®! and considering the
aforementioned SWCNT-geometry optimization based on the AGy; ¢, Mminimization of all the SWCNT-ligands
used in the present study.

Docking was found as energetically unfavorable when a FEB for SWCNT-VDAC complex > 0kcal/mol (worst
crystallographic pose) shows either an extremely low or complete absence of binding affinity according to repul-
sive interactions. Following this criterion, SWCNT conformations with the lowest Gibbs docking free energy of
binding (FEB negatives value) were obtained. The best root-mean-square deviation (RMSD) was considered as
a criterion of correct docking pose accuracy for atomic positions below 2 A%, This is comparable to the best of
several knowledge-based docking scoring functions according to the equation (5).

En(atom(iswm) — atom; ))2

vdac

n (5)

The next step consists of analyzing the results obtained from the molecular docking with respect to the final
free energy of binding - FEB for the SWCNT-VDAC complex of each experiment. The minimum distances
(interatomic distances) were calculated between VDAC atoms of the key amino acids of the receptor (VDAC:
VDAC1-Mus musculus, VDAC1-Homo sapiens, VDAC2-Danio rerio) and SWCNT atoms at the best docking
crystallographic binding position for ligands (SWCNT family: pristine SWCNT, SWCNT-OH, SWCNT-COOH
and their respective geometric configuration like amchair, chiral and zigzag). The only considered interatomic
distances were related to VDAC active binding site residues (Lys12, Lys20, Argl5, Lys 109, Lys 113, Lys115, Lys
161, Argl63, Lys174, Arg 218, Lys256) involved in the ATP transport to compare with the ATP-VDAC intera-
tomic distances as reference control of potential ATP efflux inhibition. In addition, we calculated the interatomic
distances of SWCNT related to VDAC phosphorylation binding site residues, experimentally determined by
Martel & Brenner (2014)%: *S code letters (Ser 13, Ser 43, Ser 102, Ser 104, Ser 240, Ser 57, Ser 215) and *Y code
letter (Tyr 225) from VDAC1-Homo sapiens, VDAC1-Mus musculus and VDAC2-Danio rerio.

Next, the Euclidean distances (d: SWCNT-VDAC interatomic distance) were calculated from all the atoms in
the SWCNT to all the atoms in the VDAC channel in each species under study. The xyz-coordinates of all atoms
of a VDAC channel (x: VDAC, y: VDAC, z: VDAC) were taken as input, and the xyz-coordinates (x: SWCNT, y:
SWCNT, z: SWCNT) of all atoms of a SWCNT were taken as output (or a minimum distance) between a SWCNT;
atom and a VDAGC; atom, according to the following equation (6):

RMSD(pose; posejvdm) = \/

2 2 2
dij = \/(x(i)swcnt - x(j)vdac) + (y(i)swcnt - y(j)vdac) + (Z(i)SWC”t - Z(j)vduc) (6)

To evaluate the SWCNTi—VDACj interaction, a cutoff value of 7 A was used, i.e., all atoms with distances
d; <7 A were considered as interacting atoms according to standard docking studies®>*.

Performed molecular docking.  For the docking tests, the following were used: VDAC channels from
VDACI1-Homo sapiens (PDB ID:2JK4, resolution 4.1 A), VDAC1-Mus musculus (PDB ID:3EMN, resolution
2.3A), VDAC2-Danio rerio (PDB ID:4BUM, Resolution 2.8 A), and a combination of SWCNT ligands, such as
armchair-H, armchair-COOH and armchair-OH (Hamada index n = m; 21 nanotubes); chiral-H, chiral-COOH
and chiral-OH (no reflection symmetry; 93 nanotubes); zigzag-H, zigzag- COOH and zigzag-OH (Hamada index
m=0, n>0; 21 nanotubes) and the ATP ligand molecule as reference control (C,; Hjs N5 O,3 P35, ATP model,
SDF format from PubChem CID: 5957). All docking simulations were performed using the default values for
Autodock Vina parameters.

Statistical analysis. Mean values of free energy binding (FEB) from the various single-walled carbon nano-
tubes were compared through two-way analysis of variance in which the factors were SWCNT functionalization
(-H, -OH and -COOH) and SWCNT electrotopological properties (chiral, armchair and zigzag). Normality and
variance homogeneity assumptions have been previously verified. Pairwise comparisons were performed using
the Newman-Keuls post-hoc test. In all cases, type I error was set at 0.05 (o= 5%). Quantitative structure-binding
affinity relationships were evaluated through the use of stepwise multiple regressions, considering the FEB values
of the SWCNT (SWCNT-H, SWCNT-OH and SWCNT-COOH)-VDAC complexes obtained from the different
species (Danio rerio; Mus musculus; Homo sapiens) as dependent variables and several semi-empirical SWCNT
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SWCNT nanodescriptors (Vy) Symbol
FEB (ATP) (Kcal/mol) —5.6
Tube Length (A) 10
m-Hamada index Voo
n-Hamada index Vo1
Molecular Weight (g/mol) V02
No. Bonds Vo3
No. Atoms Vo4
Radio Rt (nm) Vo5
Nanotube diameter: dswenr (s m) Vo6
Highest common divisor of (n, m) Vo7
Highest common divisor of (2n+m, 2m+n) Vo8
Translation vector: T(A) V09
Semi-empirical Homo-Lumo Bandgap E,(eV) V10
Chiral vector: Cy, (nm) Vi1
Chiral angle (6) V12
mod (n—m, 3) V13
Semi-empirical Vygy (cm™") V14
First van Hove Singularity Optical Transitions peak- V15
[Ei] (eV)

Second van Hove Singularity Optical Transitions Vie
peak-[E,,] (eV)

No. hexagon/unit cell (N/2) V17

Table 3. Variables used as input for the NQSBR model.

quantitative nanodescriptors (n, m-Hamada indexes, chiral angle, molecular weight, diameter, etc.) as independ-
ent variables.

VDAC channel alignments. Sequences of VDAC-1 from human Homo sapiens (NP_003365.1), VDAC1
from mouse Mus musculus (NP_035824.1) and VDAC2 from zebrafish Danio rerio (NP_001001404.1) were
obtained from Gene Bank database (http://www.ncbi.nlm.nih.gov/genbank/). The alignments were performed
on-line using the free software Clustal W2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). In addition, 3D struc-
tural alignment of VDAC from the different species tested was performed by VMD - Visual Molecular Graphics
Software. Next, the PDB model X-ray structure validation from the different VDAC channels was performed by
Ramachandran plots using MolProbity*’.

Model construction
Dataset. The dataset contains 19 features or SWCNT nanodescriptors (see Table 3) based on the SWCNT
periodic properties*'~*° such as m-Hamada index (V00), n-Hamada index (V01), molecular weight (V02), num-
ber of bonds (V03), number of atoms (V04), CNT radio Rt in nm (V05), nanotube diameter dt in nm (V06),
highest common divisor of (n, m) (V07), highest common divisor of (2n+m, 2m+n) (V08), translation vector
T in A (V09), semi-empirical HOMO-LUMO band gap Eg in eV (V10), chiral vector in nm (V11), chiral angle
6 (V12), mod(n—m, 3) (V13), estimated VRBM in cm™! (V14), First van Hove Singularity Optical Transitions
peak E11 in eV (V15), Second van Hove Singularity Optical Transitions peak E22 in eV (V16), and number of
hexagons/unit cell (N/2) (V17). In addition, the Docking Free Energy of Binding (FEB expected) for the SWCNT
groups (SWCNT type and SWCNT function as H, OH, COOH) was added using Perturbation Theory (PT).
Thus, 19 SWCNT nanodescriptors and 405 cases were used to build NQSBR classification and regression
models that can predict whether the SWCNT-VDAC interactions are weak or strong, along with FEB values.

Performed NQSBR model based on Docking Perturbation Theory. In this section, a
Nano-Quantitative Structure-Binding Relationship (PT-NQSBR model) was developed. To this end, a new pro-
spective docking scoring function is used to predict the strength of the binding b; between the i CNT and
the j'"-VDAC from three different species. The free energies of binding (FEB), calculated in molecular docking
experiments as the measure of by, were also employed. b; = 1 was considered when FEB;; < —5.6 kcal/mol (strong
binding interaction), otherwise b; = 0 (weak binding interaction). The cut-off FEB value was set at —5.6 kcal/mol,
which represents the FEB value for the molecular docking interaction of the natural ligand substrate ATP with
VDAC (calculated in this work, vide infra).

The re-formulation of the QSAR/QSPR approach was described, based on the Perturbation Theory (PT) to
develop a new type of PT-NQSBR model for prospective classification of single-walled carbon nanotubes asso-
ciated with VDAC channel nano-mitotoxicity. The main assumption of QSAR/QSPR models in general is that
similar molecules have similar properties. Consequently, small changes (“perturbations”) in the structural system
should correlate linearly with small changes in the values of their properties (biological activities). PT-QSPR
models are very useful for the study of complex molecular systems with simultaneous multiple experimental
boundary conditions.
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In this regard, the QSPR approach of the Perturbation Theory is a mathematical formalism that starts by
knowing the exact solution of a problem (for instance a SWCNT physico-chemical property for VDAC interac-
tion) and continues by adding corrections or “perturbations’, according to the variations of different experimental
conditions in order to predict a solution to a related problem without a known exact solution®*%3!. In our previous
studies, Moving Average (MA) has been used to measure the deviations of the different input variables in PT
models for several molecular bio-systems!'$-2*3!. The PT-NQSBR model proposed herein is an additive polyno-
mial equation expressed as follows:

k=14

f(FEB)calc =ey+ay- <f(FEB)expected> + E ' AVk %)
k=1

k=14

f(FEB)calc =€ + ap - (f(FEB)expected> + Z a - [queryvk - reka] (8)
k=1

The first input term is the function {FEB)epecea= < FEB >, which is the average value of FEB for a specific
VDAC channel of one species for all SWCNTSs of the same class with the same function (H, OH, or COOH), and
the same electronic properties (metallic, semimetallic, semiconductor). It means that < FEB > can be considered
as the expected value of FEB for the interaction of a SWCNT of the same class as the new SWCNT with the target
protein VDAC (assuming a normal distribution). The second class of terms such as Vk, are values of the structural
parameters (or SWCNT nanodescriptors) of the new SWCNT (or query SWCNT). Last, the difference (AV, ="«
YV, — "V, ) quantifies the perturbations (changes, distortions, etc.) of the SWCNT nanodescriptors (¢VV,) of
the new SWCNT compared to those of the original reference SWCNT (*fV,). Please refer to Table 1 for further
details on the employed model.

The Linear Discriminant Analysis (LDA) forward-stepwise algorithms from the STATISTICA software were
used to fit the values of the parameters (a0, ak, bk and €0). In the PT-NQSBR model, the output f{FEB)calc is a func-
tion of the value of FEB for the new SWCNT structure, which contains the SWCNT nanodescriptors (Hamada index
n and m, diameter, molecular weight, number of atoms, radial breathing mode or Vygy, frequencies, etc).

Performed classification NQSBR models. Complex models, such as NQSBR classification models,
were constructed using two types of applications: STATISTICA and Weka based on Machine Learning. With
STATISTICA, the following models were calculated: Linear Discriminant Analysis (LDA), Multilayer Perceptron
(MLP) and Radial basis function network (RBF). Weka provided an attribute selection tool where the process was
separated into two parts: 1) Attribute Evaluator Method, through which attribute subsets were assessed and 2)
Search Method, which allows searching for the space of possible subsets of features (SWCNT nanodescriptors).

Weka was used to search for models using other 12 non-linear methods grouped into classes of classifiers such
as bayes (Bayes Network, Naive Bayes), functions (Multilayer Perceptron - MLP), lazy (IBk, KStar or K*), rules
(Decision Table, JRip, OneR, PART), and frees (J48, Random Forest, REP Tree). Thus, 14 Machine Learning®
methods were used to compare the performance of prediction for weak or strong SWCNT-VDAC interactions.

The FEB values were transformed in two classes of SWCNT-VDAC nano-interactions: strong and weak, consid-
ering a FEB cut-off value (based on the FEB value of ATP-VDAC interaction) of —5.6 Kcal/mol, as mentioned above.

With STATISTICA, the datasets were randomly split into two subsets: training and test validation sets (75%
training, 25% validation). Using Weka, the default 10-fold cross-validation (CV) was used. The performance of
the classification models was measured with accuracy, specificity, and sensitivity. With Weka data mining algo-
rithms, several variations of the initial dataset of SWCNT nanodescriptors were generated using filter methods
(or feature selection, FS) to verify the influence of a high or low number of SWCNT nanodescriptors in the
NQSBR model. The group of SWCNT nanodescriptors is more important to obtain a better model in order to
describe the SWCNT-VDAC interaction (channel nanotoxicity) such as:

o FSOrepresents the dataset with the same SWCNT nanodescriptors of the best predictive linear NQSBR model
obtained with STATISTICA (4 SWCNT nanodescriptors: FEBexp, V01, V11, V14);

o Pool contains all the features (SWCNT nanodescriptors: FEBexp, V00-V17);

o FSI was obtained by feature selection with parameters, using Evaluator (CfsSubsetEval) to assess subsets of
SWCNT nanodescriptors that highly correlate with the class value and have low correlation with each other.
In addition, Search (Best First) was used for 6 SWCNT nanodescriptors: FEBexp, V02, V03, V04, V10, V12)
with a best-first search strategy to navigate attribute subsets which reduce training time, overfitting, and
improves accuracy.

o  FS2was obtained by feature selection with Evaluator (Correlation Attribute Eval) following the principle that
features (SWCNT nanodescriptors) are relevant if their values vary systematically with the membership cat-
egory. Search (Ranker) was also used, based on 8 SWCNT nanodescriptors: FEBexp, V02, V03, V04, V09,
V11, V12, V14);

o FS3 was obtained by Weka data mining feature selection using Evaluator (Principal Components) and Search
(Ranker) based on 8 SWCNT nanodescriptors); the Principal Component® transformation was used to study
the influence of dataset dimension reduction by encoding the information of 19 SWCNT nanodescriptors
into only 8 linear combinations of them;

o FS4 contains only 2 SWCNT nanodescriptors that have proven to be very important for the models (FEB
expected, V02).
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The performance of the Classification Machine Learning NQSBR models from Weka are characterized by 3
criteria: maximum AUROC®, maximum TP Rate (true positive rate), minimum FP Rate (false positive rate),
commonly used in the field of chemoinformatics*® and currently in computational nanotoxicology. To visualize
and verify the results obtained with the LDA classification NQSBR model from the external dataset, we used a
set of empirical physico-chemical parameters of pristine SWCNT, not tested in our original dataset, obtained by
Bachilo et al. (2002)*. In addition, to represent the multiple factors involved in VDAC channel nanotoxicity, a
Two Way Joining Cluster (TWJC) analysis was performed through heat map of contingency table®.

Performed regression NQSBR models. The Pool dataset was used with the RRegrs methodology***’
taking into account all the SWCNT nanodescriptos (V00-V17) to find the best regression model that predicts
FEB values for the SWCNT-VDAC interactions. The initial dataset was normalized using R scripts. RRegrs is
an R integrated framework that provides ten linear and non-linear regression models. The following regression
methods were tested: Multiple Linear regression (LM), Generalized Linear Model with Stepwise Feature Selection
(GLM), Lasso regression (Lasso), Partial Least Squares Regression (PLS), Elastic Net regression (ENET), Neural
Networks regression (NN), Random Forest (RF), and Random Forest Recursive Feature Elimination (RF-RFE)®.
Standard RRegrs parameters and methodology were applied: dataset automatically devided by RRegrs using 10
splits (train and test subsets)®®. The selection of the best regression models used R? (regression coefficient for
test subset) and RMSE,; (root-mean-square errors for test subset) values Figshare*® (Fig. SM02). As an initial test,
regression models were sought by excluding the FEBexp, checking the importance of the Perturbation Theory for
these regression models when predicting the SWCNT-VDAC interactions.
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ABSTRACT: The study of selective toxicity of carbon nanotubes (CNTs)
on mitochondria (CNT-mitotoxicity) is of major interest for future

o CNT |
biomedical applications. In the current work, the mitochondrial oxygen ‘G /f(’ a IS)

Raman spectra

consumption (E3) is measured under three experimental conditions by ngj P —
exposure to pristine and oxidized CNTs (hydroxylated and carboxylated).
Respiratory functional assays showed that the information on the CNT Nano-QSPR

Raman spectroscopy could be useful to predict structural parameters of

mitotoxicity induced by CNTs. The in vitro functional assays show that the

mitochondrial oxidative phosphorylation by ATP-synthase (or state V3 of respiration) was not perturbed in isolated rat-liver
mitochondria. For the first time a star graph (SG) transform of the CNT Raman spectra is proposed in order to obtain the raw
information for a nano-QSPR model. Box—Jenkins and perturbation theory operators are used for the SG Shannon entropies. A
modified RRegrs methodology is employed to test four regression methods such as multiple linear regression (LM), partial least
squares regression (PLS), neural networks regression (NN), and random forest (RF). RF provides the best models to predict the
mitochondrial oxygen consumption in the presence of specific CNTs with R* of 0.998—0.999 and RMSE of 0.0068—0.0133
(training and test subsets). This work is aimed at demonstrating that the SG transform of Raman spectra is useful to encode
CNT information, similarly to the SG transform of the blood proteome spectra in cancer or electroencephalograms in epilepsy
and also as a prospective chemoinformatics tool for nanorisk assessment. All data files and R object models are available at
https://dx.doi.org/10.6084/m9.figshare.3472349.

B INTRODUCTION behavior. The important role of mitochondria to regulate

The boom in research on carbon nanotube (CNT) shaped intracellular ROS-levels based on the complete reduction of

nanoparticles has led to the development of more powerful molecular oxygen by the respiratory complexes, has been

extensively characterized and associated with several chronic

designs and synthesis methods." Currently, several scientific
pathological processes, such as neurodegenerative diseases

reports highlight a major impact of adverse/toxic effects

induced by carbon nanomaterials on critical subcellular (Alzheimer, Parkinson, Epilepsy), cardiovascular conditions,
components, mainly mitochondria, which are responsible for and cancer, which currently have high levels of morbidity and
the maintenance of the bioenergetic balance of ADP/ATP, mortality, and where mitochondrial dysfunction mechanisms
redox, and cellular homeostasis in all eukaryotic organisms.”” have been directly involved.”*

In this regard, carbon nanotubes have attracted attention for
their high ability to accumulate in the mitochondrial matrix Received: August 7, 2016
from several tissues and cells based on a peculiar mitotropic Published: April 17, 2017
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Mitochondrial events such as the dissipation of the
membrane potential, the generation of reactive oxygen species
and the release of caspase-activating proteins are closely linked
to the mechanisms of cell death by apoptosis and necrosis.
Lipophilic compounds such as carbon nanomaterials (single-
and multiwalled CNTs (SWCNTs, MWCNTs)), with high
lipid—water partition coefficients and enough access to the
mitochondrial membranes could induce cell death mediated by
mitochondrial mechanisms. The presence of carbon nanotubes
near the respiratory chain can disrupt the normal flow of
electrons along the respiratory complexes by decreasing the
proton gradient and ATP synthesis. It is well-known that the
mitochondria are essential elements in controlling the death or
survival of the cell and they are, therefore, an important
pharmacological and toxicological target that can be considered
in the planning and evaluation of new carbon nanomaterials as
potentially cytoprotective or cytotoxic based on their
mitochondrial effects.”” Consequently, a certain concern was
raised about the toxicity/safety rates of these new materials
with emphasis on the respiratory system.*

In this context, our hypothesis is that new structural
information (CNT nanodescriptors) obtained from Raman
spectra, based on the criteria of rational drug design and
mitochondrial medicine, could improve efficient therapeutic
strategies against the aforementioned diseases, considering the
chemical/pharmacological modulation of mitochondrial respi-
ratory mechanisms.

Following this idea, it is well-known that Raman spectros-
copy is one of the most important experimental techniques for
the characterization, detection, biological interactions, and/or
toxicity of CNTs. This is due to the fact that the D band feature
in the CNT Raman spectra, with a peak at approximately 1350
cm™!, is commonly associated with the presence of topological
defects and type of functionalization (chemical oxidation) in
the carbon lattice, which is known to be able to influence the
interaction properties between the CNTs and the protein
complexes of the mitochondrial electron transport chain,
depending on the physical—chemical characteristics of carbon
nanotubes.’

On the other hand, polarographic mechanistic assays provide
a quick and reproducible means of measuring the rate of oxygen
consumption by mitochondria isolated from different tissues.’
However, there are no precedents of this methodology applied
to the evaluation of potential toxicity of CNTs. Some in vitro
studies have demonstrated that CNTs exert cytotoxicity after
their accumulation in the mitochondrial matrix and/or by
affecting the function of mitochondrial proteins of the inner
membrane.” Previous in vitro research on drugs and environ-
mental pollutants using submitochondrial particles (respiratory
chain complexes I, II, III, IV; ADP/ATP translocator, ATP
synthase/ATPase) to predict the toxic impact of 92 different
xenobiotics showed a strong correlation with toxicity in humans
and pointed out that the mitochondrial area was a relevant
model for studying the relative toxicity of many xenobiotics.”
Recent efforts have been made to create a unified ontology for
the annotation of data about nanomaterial safety entitled
eNanoMapper.”

The combination of different methods proved to be a
powerful tool in designing nanoscale systems such as CNTs,
iron nanoparticles or micelle nanoparticles.'” Thus, quantitative
structure—property/activity relationship (QSPR/QSAR) meth-
ods have been used as complementary tools for experiments by
providing theoretical nano-QSPR prediction models."' ~** Since

1030

not all similar molecules have similar properties, the purpose is
to define the small structural changes of molecules. In order to
describe these differences, a PT-QSPR method has been
proposed:*” it combines QSPR/QSAR with perturbation
theory (PT). Thus, the PT-QSPR models have been applied
to complex molecular systems using a variation of multiple
experimental boundary conditions: chemical reactivity, drug
metabolism, vaccine peptide epitopes, metabolic networks,
micelle nanoparticles,”” > cytotoxicity of nanoparticles,”
ecotoxicity and cytotoxicity of uncoated and coated nano-
particles,”*” and antibacterial profiles of nanoparticles.’* The
classic QSPR/QSAR approach could be used with the Raman
spectra descriptors and the observable output, but it limits the
model information to the CNT Raman spectral data, without
taking into the account the experimental conditions and time.
Thus, the current study includes the information referring to
the moving averages of the descriptors in specific experimental
conditions, such as perturbation to the expected values of the
observable output.

The design and development of novel carbon nanomaterials
are currently expensive and complex processes. Thus, the new
quantitative structure—activity relationship paradigm (or
QSAR/QSPR tools) has become an important methodology
for the prioritization/optimization of nanomaterials, as an
alternative with less impact on health and environment in the
nanoscience context (nanotoxicology).35 Herein, a crucial step
in QSPR is to express structural properties in a quantitative
way, which is not always straightforward.35’36 Therefore, QSPR
model can be seen as a mathematical function that predicts the
structure of a single or complex system using physicochemical
parameters which numerically describe its essential properties.
To this end, Gonzalez-Diaz et al.”’ proposed a general purpose
PT-QSPR method combining a QSPR chemoinformatics
approach and PT. PT-QSPR approaches are very useful for
the study of complex molecular biosystems with simultaneous
multiple experimental boundary conditions.

Gonzalez-Diaz et al.*’ applied the PT-QSPR analysis linked
to chemical reactivity studies, drug metabolism (ADME—
pharmacokinetic parameters), immunotoxicity tests, metabolic
networks, metal, and CNT nanoparticles. Toropova et al¥’
published a nano-QSPR model on pristine MWCNTSs to study
the genotoxicity under multiple experimental conditions.
Recently, Gonzélez-Durruthy et al,** using a PT-nano-QSPR
approach, have been able to predict the mitochondrial swelling
inhibition (mitochondrial permeability transition pore mito-
protective activity) induced by oxidized CNT in multiple
experimental conditions. The authors concluded that oxidized
CNT could modulate the mitochondrial ROS-production
involved in mitochondrial dysfunction.*®

The main assumption of QSAR/QSPR approaches in general
is that similar molecules have similar properties. Consequently,
small structural changes (“perturbations”) should correlate
linearly with small changes on the values of their properties
(biological activities). The QSPR perturbation model is able to
find out the exact solution of a problem (physicochemical and/
or biological property) and continues adding small corrections
to predict a solution for a related problem, without knowing an
exact solution.”®* In this context, currently there are no
precedents for the application of this chemoinformatics
methodology combining experimental and biochemical assays
in isolated rat-liver mitochondria, including mechanistic
explanations, to predict the potential effects of CNT on
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Figure 1. Methodology flowchart for nano-PT-QSPR models for mitochondrial oxygen consumption in the presence of CNTs.

mitochondrial respiration toward biomedical applications based
on Raman spectroscopy structural information.

The current study proposes the use of CNT Raman spectra
as the main molecular information. Raman spectroscopy is a
technique that provides the chemical fingerprint of molecules as
vibrational, rotational, and other low-frequency modes. Thus, it
is used for the study of biomolecular systems and nanoscale
structure such as DNA,* proteins,42 antibodies,** and carbon
nanotubes (CNTs).*" The Raman spectra can be transformed
into Shannon entropies of the star graph, similar to a Fourier
spectra transform. The use of star graphs as a graphical method
to encode molecular/signal information has been proven for

—47 .48 .
>~*7 and nucleic acid*® function, as well as

protein prediction”
cancer prediction using blood protein mass spectra® and
epileptic seizure prediction using electroencephalogram (EEG)
signals.”” The end point (mitochondrial respiration or E3) used
in the QSPR/QSAR analyses is a predictive function of the
mitochondrial oxygen consumption (E3Pred), which is the
mitochondrial respiration under carbon nanotubes exposure
obtained from the experimental data set as a function of Raman
spectra transformed into star graph Shannon entropies indices
(Sh;) of CNT individual members of the tested CNT family.
The expected values of the mitochondrial oxygen consumption
(E3exp) are the moving averages of the Raman spectra
transformed into Sh;, indices under different experimental
conditions and times of exposure. Points have been used as
features (CNT nanodescriptors) to find the best PT-QSPR
regression model that can predict the carbon nanotube effects
on mitochondrial oxygen consumption in the presence of
specific CNTs.
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B MATERIALS AND METHODS

General Workflow. The main aims of this paper are (a)
development of a new transform of Raman spectra into
Shannon entropy information indices (Sh;), (b) measurement
of the Raman spectra of a set of CNTs, (c) measurement of
biological activity of these CNTs, and (d) use of the Shy, values
to predict the biological activity (mitochondria oxygen
consumption or E3). In order to accomplish these objectives,
a general workflow was proposed. The following list describes
the steps of this workflow (Figure 1):

(1) Experimental measurements of the mitochondrial oxygen
consumption under different experimental conditions
with different types of CNTs

(2) Transformation of CNT Raman spectra into star graph
Shannon entropies

(3) Use of nano-PT-QSPR methodology to calculate the
expected values of the mitochondrial oxygen consump-
tion and the moving averages of the Shannon entropies
under different experimental conditions

(4) Search of regression nano-PT-QSPR models using
batchRRegrs (an R tool for regressions)

Even if the RAMAN spectra need to be measured or
predicted so that new CNTs could be used in the model, there
is no need to measure the biological activity (E3) of CNTs in
mitochondria, which is a difficult assay. In addition, it should be
pointed out that the CNTs from the current study are
commercial samples of CNTs. It means that the CNT samples
do not contain single-molecule structures. On the contrary,
each sample has many different molecules of CNTs with the
same function type (H, OH, COOH) and the same percentage
of this function, but in many different positions.
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Figure 2. Raman spectra of carbon nanotubes used in this study. (A) Pristne MWCMT (CNT1), (B) SW/DWCNT-OH (CNT2), (C)
MWCNT-OH (CNT3), (D) MWCNT—OH (CNT4), (E) MWCNT—OH (CNTS), (F) MWCNT—COOH (CNT6), (G) MWCNT—COOH
(CNT7), (H) SWCNT—COOH (CNTS8), (I) MWCNT—COOH (CNT9) (see Materials and Methods section).

Table 1. Physical—-Chemical Parameters of the CNT Family

CNT properties” W; (%) D; (nm)
n type function min max min max L,(um) P, (%) C. (S/cm)
1 MWCNT 8 8 0.5-2 >95 <1.5
2 mixed SW/DWCNT OH 0 3.96 1 4 0.5-2 >95 <1.5
3 MWCNT OH 0 3.86 1 8 0.5-2 >95 <1.5
4 MWCNT OH 3 4 10 20 0.5-2 >95 <1.5
S MWCNT OH 1 1.06 30 Ny 0.5-2 >95 <L.S
6 MWCNT COOH 0 0.73 30 50 0.5-2 >95 <1.5
7 MWCNT COOH 3 4 10 20 0.5-2 >95 <1.5
8 SWCNT COOH 0 2.73 1 4 0.5-2 >95 <1.5
9 MWCNT COOH 0 3.86 1 8 0.5-2 >95 <1.5

“W; (%) = functional groups (OH, COOH)/carbon atoms ratio (%). The properties of the ith CNT are D, = outer diameter, L; = length, P, = purity,

C; = electric conductivity.

Therefore, the calculation of merely theoretical descriptors is
not applicable for the current study because it does not involve
a unique CNT molecule, but a mixture of many CNT
molecules with similar, but different structures. In this sense,
the Raman spectra are a good solution because they capture all
the variations in the structural patterns of the CNTs into a
sample.

1032

B EXPERIMENTAL SECTION

Raman Spectra. Raman spectra were measured using a
Renishaw Micro-Raman Spectroscopy System (Renishaw plc,
Wotton-under-Edge, UK) at room temperature at a laser
excitation wavelength of S14 nm (2.33 eV). All reactions were
quenched to room temperature before Raman spectra were
recorded in order to identify the characteristic peaks in the

DOI: 10.1021/acs.jcim.6b00458
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Figure 3. Transformation of the Raman spectra for Pristine MWCMT (CNT1) into SG Shannon entropies invariants using the S2SNet tool.

position of 1580 cm ™" (G band of graphite) and the peak in the
1350 cm™ (D band of defects) approximately associated with
the presence of disorder and/or vacancy defects in the CNT
structure produced by chemical oxidation in the graphite
structure (oxidized CNT with OH and COOH functional
groups), as shown in Figure 2.

Reagents and Solutions. Sucrose, ethylene glycol-bis(f-
aminoethyl)-N,N,N’,N'-tetraacetic acid (EGTA), KCL, potas-
sium succinate (plus 2 yM rotenone), K;HPO,, piperazine-N’-
2-ethanesulfonic acid (hepes-KOH). All the other reagents
were commercial products of the highest purity grade available.
For mitochondrial functional respiratory assays, pristine and
functionalized carbon nanotubes (MWCNT, [SWCNT +
DWCNT]-OH, MWCNT-OH, MWCNT-COOH,
SWCNT—COOH) were dissolved in dimethyl sulfoxide
(DMSO) and Milli-Q water in individual stock solutions,
prepared at 1 mg/mL. The CNT family was provided by
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Cheaptubes Company (http://cheaptubes.com/shortohcnts.
htm; see Table 1).

Animal Welfare. Male Wistar rats (4 months old;
approximately 150 g) received food and water ad libitum.
They were kept in plastic cages with wire tops in a light-
controlled room (12:12 h light—dark cycle) at 22 + 3 °C before
starting the study in accordance with the animal care and
experimental procedures based on the Directive 2010/63/EU
of the European Parliament and of the Council on the
protection of animals used for scientific purposes; these
procedures were also approved by the Institutional Animal
Care and Use Committee of the School of Pharmaceutical
Sciences of Ribeirdao Preto (CEUA-FCFRP) (license and
registration number: 01.0263.2014).

Isolation of Rat Liver Mitochondria (RLM). Mitochon-
dria were isolated by standard differential centrifugation.” Male
Wistar rats weighing approximately 200 g were euthanized by
decapitation; livers (10—15 g) were immediately removed,
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sliced in a medium (50 mL) consisting of 250 mM sucrose, 1
mM ethylene glycol-bis(f-aminoethyl)-N,N,N’,N'-tetraacetic
acid (EGTA), and 10 mM HEPES-KOH, pH 7.2, and
homogenized three times for 15 s at 1 min intervals using a
Potter—Elvehjem homogenizer. Homogenates were centrifuged
(2500 rpm, S min), and the resulting supernatant was further
centrifuged (10 500 rpm, 10 min). Pellets were then suspended
in a medium (10 mL) consisting of 250 mM sucrose, 0.3 mM
EGTA, and 10 mM HEPES-KOH, pH 7.2, and centrifuged
(6000 rpm, 15 min). The final mitochondrial pellet was
suspended in a medium (1 mL) consisting of 250 mM sucrose
and 10 mM HEPES-KOH, pH 7.2, and used within 3 h.
Mitochondrial protein contents were determined by the Biuret
reaction.

Standard Incubation Procedure. The isolated mitochon-
dria were energized with S mM potassium succinate (plus 2.5
UM rotenone) in a standard incubation medium consisting of
125 mM sucrose, 65 mM KCl, 2 mM inorganic phosphate
(K,HPO,), and 10 mM HEPES-KOH pH 7.4 at 30 °C.

Continuous-Monitoring Mitochondrial Respiration
Assays. The oxygen consumption in mitochondrial suspen-
sions was polarographically determined with a Clark-type
electrode. Clark electrodes have platinum cathodes and silver
chloride anodes, which are connected by a salt bridge and
covered by an oxygen-permeable membrane. As oxygen diffuses
across the membrane, it is reduced by a fixed voltage between
the cathode and anode that generates current in proportion to
the concentration of oxygen in solution. By calibrating the
voltage with known oxygen concentrations, it is possible to
measure the rate of oxygen consumption in a medium
containing actively respiring mitochondria. Since reduction of
oxygen is a critical step in the process of mitochondrial electron
transport and ATP synthesis, the measurement of mitochon-
drial oxygen consumption provides a convenient way to assess
mitochondrial function.

To this end, two different set of tools were used: (1)
Oxygraph System (Hansatech Instruments Ltd., Norfolk, UK)
and (2) Oroboros Instruments (Oxygraph-2k). Both method-
ologies were applied in a 2 mL glass chamber equipped with a
magnetic stirrer. Rat liver isolated mitochondria (1 mg protein/
mL) were energized with S mM potassium succinate (plus 2.5
UM rotenone) in a standard incubation medium consisting of
125 mM sucrose, 65 mM KCl, 2 mM inorganic phosphate
(K,HPO,), and 10 mM HEPES-KOH pH 7.4 at 20 °C in a
standard respiration medium. The experimental approach was
calibrated using the oxygen content of an air-saturated
medium.”’

Theoretical Section. Raman Spectra Transform with
Markov—Shannon Entropy Invariants. The current work
proposes a new type of Raman spectra transform, similar to the
Fourier transformation. This transform converts the Raman
spectra values to character sequences and the corresponding
star graphs (SGs) are constructed using S2SNet tool.” A star
graph is a special type of tree with N vertices, where one has N
— 1 degrees of freedom and the remaining N — 1 vertices have
a single degree of freedom.” In the case of protein sequences,
the graph is built by adding all the amino acids into 23 possible
branches (“rays” corresponding to the types of amino acids).
The star center is a dummy node.”

Thus, the Raman spectra were divided into intervals of 100
units, from 0 to 1800. As a result, the maximum number of star
graph branches is 18 and corresponds to characters “a” to “r”.
The star graph connectivity of the transformed Raman spectra
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provides the information needed to calculate the Shannon
entropies (Shy, k = 0—S5) for nonembedded and embedded SG
(Sh and She). The transformation of the Raman spectra of
CNT1 into Shannon entropies is shown in Figure 3.

The calculation of Sh invariants is based on matrices and
vectors of the SG. To calculate Sh, the starting point is the SG
connectivity matrix M (dimension of # = number of nodes; M;;
1 if the nodes i—j are connected; 0 = if nodes i—j are not
connected). In the case of nonembedded SG, the connectivity
is generated by the SG rule (each node is placed into a specific
branch). In the case of embedded SG, in addition to the
nonembedded connectivity, the sequence connectivity is added.
S2SNet has been used to calculate nonembedded and
embedded Sh for each CNT Raman spectrum with the
following parameters: no weights for the nodes, Markov
normalization, k 0—5. The formula of Sh invariants is
described in eq 1, and the details about the SG Shannon
entropy formulation are presented in ref 52.

Sh, = —zkpi log(kpi)
i=0 (1)

*p; = elements of the p vector obtained by multiplying the k
powered Markov normalized matrix (n X n) and a vector (n X
1) with elements of 1/n. The calculated values for all the CNTs
are in the Figshare file “ds3.info.xlsx”, sheet “RAMAN
entropies”.”

Theoretical Details of the Nano-PT-QSPR Models. The
general-purpose PT model for multiple boundaries has been
proposed for chemoinformatics problems.”” This study extends
this theory to PT-QSPR models that will be able to study the
effect of different CNTs on the mitochondrial respiration
(oxygen consumption) under different experimental conditions.
The general equation of the nano-PT-QSPR model is presented
in eq 2.

S N
E3,,. = ¢ + agE3y, + gt + ), @ dShy + Y b, dShe,

k=0 k=0
(2

E3pred represents the predicted mitochondrial oxygen
consumption. E3,,, is the expected value of E3 in the set of
three simultaneous experimental conditions (SEC). dSh; and
dShe, are the moving averages of nonembedded and embedded
Shannon entropies of the CNT Raman SG transform
(differences between Sh; or She; and their averages obtained
under different experimental conditions). The coefficients ¢y, g,
ay ai, and by are the equation optimal coefficients.

Model Data Set. The experimental data for the mitochon-
drial oxygen consumption (E3) in the presence of CNTs are
available as a Figshare repository™ and contain 16335 cases
(E3 measurements) with the following variables (data
columns): E3, CNT label (CNT1-9), CNT type (CNT _type),
type of CNT chemical modification (Function_type), type of
the solvent (Solvent), and time (t). Thus, E3 was measured
under three types of experimental conditions (c): CNT_type,
Function_type (chemical modification of CNT), and Solvent.
The codes used for CNTtypes are MWCNT, SW+DWCNT,
and SWCNT. CNT type was set as 0 when the assay is a
control assay with a blank solution with CNT concentration
equal to 0. The values of Solvent condition are 0 and DMSO.
The CNT Function types are 0 (none), COOH and OH. All
the average values of the Shannon entropies under these
experimental conditions are presented step by step in Figshare
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Figure 4. Methodology flowchart for nano-PT-QSPR models for mitochondrial oxygen consumption in the presence of CNTs.

repository.” The final data set used to find the best prediction
model is made up of 16 335 cases and 35 input features. The
number of cases (V) is the result of NoCNTSs X TimePeriods +
Replicates + CART.Blanks, where NoCNTs = 9 (different
nanotubes) and TimePeriods = 1485 (min). Thus, NoCNTsx
TimePeriods is 9 X 1485 = 1336S. CART.Blanks = 1485
(experiments with carboxyatractyloside (or CART as classical
inhibitor of state V3 of respiration-ADP dependent at 1485
periods) were added. The remaining number of cases are
replicates or blanks with H20 as solvent (see ds3.infoxlsx,
sheet “Experimental Data””).

The following steps were used to generate the final data set
(see Figure 4 and Figshare files>®):

(1) Calculation of 11 nonembedded and embedded SG
Shannon entropies for each CNT using S2SNet (Shy, and
She): Shy, Sh,, Sh,, Shs, Sh,, Shs, She;, She,, She;, She,,
She; (the zero-value descriptors have been excluded,
CNT = 9 different CNTs)

Calculation of mean values for each Sh under an
experimental conditions such as CNT type = type of
CNT, Solvent = type of solvent, Function_type = type of
CNT chemical modification 11 CNTtypeSh,/CNTtype-
Shey, 11 FuncTypeSh,/FuncTypeShe, 11 SolventSh,/
SolventShe;; see “Experimental condition Means” in
ds3.info.xlsx>®)

Calculation of 33 moving averages (MAs) between the
original Raman spectra SG entropies (from step 1) and
their averages obtained under the experimental con-
ditions (from step 2) and time (for each type of CNT);
the resulting values have the following notation in the
Figshare files: 11 MA.FuncType.Sh;/MA.CNTtype.She,,
11 MA.CN.FuncType.Sh,/MA.FuncType.She;, 11
MA.Solvent.Sh;/MA.Solvent.She,

Calculation of the expected values of E3 (**“E3,,,) in a
set of three experimental conditions (CNT type, solvent

)

©)

4)
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type, and CNT chemical function type; see Experimental
condition Means in ds3.info.xlsx*”)

(5) The final data set of 35 features was only made up of the
experimental values (E3), the expected value of E3 in a
set of experimental conditions from step 4 (E3,y,), time
(t) and the 33 moving averages of Sh/She under all the
experimental conditions from step 3 (MA.CNTtype.Sh,/
MA.CNTtype.She,, MA.CN.FuncType.Sh;/
MA FuncType.She;, MA.Solvent.Sh;/MA.Solvent.She,)

Therefore, the entire flow could be summarize in few ideas:

o The study is searching for the best regression model that
can predict values mitochondrial oxygen consumption
(E3) measured in specific experimental conditions when
different CNTSs are present.

e The initial data to generate this model is composed on
experimental E3 values (output/predicted variable), time
of the E3 measurement, three types of experimental
conditions (CNT type, solvent type. and chemical
function type of the CNTs), and the Raman spectra of
the CNTs.

e The current model is based on the perturbation theory,
and it considers that E3 measured in three simultaneous
experimental conditions is the sum of the expected value
of E3 (E3exp) in these conditions and some perturbations
around this value (E3 = B3 + perturbations).

e Therefore, E3,, are obtained as mean values of E3 for
three simultaneous experimental conditions (SEC).
There are possible only six combinations of the three
types of experimental conditions (CNT type and solvent
type and chemical function type of the CNTs]. Thus,
E3,,, values are constant features for the model.

e The perturbations of E3 around E3,,, consists in a series
of moving averages (MAs) of the SG Shannon entropies
for the transformed Raman spectra for each CNT type
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and for one type of experimental condition (CNT type/
solvent type/chemical function type of the CNTs).
Therefore, the perturbations of E3 are MAs (Box—
Jenkins operators) of SG Shannon entropies for specific
experimental conditions (MA = difference of the entropy
with the mean entropies in specific experimental
condition).

Because the values of E3 are measured at different times
(time series), the time variable was added to the model
(E3 is not constant in time).

In conclusion, the prediction of E3 is made using SG
Shannon entropy MAs as perturbations around the E3,,,
(expected values of E3) and time as a time series of data.

The advantages of the PT-QSAR technique over the
conventional QSAR are the following:

o The PT method uses the perturbations of the classic
QSAR features around the average values of the same
features in different experimental conditions (moving
averages). Therefore, the PT methodology is able to
compare relative values of the model features, which are
much smaller compared to the absolute values of these
features. PT-QSAR is based on the perturbations of the
features and not on the feature values, offering
information more detailed than the traditional QSAR.
In the latter, if the feature values are high, the small
differences between them may be undetectable by the
statistical or machine learning techniques.
The PT method averages feature values using exper-
imental conditions (CNT type, solvent type, and CNT
chemical function type). Thus, not only is molecular
information included in the QSAR model but also the
information about specific experimental conditions for
the observed model output. The experimental conditions
affect the observed variables, and therefore, including this
dependent information in the future QSAR model is a
big advantage.
The introduction of the expected value of the output
variable (E3,,,) is additional information added to the
QSAR model. E3,,; is the average value of the output E3
measured in a combination of experimental conditions
(not only one experimental condition). This average
value adds information about the measurement experi-
ments. Thus, the predicted output E3,,.4 is calculated
similarly to a perturbation around the E3.,, values for
specific experimental conditions (see eq 2). The
perturbations are represented by the MA of the CNT
descriptors in different experimental conditions. MAs are
calculated using an experimental condition, and E3,,;, was
obtained using the combination of three experimental
conditions (CNT type, solvent type, and CNT chemical
function type).

The use of the best regression model for the prediction of E3
values (mitochondrial oxygen consumption) in the presence of
a new CNT (with a new Raman spectra) consists in providing
the input features for the final model such as E3,,, time, and
MAs of CNT’s Shannon entropies for transformed Raman
spectra: E3 ;.4 = f(SECE3EXP, t, MAs), where SEC = simultaneous
experimental conditions and MAs are calculated for all types of
CNTs. Thus, it is very important to specify specific
experimental condition and time for the prediction of E3
values.
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Let us consider the prediction of the mitochondrial oxygen
consumption (E3,,.4) for specific values of the experimental
conditions (CNT type and solvent type and chemical function
type of the CNTs) and at a specific time moment after a new
CNT, was added. Thus, the prediction is made for specific
experimental conditions and, therefore, a specific value of
SECE3exP will be used (from the six values calculated for building
the regression model). It is not necessary to calculate any other
value of SECESexp because the model will evaluate the E3,,.4
value based on the E3,,, values obtained with the model data
set. The second input feature is the time of the CNT presence
in mitochondria.

After picking the time and E3,, is known for specific
experimental conditions, only the MAs should be calculated for
the new prediction. First of all, the Raman spectra of the new
CNT will be transformed into SG Shannon entropies (Sh).
From the model building, the averages values of the CNTs in
specific experimental conditions are knows, and, therefore, the
MAs of the new CNT, will be calculated as a difference
between the new Sh values and the model’s averages of Sh of all
the data set CNTs. Thus, the model is providing the E3,,
values and Sh means for specific experimental conditions, but
the user will choose what values to use depending on
experimental conditions for the new E3 prediction.

Regression Predictors. The raw data set was normalized and
the training and test subsets were obtained using 10 splits: 75%
training set (train) and 25% test set (test). The raw and
normalized data sets are available online with the R script for
normalization and data splitting.”> The batchRRegrs tool was
used to find the best regression nano-PT-QSPR model. The
models were selected using the R,,* values (R-squared) and the
RMSE,, (root-mean-square error) corresponding values for test
subset.

RRegrs is an R integrated framework that provides ten linear
and nonlinear regression models.**® Due to the computational
limitations, only four RRegrs methods were used: multiple
linear (LM), partial least squares (PLS)*® and neural networks
(NN) regressions’’ and random forest (RF).”® Generally,
default values of parameters were used. In the case of NN and
RF, the variation of the method parameters was studied. The
RRegrs call is not prepared for big data sets and for some
parameter variations. Thus, a modified version of RRegrs
(batchRRegrs: https://github.com/cafernandezlo/
batchRRegrs) was used on the BioCAI HPC platform from
University of A Coruna (Spain). This version of RRegrs saves
the R model objects and it leaves the door open for any type of
extra calculations or graphical plots for the regression model. As
an adaptation for large data sets, several features are missing in
batchRRegrs: there is only one split (the user runs create each
split), there is no Y-randomization, there are no output figures
as PDFs and there is no automatic selection of the best model.
Therefore, the current methodology is an incomplete RRegrs
flow, due to the mission of the Y-randomization. The criteria to
find the best model are the same as for RRegrs: maximum R,
and minimum RMSE,. The plots for the current work were
obtained with R scripts. The best regression model which
predicts mitochondrial oxygen consumption in the presence of
CNTs is available online™ and it can be used for future
predictions.

B RESULTS AND DISCUSSION

In principle, several biochemical in vitro assays may be used
with different respiratory substrates, cofactors, and inhibitors in
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Figure S. Profiles of mitochondrial oxygen consumption of isolated
rat-liver mitochondria show the different states of mitochondrial
respiration on the mitochondrial respiratory chain: V, state (basal
respiration), V; state (ADP-dependent respiration), V, and Vcccp
states (both ADP-independent respiration) in untreated-rat liver
mitochondria or untreated-RLM (black line) and after the CNT
exposure at S ug/mL (remaining colors). These results are
representative of three experiments by using the two polarographic
assessments of mitochondrial respiration performed with the Oxy-
graph System Hansatech Instruments and Oroboros Instruments
(Oxygraph-2k). **p < 0.05 is used to represent the statistical
differences between CNT-1 (pristine MWCNT) (orange line) and
untreated RLM (black line).

the polarographic evaluation of the effect of CNT family on the
mitochondrial oxygen consumption. The rate of oxygen
consumption can be measured directly using a Clark-type
electrode, which consists of a probe with an exposed platinum
cathode and a silver anode. When the anode and cathode are
polarized, the current produced is directly proportional to the
partial pressure of oxygen. The respiratory biochemical
reactions are connected via an electrolyte solution, such as
KCI. The cathode is typically covered by an oxygen-permeable
membrane, such as a polypropylene membrane, to exclude
contaminating species, ions, or samples that might interfere
with the reaction.>”

In this work, two different polarographic experiments were
performed to evaluate the effects of the CNT family on the
mitochondrial respiration by exposure conditions of 5 yg/mL.

In general terms, the results showed that the entire CNT
family tested does not inhibit (or affect) the profiles of oxygen
consumption increment after ADP addition (state V3 of ADP-
dependent respiration) compared to the untreated mitochon-
drial control (black line), no significant differences being

detected (p > 0.05) in this case. However, for CNT-1 (pristine
MWCNT) a moderate ability to inhibit the state V3 of
mitochondrial ADP-dependent respiration (orange line),
compared to their similar oxidized CNT (hydroxylated-CNTs
CNT2—CNTS and carboxylated-CNTs CNT6—CNT9) was
observed. The mitochondrial V3 respiratory inhibition by
CNT-1 is not significant (ns: p > 0.05) when compared to the
untreated mitochondrial control (black line) under the
evaluated experimental conditions. It does not affect the
oxidative phosphorylation by ATP synthase, which depends on
the ADP transport by the ADP/ATP mitochondrial carrier
between cytosol and the mitochondrial matrix under
physiological normoxic conditions, the in vitro results
suggesting lower inhibition response for isolated rat liver
mitochondria based on mitochondrial V3 respiratory inhibition.
Generally, a low inhibition for each member of the CNT family
was observed, represented by colored lines, related to untreated
mitochondrial control (black line) after the addition of CCCP 1
uM  (uncoupling agent of the mitochondrial oxidative
phosphorylation) in the state V4 of respiration and Veccp
(both ADP independent) shown in Figure S. Intriguingly, it was
observed that the mitochondrial respiration rate versus time of
V4 (or Vceep) stages (ADP independent) for CNT-1 (pristine
MWCNT) (orange line) had the smallest decline, with
significant statistical differences (**p < 0.05) compared to
their similarly oxidized CNTs (CNT2—CNT9) (the remaining
colored lines) and also to the untreated mitochondrial control
(black line), despite the presence of protonophore CCCP, a
classic mitochondrial uncoupling agent, which represents the
maximum rate of mitochondrial oxygen consumption used as
control at the end of all the measurements (t = 500 s).

A physiological explanation is feasible due to the fact that
carbon nanotubes can pass through phospholipid bilayers that
make up the mitochondrial inner membrane. More specifically,
they are accumulated similarly too many cationic amphiphilic
drugs or in some cases when degraded by the oxido-reduction
mechanisms that occur in the mitochondrial matrix. The effects
can be observed in the interruption of the flow of electrons,
decreasing the proton gradient associated with low oxygen
consumption rate, uncoupling of oxidative phosphorylation and
reduction of ATP synthesis, depending on the physical—
chemical nature of the mitotoxic agent involved. According to
this idea, it is well-known that the presence of defects such as
pentagons, heptagons, vacancies, or metallic dopant are found
to modify drastically the electronic properties of these
nanosystems (carbon nanotubes) and, in the same vein, their
properties of interaction with the biological systems, which can
be expressed through biocompatibility and/or toxicity
responses. In this sense, the intensity of the D band of CNT

Table 2. Training and Test R* and RMSE (Mean, Minimum, and Maximum Values for 10 Splits) Using RRegrs Regression
Methods to Predict Mitochondrial Respiration Modifications Due to CNTs

method R?

mean min max

LM R,? 0.865 0.864 0.866
RS 0.864 0.861 0.868

PLS R, 0.864 0.863 0.865
R 0.864 0.860 0.867

NN R 0.987 0.986 0.987
R 0.988 0.987 0.990

RF R, 0.998 0.998 0.998
R 0.998 0.997 0.999
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RMSE mean min max

RMSE,, 0.0915 0.0910 0.0922
RMSE, 0.0913 0.0891 0.0929
RMSE,, 0.0917 0.0912 0.0928
RMSE, 0.0916 0.0893 0.0931
RMSE,, 0.0286 0.0283 0.0292
RMSE,, 0.0271 0.0249 0.0284
RMSE,, 0.0109 0.0102 0.0118
RMSE, 0.0108 0.0068 0.0133
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Figure 6. Parameter study for NN regression models.

#Hidden Units

tested regarding the Raman spectra with peak at approximately
1350 cm™ is commonly associated with the presence of the
aforementioned topological modifications in the carbon lattice
of CNTs.

Thus, the presence of the CNT’s oxidized groups (—OH,
—COOH) with a peak at 1350 cm™" can prevent inhibition of
the V3 state (ADP dependent) or uncoupling effects on
mitochondrial respiration state (V4), maybe associated with the

oxidized CNT ability as free oxygen-radical scavenging. Since
these oxygen free radicals were spontaneously formed in the
mitochondrial complex I and III, perturbation can be induced
in the oxidative phosphorylation of the ADP and Pi by the
mitochondrial complex V wrapping. In most cases inhibition
and/or uncoupling effects on mitochondrial respiration, similar
to the effects observed due to the addition of CCCP or V4
(Vcccp) in all previous states of mitochondrial respiration (V2,

1038 DOI: 10.1021/acs.jcim.6b00458
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Figure 7. Parameter study for RF regression models.

V3) were not observed in the present study. Raman
spectroscopy D band characterized the level of the CNT
oxidation, and it has been recognized that CNT-covalent
functionalization can generate different Stones—Wales defects
formed by rotating a C—C bond by 90° in the sidewalls of the
CNT structure with loss of sp*-carbon hybridization or
rehybridization (ability of the carbon atom to hybridize
between sp® and sp’). According to the theoretical results
obtained by Galano et al. using semiempirical methods such as
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density functional theory (DFT), moderate, or high oxidation
on the carbon lattice of CNT increases their oxygen free-radical
scavenging activity and has no impact on mitochondrial
respiration states by capturing the oxygen radical species
formed in the mitochondrial complex I and III. These
biochemical effects, which may involve C atoms with dangling
bonds, cause a larger increase of CNT reactivity toward free
radicals than the Stones—Wales and vacancy defects without C

60—64

atoms with dangling bonds. Interestingly, it was
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Figure 8. RRegrs pairwise model comparisons of R

demonstrated that pristine CNT (MWCNT-1) in aqueous
suspension does not generate oxygen-free radicals.

On the contrary, it was observed that MWCNTs exhibit a
remarkable free radical scavenging ability, when in contact with
an external source of oxygen-free radicals (hydroxyl or
superoxide radicals), suggesting that the multiwalls of
MWCNTSs can act as oxygen-free radical sponges, and
therefore, they do not affect the mitochondrial respiration by
removing potential oxygen radicals from the carbon lattice.
Recent studies have shown that pristine SWCNT are more
reactive to induce mitochondrial damage than their oxidized
forms SWCNT-COOH. Our hypothesis is that OH and
COOH groups from CNT family could interact with the
metallic centers of Fe** and Cu®' present in the respiratory
complexes preventing redox change to form Fe* and Cu'%,
respectively. These compounds present less ability to reduce
oxygen to water and promote abnormalities in mitochondrial
bioenergetic processes. However, it should be emphasized the
good relationship between the biocompatibility and toxicity for
the oxidized-CNTs, compared to their similar pristine-CNTs
(CNT-1), whose mitotoxicicity potential is greater.

In this regard, recent experiments using pristine and
oxidized-CNT porin have shown the high potential as synthetic
analogues of biological membrane channels with high efficiency
and selectivity for transporting ions and molecules”" like
natural substrates (ADP, ATP). According to this idea, the
tested CNT family can spontaneously insert lipid bilayers into
the cellular and mitochondrial membrane to form CNT
channels that exhibit a unitary conductance of 70—100 pS
under physiological conditions.”> At the same time, the
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attenuation of the negative charge of (COO™) moieties of
carboxylated CNT to form COOH moieties by the H* protons
present in the intermembrane mitochondrial space, may allow
the electrostatic ADP*Tanions passage without inducing
uncoupling effects on the mitochondrial respiratory function.
In addition, Tunuguntla® showed through molecular dynamics
simulations that carbon nanotube-porins can favor the ultrafast
proton transport in sub-1 nm diameter and that the transport
rates in these narrow nanotube pores can also exceed those of
biological channels (as respiratory complexes that form the
mitochondrial electron transport chain) due to confinement in
hydrophobic nanochannels. In this sense, it could be
hypothesized that CNTs with diameter >1 nm, such as those
used in the present study, could have lower transport rates for
the H' influx, preventing possible mitochondrial uncoupling
effects.

The structural determinants of mitochondrial mechanisms of
pristine and functionalized (oxidized) CNTs remain poorly
understood at present. Our suggestion is that CNT—COOH
and CNT—OH should be more biocompatible compared to the
pristine MWCNTSs based on the influence on the respiratory
mechanism under the experimental conditions tested and
according to the time of exposure to the CNT assayed.

In addition, the variation in time (t) of the mitochondrial
oxygen consumption in the presence of specific CNTs was
modeled using nano-PT-QSPR methodology. For each type of
nanotube, the corresponding star graph Shannon entropies of
the Raman spectra (Shy_s/She,_s; e = embedded SG) were
calculated. For each set of experimental conditions, the
corresponding expected values for the E (Eexp) and the moving
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averages of the SG descriptors (MA.[experimental condi-
tions].Shy_s;, MA.[experimental conditions].She,_g) were calcu-
lated. The final data set has 35 features: E3.,, f,
MA.CNTType.Shy_s;, MA.FuncType.Sh,_s, MA.Solvent.Sh,_s,
MA.CNTType.She,_s5, MA.FuncType.She,_s, and MA.Solvent.-
Shey_s. The output variable is E3, and there are 16 335 cases. A
modified version of the RRegrs tool was used on an HPC
cluster in order to test four types of regression methods. The
purpose was to find the best prediction model for
mitochondrial oxygen consumption in the presence of specific
CNTs. Thus, linear and nonlinear methods were used for the
feature pool: LM, PLS, NN, and RF (10 different splits and
repeated cross-validation parameter). All the results are based
on 35S features (pool). Table 2 shows the minimum, maximum,
and mean values for the R,*/RMSE,, and R, 2/RMSE,.. The
small differences between the training and test statistics
demonstrated that the models are not overfitted. The statistics
for 10 splits for each method could be found in the Figshare
project (ds3.modelsxlsx).>> The distribution of R* and RMSE
(tr and ts) are presented in the same file as graphics.

The results show the possibility to predict the effect of
nanotubes on the mitochondrial respiration using a 35-feature
linear model (LM) with a mean R, value of 0.864 and a mean
RMSE,; value of 0.0913. The MAs of the star graph Shannon
entropies under different experimental conditions provide
enough information for this linear regression predictor. PLS
obtain results similar to those of LN, without removing any
feature from the final model. Two attempts of feature selection
were performed using Lasso (14 features, R,* = 0.865, RMSE,
= 0.0921) and elastic net (23 features, R.;> = 0.864, RMSE,,
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0.0926) regression methods from RRegrs, but without
improvements when compared to LM/PLS. The selected
features included E., t, and feature moving averages. The
significant increase in the regression performance is observed
when nonlinear regression methods such as NN and RF have
been used. Thus, NN provides a mean R,,” of 0.988 and a mean
RMSE,, value of 0.0271. Thus, NN has an RMSE,, value over
three times smaller than LM. Figure 6 shows the study of the
optimal NN parameters for the final model: number of hidden
neurons = [1, 5, 10, 15, 20, 50] and weight decay = [0, 0.00001,
0.005, 0.001, 0.1]. The best NN model (split 5)>° is
characterized by a single hidden layer with 10 neurons, a
structure of 35—10—1 (3S inputs, 10 neurons in one hidden
layer, 1 output), a weight decay of 0.001, and R,* of 0.990 and
RMSE,, of 0.0249.

The RF predictor™ is even more accurate with a mean R,*
value of 0.998 and a mean RMSE,, value of 0.0108. Even if the
mean R, value is only 0.01, the mean RMSE, value was
improved over 2.5 times. The R*/RMSE values for the 10 splits
have values of 0.998—0.999/0.0068—0.0133 (training and test
subsets). The RF model using the same split 5 as NN has 20
trees (parameter ntree), 25 features (from the 35 model inputs)
as inputs for each tree (parameter mtry), R,> of 0.998, and
RMSE,, of 0.0099. The variation of RMSE with mtry was used
to choose the final RF model (see Figure 7). Thus, if the mtry
value was doubled, the RMSE value decreased 4 times. The
split S have been used to plot the pairwise model comparisons
of R,* (Figure 8) and RMSE,, (Figure 9) for LN, PLS, NN, and
RF. The average performance value (dot) with two-sided
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confidence limits was computed using a Student’s ¢ test with
Bonferroni multiplicity correction.

Any of these models could be used for prediction due to the
similar statistics. In order to help the users, one model has been
exported as an R object (“RF.details.S.csv.split.l.rf.model.-
RData” from the Figshare repository””) in order to be directly
used for predictions of E3 values for a new CNT (without the
necessity of recalculate the RF model). In addition, this model
can be implemented in other computational tools. All the
models can be obtained with the Figshare data set, batchRRegrs
and the seed as the split number. The prediction of a new E3
values consists in the following steps: (1) measurement or
achievement of the Raman spectra of the new CNT; (2)
calculation of the SG Shannon entropies for the Raman spectra
(Shi/Shey); (3) calculation of the new moving averages of Sh
for each type of experimental condition, such as the differences
between the new descriptors and the mean of Sh under
different conditions from the model; (4) use of expected values
from the model for a specific combination of experimental
conditions (limited to the combinations in the model); (5)
setting time (f) values; (6) use of the model to predict the
mitochondrial oxygen consumption (E3,..) in the presence of
the new CNT, for a specific experimental condition and in a
specific time scale.

B CONCLUSIONS

The respiratory functional assays showed that CNT Raman
spectroscopy structural nanodescriptors could be useful to
evaluate toxicity criteria on mitochondrial respiration for state
V3 of respiration and oxidative phosphorylation. Experimental
biochemical results pointed out that encrypted information in
the Raman spectra of CNT structure could be associated with
canonical cellular bioenergetic mechanism to be employed for
making regulatory decisions in nanotoxicology and increasing
the potential biomedical application of new carbon nanoma-
terials. It is the first time when a star graph transform of the
CNT Raman spectra is proposed in order to obtain the raw
information for a nano-PT-QSPR model. Thus, Box—Jenkins
and PT operators of star graph Shannon entropies under
different experimental conditions and time scales were used to
find the best regression predictor. A modified version of the
RRegrs tool was used to test four linear and nonlinear methods
such as LN, PLS, NN, and RF. The RF method provided the
best models to predict the toxicity of CNTSs in mitochondrial
respiration with R* of 0.998—0.999 and RMSE of 0.0068—
0.0133 for the training and test subset. As a result, this work
demonstrated the SG transform power when encoding Raman
spectra information, similar to the SG transform of the blood
proteome spectra in cancer or electroencephalogram in epilepsy
and their applicability as prospective chemoinformatics tool in
nanorisk assessment.
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Abstract: This study presents the impact of carbon nanotubes (CNTs) on mitochondrial oxygen mass
flux (J;;) under three experimental conditions. New experimental results and a new methodology are
reported for the first time and they are based on CNT Raman spectra star graph transform (spectral
moments) and perturbation theory. The experimental measures of J,; showed that no tested CNT
family can inhibit the oxygen consumption profiles of mitochondria. The best model for the prediction
of [, for other CNTs was provided by random forest using eight features, obtaining test R-squared
(R?) of 0.863 and test root-mean-square error (RMSE) of 0.0461. The results demonstrate the capability
of encoding CNT information into spectral moments of the Raman star graphs (SG) transform with a
potential applicability as predictive tools in nanotechnology and material risk assessments.

Keywords: carbon nanotubes; cytotoxicity; mitochondria oxygen mass flux; Raman spectroscopy;
graph theory; spectral moments

1. Introduction

Carbon nanotubes (CNTs) have attracted great interest for their promising applications in the
fields of biomaterials and nano-biotechnology. Therefore, the evaluation of their toxicity in biological
systems is a goal of major importance for the biomaterial sciences. Currently, evidence has been
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accumulating regarding the CNT toxicity associated with mitochondrial dysfunction and apoptosis [1].
Some in vitro studies have demonstrated that CNTs exhibit cytotoxicity after their accumulation in the
mitochondria matrix and/or by affecting the function of mitochondrial respiratory complexes of the
inner membrane [2,3].

However, it is still not known which bio-energetic mechanisms (the inhibition of adenosine
diphosphate/adenosine triphosphate (ADP/ATP)-transport, uncoupling effects on oxidative
phosphorylation, the induction of mitochondrial permeability transition pores, etc.) are responsible
for the initiation of CNT mitochondrial damage [4-9]. Particularly, the study of mitochondrial
dysfunction based on perturbations of the mitochondrial oxygen mass flux induced by CNTs could
be decisive for the in vitro prediction of the no-observed-adverse-effect level (NOAEL) [10] and
the evaluation of the selective nanotoxicity (mitochondrial channel nanotoxicity) towards potential
biomedical applications in precision medicine. Several scientific reports highlight a major impact
of adverse/toxic effects induced by CNT on critical mitochondrial components due to a peculiar
mitotropic behavior. Mitochondrial oxygen mass flux regulates the mitochondrial volume linked to
the Ca?* induction of mitochondrial permeability transition pores (MPTP) and also to the increase of
the mitochondrial reactive oxygen species (ROS-levels) based on the partial reduction of molecular
oxygen in the mitochondrial respiratory complexes (complex IV). The latter have been extensively
characterized and associated with several chronic pathological processes, such as neurodegenerative
diseases (Alzheimer, Parkinson, Epilepsy), cardiac ischemia, and cancer. These diseases have currently
high levels of morbidity and mortality, and mitochondrial dysfunction based on oxygen mass flux
mechanisms has been indirectly or directly involved.

On the other hand, Raman spectroscopy provides information on the chemical fingerprints of
molecules, biomolecular systems and nanoscale structures: DNA [11], proteins [12], antibodies [13]
and CNTs [14]. In addition, the presence of the G band (1580 cm™') in the Raman spectra of
SWCNTs has been corroborated in mitochondria associated with incipient colloid—osmotic swelling
or the induction of mitochondrial permeability transition pores [15]. Recent studies using Raman
spectroscopy and polarographic methods have shown that CNTs alter cytochrome c electron transfer
and modulate mitochondrial function at a critical concentration of 10 ug/mL [16]. Previous quantitative
structure—activity relationship (QSAR) models of CNTs in terms of mitochondrial respiratory function
have been reported [10]. However, there are only few studies about the relationship between a CNT’s
physicochemical parameters from an oxygen mass flux perspective.

In principle, the Raman spectra signals of different CNTs can be used as inputs for machine
learning (ML) methods to predict a dose—effect relationship for the biological properties of CNTs.
Nevertheless, the Raman spectra of CNTs have many peaks (>1000 points), making statistical analysis
still possible, but somewhat difficult. A possibility for this kind of signal is to compress them into
another series of numerical parameters that quantify useful structural information on all the spectra.
In a previous work, the star graphs (SG) of the Raman spectra of CNTs [17] were introduced. The
idea is to transform the signal into a network with star graph (SG) topology. Next, different invariants
can be calculated from the adjacency matrix associated with this SG graph representation of the
spectra. Afterwards, the new invariants are supposed to contain useful information, compressed
and used as input in ML experiments. Last, as a result of the ML study, predictive models are
obtained, which are able to connect the Raman spectra with the biological activity under study. In
fact, our group have used this scheme based on SRN transforms to model biological properties
from protein sequences [18-20], nucleic acid sequences [21], blood protein mass spectra [22] and
electroencephalogram (EEG) signals [23]. These studies have used different matrix invariants such
as Markov-Shannon entropies or matrix trace invariants Tr (also known as spectral moments) to
compress the information from proteins, gene, etc. In a previous work, the research focused on how to
use Markov-Shannon entropies to compress information from Raman spectra [17]. However, there is
no report on the use of Try values in this sense.
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This work is aimed at combining experimental and computational techniques to provide a
heuristic solution to the above-discussed problem. Firstly, high-resolution respirometry (HRR)
polarographic (Oxygraph-2k) assays are used for the first time to address this issue. This methodology
provides a quick and reproducible means to measure the rate of oxygen consumption by mitochondria
isolated from different tissues using a sensitive Clark-type electrode. Simultaneously, the oxygen
mass flux (O, flux) in mitochondrial suspensions can be monitored depending on the time of
exposure [24-26]. Currently, there are no precedents for this methodology applied to the evaluation of
the no-observed-adverse-effect level of CNTs. In addition, a new computational model is developed
for the prediction of dose—effect relationships for this property for other CNTs. In doing so, the Try
values of the Raman spectra of CNTs are used as an input to seek a predictive model based on machine
learning (ML) and perturbation theory (PT) (PTML model). PTML models are useful to predict
the properties of complex molecular systems with simultaneous variations of multiple experimental
boundary conditions, such as chemical reactivity, drug metabolism, vaccine peptide epitopes, metabolic
networks, and micelle nanoparticles [27-30]. Figure 1 depicts a workflow scheme with the general
steps of this work. The current work paves the way for the use of PTML models, polarography, and
Raman spectroscopy, and for the experimental and theoretical study of other biological properties of
CNTs in the future.

n S2SNet-Sequence to Star Network ver.1.0 Q =] @

File Calculations Help

Parameters
[JEmbedded [ weights
l [“]Markov normalization
Matrix/Index power 5 | >
2000- CNT-Raman spectra DM plots
— 1600, G band [CJoutput details
5
~:f— 12004 D band / —
% a0 o
| e ST (]
= 400
e Ny Gaps (oot | (.
- 1300 1400 1500 1600 1700 1800 ; [ weights.txt @ ( ex |
= et Raman shift (cm") ‘
Results results.txt | [B
Oxygen mass flux J,(0,) Detals | detais.x C OB _ex )

Tr,

——

&——- @'5'szsnet @Heb About WQ"*

'StatSoft' <

STATISTICA Value S Transform your sequences in Star Network topological indices!
l PTML models
5 5
Jm(OZ)pred = a,+a, -Jm(Oz)expmd +a,- f(1) +Z a, -ATrk(cj )+ Zbk -ATrek(cj)
k=0 k=0
Figure 1. General workflow.
2. Results

2.1. Experimental Results

High-resolution respirometry (HRR) using Oroboros Instruments (Oxygraph-2k) was applied
to evaluate the effects of the CNT family on the bioenergetic mitochondrial function through the
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measurement of oxygen mass flux after exposure with different CNTs (from CNT-1 to CNT-9). A default
experimental concentration of 5 ng/mL for all CNTs was established to assess the different contribution
of the remaining physical-chemical parameters in the NOAEL for the oxygen mass flux response.
Figure 2 shows a representative profile of the mitochondrial oxygen mass flux of isolated rat liver
mitochondria, showing the small pulses of ADP-titration associated with transient increments of
O, flux during the period of ATP synthesis or V3 state (ADP-dependent respiration) = ratio of
mitochondrial ADP-flux (J;,(ADP))/(J;»(O3)) + mitochondrial inorganic pyrophosphate Pi-flux (J,;,(Pi))
for the experimental condition of untreated-rat liver mitochondria (untreated-RLM) and pre-incubation
with the different CNTs (RLM + CNTs 5 nug/mL). The respiratory substrates (ADP) and the uncoupling
agent carbonyl-cyanide p-trifluoromethoxyphenylhydrazone (FCCCP) were added where indicated
by the arrow. In addition, in the supplementary information file, a figure that depicts a control profile
of the mitochondrial oxygen mass flux of isolated RLM was included.
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Figure 2. Representative profiles of the mitochondrial oxygen mass flux of isolated rat liver
mitochondria (Y2: Red curve).

Figure 3 shows a schematic representation of mitochondrial ADP/ATP exchange and oxidative
phosphorylation based on a proposed mechanism linked to the profiles of the mitochondrial oxygen
mass flux of isolated rat liver mitochondria. It shows the different states of the mitochondrial
respiration V2 state (basal respiration), V3 state (ADP-dependent respiration), V4 (or VFCCCP state of
ADP-independent mitochondrial respiration) in untreated rat liver mitochondria or untreated RLM
(black curve), CNT-treated RLM at concentration 5 pg/mL (red curves) and treated RLM with CATR
(or ADP-inhibitor) (green curve). The respiratory substrates (ADP) and the uncoupling agent (FCCCP)
were added where indicated by the arrow. These results are representative for the three experiments
using Oroboros Instruments (Oxygraph-2k). * p < 0.001 to statistical differences between CATR (or
ADP-inhibitor) (green curve) and CNT-treated RLM at concentration 5 ug/mL (red curves).
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Figure 3. Representation of mitochondrial ADP/ATP exchange and oxidative phosphorylation. ***p is
used to represent the significant statistical differences between V3 state-ADP-dependent mitochondrial
02 flux from the RLM + CNT treated groups (CNT1-9) and V3 state-ADP-dependent mitochondrial O2
flux from the RLM + Carboxyatractyloside (CATR, a specific inhibitor of ADP-mitochondrial transport).

2.2. Computational Results

The variation of the mitochondrial oxygen mass flux in the presence of CNTs was modeled using the
PTML methodology based on the SG trace invariants of the Raman spectra (Tr_5) of CNT. The RRegrs tool
was adapted for calculations on an High Performance Computing (HPC) cluster and was used to test three
types of regression methods: Linear Multi-regression (LM), Neural Network (NN) and Random Forest
(RF). The objective of the modeling was to find the best prediction model for the mitochondrial oxygen
flow in the presence of CNTs. The linear and non-linear methods were used with 10 different random
data splits (75% for training—25% for test) using a custom script presented in the Figshare repository
(https://doi.org/10.6084 /m9.figshare.3472349). This script normalizes and splits datasets in a similar way
to the RRegrs tool with the parameters CVtypes = repeatedcv (10-cross-validations) and default number
of data splits (iSplitTimes = 10). After the normalization and removal of the correlated features (default
RRegrs methodology cutoff = 0.9), eight input features remain in the final dataset. Thus, the Figshare
repository presents several files: “ds2.full. Tr.csv”, the initial dataset without any filters (all features), and
“ds2.corr.Tr.csv”, the final dataset after removing correlated features and using normalization. The last
dataset was used with the script “CreateNormalisedSplits.R” to create 10 random splits of data as training
and test subsets to test them with regression methods.

The first two are the expected values of flux, J;u(O2)expected and the duration of the experiment
(t). The other six input variables are moving average (MA) operators, including at least one MA
for each experimental condition. These MA operators are: ATrg(rep), ATres(rep), ATreg(CNTtype),
ATrey(Func.Type), ATreg(Solvent), and ATres(Solvent). Please note that the MA operators ATri(c;) =
Try — <Tr(cj)> and ATrex(cj) = Trey — <Trex(cj)> quantify the deviation of the Try or Trey of the Raman
spectra of a specific CNT from the expected values <Tri(cj)> or <Trex(cj)>, measured for all Raman
spectra and recorded for all CNTs with the specific experimental condition (¢j). The symbol T refers
to traces calculated from linear graphs of the Raman spectra and the symbol Tre for graphs with
recurrence information embedded. Table 1 shows the minimum, maximum, and mean values for
R-squared/root mean squared error of training and test subsets (R%;;/RMSE, and R?%i/RMSE) for
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the eight-feature dataset (10 splits). The first observation in terms of results is that the models were
not over-fitted because the differences between the training and test statistics were small. Additional
statistics are available online at Figshare [31] (ds2.Tr.models.xlsx).

Table 1. Predictive model based on Machine Learning and Perturbation Theory (PTML) statistics for the
evaluation of mitochondrial oxygen flow modifications due to CNTs (10 random splits for each method).

. Training Test
Regression Method Statistics
R%; RMSE; R% RMSEjs

Mean 0.358 0.0959 0.356 0.0954

Linear Multi-regression (LM) Min 0.349 0.0954 0.340 0.0932

Max 0.363 0.0966 0.384 0.0969

Mean 0.645 0.0709 0.672 0.0681

Neural Network (NN) Min 0.626 0.0697 0.620 0.0613

Max 0.659 0.0727 0.739 0.0738

Mean 0.855 0.0455 0.856 0.0452

Random Forest (RF) Min 0.851 0.0451 0.853 0.0431

Max 0.858 0.0462 0.863 0.0461

The file ds2.Tr.models.xIsx from Figshare presents the statistics for each regression model and
individual data split. In addition, minimum, maximum, and average values of the statistics are
presented. The final results include the best model from an individual split and its model is saved as
an R object. Thus, it is possible to directly use the best model by loading it with an R script and making
any prediction. Average values of RZ, and RMSEy for LM, NN and RF are presented in the same file.

3. Discussion

3.1. Discussion of Experimental Results

The results showed that all the tested CNT family did not inhibit (or affect) the profiles of oxygen
mass flux in isolated rat liver mitochondria after the sequential addition of ADP intermittent pulses,
which characterize the state V3 of respiration (ADP-dependent) for the untreated RLM and treated RLM
with CNTs (5 ug/mL) (see Figure 2, red profile of oxygen flux). Note that for this instance, no significant
differences were detected in the profiles of mitochondrial oxygen mass flux, compared with the strong
inhibition of the state V3 of respiration detected for mitochondrial treated with carboxyatractyloside
a specific inhibitor of ADP-mitochondrial transport (CATR-treated RLM), as shown in Figure 3
(red profile of oxygen flux). Moreover, the oxidative phosphorylation was not affected by ATP
synthase, which depends on the ADP transport by ADP/ATP mitochondrial carrier between the
cytosol and mitochondrial matrix under physiological normoxic conditions. The in vitro results
suggest a non-inhibitory biochemical response of oxygen mass flux in isolated rat liver mitochondria.
Furthermore, treated RLM with CNTs maintained the normally-induced uncoupling response of state
V4 (or Vfccep) after the addition of FCCCP 2 uM (classical uncoupling agent of the mitochondrial
oxidative phosphorylation) according to an increase in the oxygen mass flux state V4 of respiration
between 750 and 1250 seconds for all CNTs tested, as shown in Figure 3.

According to these results, several aspects should be considered in order to explain the relevance
of CNT NOAEL in terms of mitochondrial oxygen mass flux response. Covalently functionalized CNTs
(oxidized-CNTs) and/or with point defects characterized by the D band of Raman spectra (with a
characteristic peak at 1350 cm 1) are expected to have greater biocompatibility than pristine CNTs [15].
This may be due to the ability of the OH and COOH groups of oxidized CNT or 7-bond of the sp?
of pristine CNT wall to form several adducts with the basal oxygen-free radical [32], released by the
mitochondrial complex I and III at between the V2 and V3 state of mitochondrial respiration. In this
context, the non-significant respiratory effects from a low CNT concentration (5 pg/mL) could be
recognized as a typical pharmacodynamic criterion of NOAEL for CNTs, similar to the sub-clinical
effects of traditional lipophilic agents with mitochondrial mechanisms reported in the literature.
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As mentioned in the introduction of this work, CNTs can modulate mitochondrial function at a critical
concentration of 10 ug/mL [25].

In this sense, it should be pointed out that the biocompatibility / toxicity relationship of the tested
CNT family may be important in predicting the no-observed-adverse-effect level. This is not only
limited to considerations of dosimetry in terms of concentration, but also applies to the influence of the
physicochemical nanodescriptors of the tested CNTs (Raman nanodescriptors). Thus, the prediction
of uncertainty factors or encrypted information in the CNT structure, such as new Raman spectra
nanodescriptors, could be used to model the dosimetric criteria anticipated to be without an increased
risk for CNT adverse effects [33,34].

3.2. Discussion of Computational Results

Discussion of the PTML computational study. LM produced poor results (mean R?s = 0.356; mean
RMSE;s = 0.0954), showing that the relationship between the input moving averages (MAs) of the
CNT Raman SG spectral moment and the mitochondrial oxygen flow is not a linear one, or that these
features did not include enough information to model this relationship. Starting with the non-linear
methods, such as NN and REF, the performance of the regression model improved. Thus, NN provided
a mean RZ% of 0.672 and a mean RMSE; of 0.0681. The best NN model (split 3) was a single-hidden
layer with 10 neurons, a structure of 8-10-1 (eight inputs, 10 neurons in one hidden layer, one output),
a weight decay of 0.001, and an R? of 0.739 and an RMSE;; of 0.0613 [31].

The RF predictor significantly improved the regression performance for mitochondrial oxygen
flow: a mean R2 of 0.856 and a mean RMSE;s of 0.0452 were obtained. Compared with the NN
statistics, ths increased by 0.184 and RMSEs decreased by 36.6%. The best RF model (split 2) has
50 trees, an R%s of 0.863 and an RMSE; of 0.0461. The variation in the RF error with the number of
trees is shown in Figure 4. The model could be downloaded from the free online repository [31] and it
could be used for future predictions or may be included in future R applications. The use of all initial
34 features had no important improvements in the regression performance with mean values for LM,
NN and RF of 0.356, 0.601 and 0.857 (see all details online [31]). This means that the other features
obtained no useful information to improve the current model. In order to check the model quality, the
regression receiver operator characteristic (RROC) curve [35] for the test subset is shown in Figure 5.
The RROC demonstrates the performance of the RF model.

Error
0.0026 0.0028
| |

0.0024
|

0.0022
|

trees

Figure 4. RF error with the number of trees for regression models.



Nanomaterials 2017, 7, 386 8 of 14

RROC for test subset

- — T Moo o O — O O —0
=
]
=2
]
r = -
w (o]
] : -
5
0
=
S
7
o
B
o
=] |
=2 -8
‘T 1
o
| | [ | | | |
0 500 1000 1500 2000 2500 3000
OVER

Figure 5. Regression receiver operator characteristic (RROC) curves for RF best model (test subset).

4. Materials and Methods

4.1. General Workflow

(a)
(b)
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The aims of this paper are:

The measurement of the CNT effect on the mitochondrial oxygen mass flux with polarography;
The definition and calculation of the matrix trace invariants (Tr;) of SG transforms of Raman
spectra for a series of CNTs for the first time;

The use of the Tr values as input to seek new PTML models able to predict CNTs” effect on
mitochondrial oxygen mass flux.

Thus, the following steps were taken (see Figure 6):

Experimental measurements of the mitochondria oxygen mass flux in the presence of different
CNT types;

Transformation of CNT’s Raman spectra into SG spectral moments;

Calculation of the expected values of the mitochondria oxygen mass flux and the moving averages
of the SG spectral moments under different experimental conditions;

Search for the best regression PTML models using the RRegrs package in R (https://github.com/
enanomapper/RRegrs/).
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Figure 6. General workflow for the machine learning analysis.

4.2. Experimental Methods

4.2.1. General Procedures

In the Supplementary Information (SI) file, a detailed description of the following sections is
included: sample preparation, reagents and solutions, Raman spectra recording, animal welfare, and
isolation of rat liver mitochondria (RLM). The RLM were isolated by standard differential centrifugation
according to the experimental procedures established in the literature [36].

4.2.2. Monitoring Mitochondrial Oxygen Mass

The HRR method was used, along with Oroboros Instruments, DatLab Version 4.2.1.50
(Oxygraph-2k). This methodology included the use of a 2 mL glass chamber equipped with a magnetic
stirrer. Mitochondrial O, mass flux (pmol/seg) in the absence and presence of different carbon
nanotubes (CNT-1 to CNT-9) was monitored and measured as the negative time derivative of an
oxygen concentration (nmol/mL). The mitochondrial oxygen mass flux values were corrected for the
small amount of back diffusion of oxygen from materials within the chamber, any leak of oxygen from
outside the vessel, and oxygen consumed by the polarographic electrode [26,37,38].

With this in mind, the RLM isolated (1 mg protein/mL) were energized with 5 mM
potassium succinate (plus 2.5 uM rotenone) in a standard incubation medium, consisting of
125 mM sucrose, 65 mMKCl], 2 mM inorganic phosphate (K;HPO4) and 10 mM potassium
hydroxide-2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES-KOH) pH 7.4 at 20 °Cin a
standard respiration medium. The experimental approach was calibrated using the oxygen content of
an air saturated medium [38]. All the aforementioned steps were performed by the pre-incubation of
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isolated rat liver mitochondria with 5 ug/mL for all the CNT-treated groups. This level of concentration
was considered based on the NOAEL criteria mentioned in the introduction of this work. For this
instance, 5 ug/mL of the CNT concentration is the corrected half value of the CNT concentration
(10 ug/mL) used by Ma et al., who promoted an incipient colloid—-osmotic swelling or low induction
of mitochondrial permeability transition pores, noticeably detected by Raman spectroscopy [15,16].
The total number of the collected data points was 32,940. The data obtained from the mitochondrial
oxygen mass study in the presence of CNTs and the CNT spectra were used to search for a theoretical
model which predicts mitochondrial oxygen mass in the presence of new CNTs.

4.3. Computational Methods

4.3.1. Trace Invariants of Raman Spectra

One of the objectives of this work is to develop a mathematical model able to predict the biological
effect of CNTs using as an input the information extracted from Raman spectra. Thus, a new type of
parameters is proposed, calculated by the application of a Star Graph (SG) transform to the Raman
spectra. The SRN transform method, which has been recently introduced and published by our
group [17], uses graphs and network theory tools, and is different from a classic Fourier transformation.
The transform technique used herein converts the Raman spectra values into sequences of characters
and creates the corresponding SG of this signal. The SG of any sequence/signal may be constructed
using the S25Net tool [39]. To construct the SG transform of a Raman spectrum, the latter should be
split into intervals of 100 units, from 0 to 1800. As a result, the maximum number of SG branches is
18 and corresponds to characters from “a” to “r”. Subsequently, the adjacency matrix A should be
constructed for this sequence of characters (spectral sequence). The matrix A was enriched by adding
the information about the recurrence to the same type of term in the spectral sequence. After this
step, the matrix A, was obtained, with recurrence information embedded (e). As a result, different
invariants from the matrices A and A, can be calculated. In this work, the matrix trace values (Try
and Trey; k = 0-5) were calculated, also known as the spectral moments [39] of the matrices A and
A, obtained after the SG transformation of the Raman spectra. Our hypothesis is that these spectral
moments encode useful structural information that can be responsible for biological activity and
further predictive studies (see Figure 1).

4.3.2. PTML Model

The current section describes the application of the algorithm of PTML heuristic models [30] in
order to study the effect of different CNTs on the mitochondrial oxygen mass flux under different
experimental conditions. The general equation of a linear PTML heuristic model could be described by
Equation (1).

5 5
Jn(02) prea = 80 + a1 Jm (02) expecteq + a2:f (1) + Y b ATre(cj) + ) e ATrex(cj) e
k=0 k=0

where J4(O2)preq 1s the predicted mitochondrial oxygen mass flux. The term [ (O2)expected = <Jm(O2)> is
the average value of J,;,(O,) for different subsets of experimental conditions (expected value of J,;,(O7)).
The other input values ATry and ATrey are the moving average (MA) operators. The MA operators
ATry(cj) = Try — <Tri(c;)> and ATrey(c;) = Trep — <Trex(c;)> quantify the deviation of Try or Trey of the
Raman spectra for a specific CNT from the expected average values <Tri(c;)> or <Trex(c;)> measured
for all Raman spectra, recorded for all CNTs with the specific experimental condition (cj). The symbols
Try refer to traces calculated from linear graphs of the Raman spectra and the symbol Trey, for graphs
with recurrence information embedded. The coefficients ay, by, and ¢ are the linear coefficients of
the equation.
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4.3.3. Model Dataset

The experimental data for the mitochondrial oxygen mass flux (J;;) in the presence of CNTs
are available as a FigShare repository [31]: 32,940 cases of [,,(O,), CNT1-9, CNTtype, Replicate
(rep), Function_type (chemical modification of CNT), Solvent and time (¢). [4(O2) was measured
under four types of experimental conditions (c) such as Replicate (rep), CNTtype, Functiontype
(chemical modification of CNT), and Solvent. Replicate (rep) has two values: 0 or 1, for non-replicated
and replicated experiment. CNTtypes are multi-walled carbon nanotubes (MWCNT), mixed
single walled /double-walled carbon nanotubes (SW+DWCNT), and single-walled carbon nanotube
(SWCNT). CNT type is “0” when the assay is a control assay with a blank solution with a CNT
concentration equal to 0. The values of the solvent condition are H,O and dimethyl sulfoxide (DMSO).
The CNT Function types could have three values: 0 (none), COOH and OH. The average of the SG
spectral moments under the experimental conditions are presented on the FigShare platform [31].
The final dataset, used to find the best prediction model is made up of 32,940 cases and 34 input features.

4.3.4. PTML Regression Predictors

The raw dataset was normalized and the training and test sub-sets were obtained using 10 splits:
75% training sets (train) and 25% test sets (test) using an R script available online [40]. The regression
PTML models were searched with RRegrs, an R integrated framework that provides ten linear and
non-linear regression models [41,42]. The selection of the models used the criteria of the R values
(regression coefficient for test subset) and the RMSE;s (root-mean-square error) corresponding values.

Three types of regression methods of RRegrs were used: multiple linear regression (LM), neural
networks regression (NN) [43], and random forest (RF) [44]. Thus, the correlated features were removed
using the parameters of RRegrs. For NN and RF, a study of the method parameters was performed.
A modified version of RRegrs (batchRRegrs: https://github.com/cafernandezlo/batchRRegrs)
was used on the BioCAI HPC platform from the University of A Coruna (A Corufia, Spain).
The batchRRegrs default values of parameters were generally employed (https://github.com/
cafernandezlo/batchRRegrs/blob/master/batchRRegrs /batchRRegrs.R). The default optimizations
used the tuneGrid parameter of the caret training method:

- NNreg function used a grid for 200, 300 and 400 neurons in the hidden layer (.size) and a decay of
0,0.01, 0.2, 0.1 (.decay) (method = ‘nnet’);
- RFreg function used 1500 trees (ntree = 1500 for method = ‘rt’).

An additional number of neurons were tested for NN (1, 5, 10 and 15) and different decay values
(0.001 and 0.005). Moreover, an additional number of trees in RF were tested: 5, 10, 20, 30, 40, 50, 100,
and 500. The best RF model should use the lowest number of trees and best statistics. The results
presented for NN and RF models the parameters for the best models.

The criteria to find the best model apply the RRegrs methodology: maximum R?is and minimum
RMSEss. The plots were obtained with custom R scripts. The best regression model which predicts
mitochondria oxygen mass flux in the presence of CNTs is available online [31] in order to be used
for future predictions. The regression receiver operator characteristic (RROC) curve was constructed
using the algorithm from reference [35]. The RROC presented the over-estimation (OVER) against the
under-estimation (UNDER). Thus, the curve was drawn by adjusting a shift (a constant that was added
or subtracted) for the predictions. This shift is similar to the threshold in the case of classifications.

5. Conclusions

The current study presented a mixture of experimental and predictive methodologies to study the
effect of different CNTs on the mitochondrial oxygen mass flux. The experimental results showing
non-significant respiratory effects from low CNT concentrations (5 pg/mL) could be recognized as a
typical pharmacodynamics criterion of NOAEL for CNTs. In this context, the information encrypted in
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the Raman spectra of CNT structures can be used as novel nanodescriptors to model the complexity of
the dosimetric criteria, as no adverse mitochondrial respiratory effect level (or normal O, flux) was
found. The R object model and an R script are available online at https://dx.doi.org/10.6084/m9.
figshare.3545561.

These results show that the SG transform of CNT Raman spectra contains important information,
as new CNT nanodescriptors can be combined to provide a prediction model under the experimental
conditions over time for the mitochondria oxygen mass flux under the presence of specific CNTs.
These in silico results indicate that this methodology can be employed for massive, virtual-based, raw
data for Raman spectroscopy in order to make regulatory decisions in the biomaterial sciences.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/7/11/386/s1,
Table S1. Properties of CNT families, Figure S1. Raman spectra for carbon nanotubes used in the present study,
Figure S2. Control profile of mitochondrial oxygen mass flux of isolated rat liver mitochondria (Y2: Red curve).
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4. Consider acdesfinais

No presente trabalho foi demonstrado tedrica e experimentalmente que os nanotubos de
carbono de diversa natureza estrutural e propriedades fisico-quimicas, podem modular
eficientemente mecanismos mitocondriais chaves para bioenergética celular. Este fato deve ser
considerado criteriosamente desde o ponto de vista farmaco-toxicol6gico, com vistas a garantir
Seu uso seguro. Este aspecto é de fundamental importancia no campo das ciéncias biomédicas e
farmacéuticas, no desenho racional de novos candidatos com significativo potencia terapéutico
em Medicina de Precisdo (Nanomedicina Mitocondrial) e, desta forma, garantir um maior grau
de especificidade e seletividade por mecanismos bioenergéticos sub-celulares e incrementar as
relacbes beneficio/risco destas nanoparticulas 0 nanomateriales. Além disso, é necess&rio
salientar que o processo de identificagdo e predic¢éo dos atributos estruturais (nanodescritores) de
CNT orientado para alvos moleculares relevantes desde o ponto de vista farmacoldgico e
toxicologico, € ainda pouco explorado no contexto dos estudos de Nanotoxicologia e
Nanomedicina.

Além disso, e em correspondéncia com 0 nosso objetivo geral, a metodologia de estudo
utilizada permitiu integrar armoniosamente abordagens in silico e in vitro para avaiar
rigorosamente os efeitos induzidos por uma familia de nanotubos de carbono sobre mecanismos
mitocondriais chaves na bioenergética celular. As predi¢des das relagfes estrutura-atividade que
subjazem aos efeitos mitocondriais utilizando novos model os nano-QSAR paraafamiliade CNT
sob estudo, ainda ndo tinham sido reportados até 0 momento na literatura cientifica, e permitiram
predizer os efeitos mitocondriais para outros nanotubos de carbono (CNT) né&o testados no nosso
conjunto de dados.

E importante salientar que abordagens multidisciplinares, que incluiu o uso intensivo de
técnicas de Bioinformatica, foram valiosas como fonte para geracdo de dados relevantes a
atividade biologica de CNT e para elucidar mecanismos bioquimicos complexos, associados a
nanotoxicidade mitocondrial e modulag@o farmacoldgica como a atividade mitoprotetora em
maltiplas circunstancias fisiopatolégicas como o “swelling mitochondrial” induzido por excesso
de Ca?*, F&* ou H.0., as quais ndo obedeceram a relagdes lineares de doses-resposta
(concentracao-resposta) nas condigcdes experimentais estabel ecidas e também tendo em conta os
resultados obtidos dos modelos preditivos Nano-QSAR, baseados em transformagtes

logaritmicas negativas e ndo lineai s da atividade mitoprotetora de CNT oxidados.
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Também foi demonstrado que membros da familia de CNT oxidados (CNT-OH, CNT-
COOH) apresentam maior capacidade que os CNT-pristinos para prevenir a disfuncéo
mitocondrial associada a inducdo da abertura do poro de transicdo de permeabilidade
mitocondrial (MPTP) em condigBes de sobrecarga de ions bivalentes (Ca?* e Fe**); processos
gue caracterizam a maioria das doencas de curso cronico como: cancer, Alzheimer, Parkinson,
epilepsia, diabetes melitus e outras. Neste sentido, foi constatado que a inibicdo in vitro da
inducdo do MPTP € baseada na habilidade dos CNT (CNT-COOH > CNT-OH > CNT-pristinos)
para quel agio/complexagdo de jons bivalentes (Ca?* e Fe**), que se relaciona diretamente com a
inibicdo dareacdo de Fenton-Haber-Weiss eletro-catalizada por H20O2 nos ensai os el etroquimicos
de voltimetria ciclica, os quais mimetizam as condi¢des de potencia redox (-0.4-0.8 Eq(V)) entre
os complexos respiratérios mitocondriais (1, 11, I11, 1V) da cadeia de transporte de elétrons e a
matriz mitocondrial. Aqui € importante salientar que os CNT podem sofrer processos de
oxidacdo na matriz mitocondrial gerando grupos oxidados (OH, COOH) com propriedades que
favorecem a complexacéo/quelacdo de fons como Ca?* e Fe?* (indutores do MPTP), este fato é
raramente discutido na literatura cientifica e pode modular significativamente a nanotoxicidade
de nanomateriais de carbono. Neste sentido, € bem reconhecido que incrementos bioquimico-
patologicos do H2O. gerado na matriz mitocondrial ou concentragbes experimentais
toxicol 6gicamente relevantes e consideradas mitotoxicas de H2Oz (300uM), como a utilizada
para induzir a reagdo de Fenton associada a inducdo do MPTP, podem gerar condigoes
marcadamente pro-oxidantes. Neste contexto, o H20- pode interagir com os CNT (CNT-pristino
e CNT-oxidados) induzindo oxidacdo com formacéo de agrupamentos oxidados nas pontas e/ou
paredes dos CNT. Especificamente, para CNT-pristinos a inibi¢do da reacéo de Fenton-Haber-
Weiss observada pode ser explicada através da interagdo do radical hidroxila (HO') com as
paredes dos CNT, fato que pode acarretar a geracao de defeitos topol dgicos da rede hexagonal
do carbono (vacancias), gerando pontos de defeitos altamente reativos com capacidade
sequestradora do radical hidroxila (HO) ou através inser¢do de grupos oxidados (OH, COOH),
COmo previamente mencionado.

Estes novos grupos oxidados ainda conservam a habilidade dos CNT-oxidados (CNT-
COOH > CNT-OH > CNT-pristinos) para quelagio/complexacdo de ions bivalentes (Ca?* e
Fe?"), frente a reagio de Fenton-Haber-Weiss induzida experimentalmente. Além disso, as

evidencias in vitro sdo confirmadas pel os resultados dos model os preditivos nano-QSPR/QSAR,
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apontando ao fato de gque os grupos oxidados (COOH e OH) estéo fortemente correlacionados
experimental (R%> 0.90) e teoricamente com a capacidade dos CNT-oxidados de inibir a reagio
de Fenton-Haber-Weiss induzida experimentalmente por sobrecarga de Ca&* e Fe?* em
mitocondrias isoladas. Isto pode ser corroborado baseado nos resultados da validagdo externa
(Q¥ady, Q%1 Q%2 Q%s. > 0.90) para 0 melhor modelo nano-QSPR/QSAR, o qual permitiu
extrapolar apropriadamente as predi¢des in silico sobre a inibicdo da reacéo de Fenton-Haber-
Weiss e inibi¢do da indugdo do MPTP para CNT ndo testados no nosso conjunto de dados
origina (CNT1-CNT9).

Em adicdo, foi comprovado que parametros estruturais dos CNT (diametro, tipo e grau de
funcionalizagdo) e parametros de exposi¢ao in vitro (concentracéo e tempo de exposi¢ao), podem
ser eficientemente usados como nanodescritores para o desenvolvimento de modelos preditivos
(nano-QSAR) de um determinado mecanismo ou resposta mitocondrial (inibicdo do MPTP,
inibicdo da reacéo de Fenton, respiracao mitocondrial, fluxo de oxigénio mitocondrial e outros).
Além do mais, o tipo e grau de funcionalizacdo dos CNT-oxidados (OH, COOH) sdo
nanodescritores chaves para explicar relagdes quantitativas estrutura-atividade, baseadas na
modulacdo destes mecanismos mitocondriais. Outra consideracéo a ser salientada no trabalho, é
que as técnicas experimentais como Microscopia Electronica de Transmissdo (TEM),
Microscopia Electronica de Varredura (SEM), Espectroscopia Raman,
Espectroscopia Infravermelho por transformada de Fourier e outras, constituem poderosas
ferramentas para caracterizacéo das propriedades fisico-quimicas dos CNT e ainda como fonte
para a obtencéo/geracéo de novos nanodescriptores de CNT, para a aplicacdo bem sucedida da
abordagem in silico nano-QSAR e representacdo direta da relacdo estrutura-atividade de
nanomateriais de carbono através de CNT-nanodescritores. Especificamente, a Espectroscopia
Raman foi de grande utilidade para modelagem tedrica de novos nanodescriptores baseado no
espectro Raman dos CNT testados como as: “Markov-Shannon entropy invariants” e “Star-
Graph Trace invariants” que permitiram investigar e predizer auséncia de efeitos inibitorios sob a
respiracdo e fluxo de oxigénio mitocondrial para os CNT-oxidados (CNT-OH, CNT-COOH) em
comparacdo com o Unico CNT-pristino e ainda associado aos defeitos topol 6gicos induzidos pela
oxidac&o e caracterizados pelaintensidade da banda (D ~1350 cm®) no espectro Raman.

Em concordancia com o anterior, os nanotubos de carbono oxidados, ndo induziram

dissipacdo do potencial de membrana mitocondrial, apesar da presenca de condig¢des in vitro pro-
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oxidantes (Fe&** 20 uM, Fe** 20 uM + H20, 300 uM, Fe** 20uM + Vit C 100 uM), sugerindo
potencial mitoprotetor associado a estas condic¢des experimentais. Também diminuiu a geragéo
de H2O2 mitocondrial utilizando a técnica de Amplex red, o qual foi associado diretamente com
adiminuicao significativa da geracéo do radical hidroxila (HO"), como observado nos resultados
de voltimetria ciclica parainibicdo dareacdo de Fenton mencionada previamente.

Os estudos in silico baseados em docagem molecular de CNT (SWCNT, SWCNT-OH,
SWCNT-COOH) com transportadores mitocondriais chave (ADP/ATP-carrier e VDAC), foram
cruciais para compreender relacOes criticas em termos mecanisticos e sobre 0 vinculo existente
entre a estrutura e atividade (nanotoxicidade mitocondrial) de SWCNT considerando o fato de
gue o transportador mitocondrial de ADP/ATP e a VDAC sao componentes criticos da estrutura
e funcdo do MPTP.

Neste sentido, é importante salientar que paralelamente com o desenvolvimento dos
estudos in vitro foi desenvolvida uma plataforma in silico de Nanotoxicologia, baseadas em
ferramentas de Docagem Molecular (do inglés, “Molecular Docking”), que permitiram modelar
multiplas interacBes dos nanotubos de carbono (SWCNT, SWCNT-COOH, SWCNT-OH) com
proteinas mitocondriais chaves na bioenergética e fisiologia celular.

Assim, as ferramentas de Docagem Molecular usadas no nosso estudo, permitiram
realizar aproximagdes realistas validadas sobre a base experimental da cristalografia de proteinas
alvos, conhecimentos sobre os sitios criticos de interagdo, inibidores especificos dos mecanismos
mitocondriais estudados e substratos nativos, os quais foram usados como controles tedricos da
especificidade e forca das interagdes. Isto facilitou a tomada de decisbes sobre nanotoxicidade
mitocondrial induzida por SWCNT, com base na determinacdo de interagOes fortes e fracas
(FEB, do inglés free energy of binding) para os complexos de interagdo formados entre os
SWCNT e os sitios ativos das proteinas mitocondriais alvos (ADP/ATP-carrier e VDAC), que
conformam o MPTP. Estas metodologias também permitiram a reducéo significativa do tempo e
custos dos nossos estudos tendo em vista a rapidez de execugdo dos ensaios com alta preciséo e
reprodutibilidade dos resultados obtidos, garantindo assim a qualidade das informagdes obtidas e
permitindo otimizar as relacdes beneficio/risco toxico associado a exposicéo de CNT, com vistas
a garantir seu uso seguro e potenciais aplicagoes terapéuticas com refinamento estrutural da

reatividade toxica (ex: topologia zig-zag e presenca de agrupamentos oxidados OH e COOH).

134



Particularmente, desde o ponto de vista da relacdo estrutura-atividade (modelos nano-
QSBR) derivada dos estudos de Docagem Molecular, os resultados obtidos sugerem um
incremento da nanotoxicidade consistentes com valores de FEB significativamente mais
negativos (p<0.05) para 0s SWCNT-COOH > SWCNT-OH > pristine-SWCNT e com excelente
correlacdo (R? > 0.90) com a nanotoxicidade mitocondrial (FEB) e o pardmetro [n-Hamada
index] e com maior forga das interacOes para nanotubos de topologia zig-zag (n > 0; m = 0) >
quira ((n# m) > 0) > armchair (n = m), indicando gue 0s arranjos geométricos ou topologia zig-
Zag, a carga e natureza quimica dos grupos polares (COOH; OH), sdo atributos importantes
(nanodescritores) para a interacdo (ancoragem) dos CNT com as proteinas mitocondriais alvos
(ADP/ATP-carrier e VDAC) e também para sitios de fosforilacgo reguladores da permeabilidade
destes transportadores mitocondriais, que formam o MPTP.

E importante salientar que estes parametros estruturais: indices de Hamada (n, m),
apresentam relacdo direta com o diametro dos nanotubos de carbono o qual, como ja foi dito
anteriormente, constitui um nanodescritor critico correlacionado com a inibicdo in vitro do
MPTP e predita pelos modelos nano-QSAR para os testes de inibicdo de inchamento
mitocondrial e inibicdo da reacdo de Fenton-Haber-Weiss. Porém, resulta extremadamente
complexo a determinacdo experimenta (in vitro) da influéncia dos indices de Hamada (n, m),
devido a sua dificil caracterizac@o (quantificacdo) através de espectroscopia Raman, a qual tem
sido usada para esta finalidade, com escassas referéncias na literatura cientifica, fato que salienta
aimportancia dos estudos tedricos de docagem molecular apresentados nesta Tese.

Outra importante consideracdo derivada dos resultados de Docagem Molecular é a
possibilidade de fazer inferéncias sobre efeitos semelhantes induzidos por CNT em outras
espécies animais, com independéncia do grupo filogenético avaliado. Devido ao alto grau de
conservacdo dos sitios ativos e de fosforilagdo dos transportadores mitocondriais (ADP/ATP-
carrier e VDAC), os quais sdo alvo para acdo dos nanotubos de carbono de diversa natureza
estrutural (quiralidade e funcionalizagdo), esta visdo comparada permitiu aumentar a percepcao
do risco toxico derivado da exposicdo a nanomateriais de carbono, assim como a generalizacdo
dos resultados para aplicacOes na salde e meio ambiente, considerando que em circunstancias
patol 6gicas a abertura do MPTP formado pelos transportadores mitocondriais (ADP/ATP-carrier
e VDAC) esta diretamente envolvida em diversas doencas de ata prevaléncia e mortalidade

como cancer, Alzheimer, Parkinson, Epilepsia, Diabetes e também pode ser observada em
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model os animais comumente usados em ecotoxicologia como o peixe Danio rerio e também no
camardo Litopenaeus vannamei). Além do mais, desde o ponto de vista metodol 6gico, tedrico e
experimental, o estudo da modulagdo de mecanismos mitocondriais induzida por CNT poderia
ser uma abordagem critica na compreensdo dos mecanismos que governam a nanotoxicidade.
Devido a que os mecanismos mitocondriais sdo altamente conservados nas células eucariotas e
ainda considerando o rol bioenergético decisivo da mitocdndria nos mecanismos de
sobrevivéncia e morte celular.

Como perspectivas do nosso trabalho poderiamos considerar a execucdo de outros
estudos termodinamicos quantificando experimentalmente a energia livre de interacéo (FEB) dos
CNT com os transportadores mitocondriais (ANT e VDAC) usando caorimetria diferencia de
barrido que permitiria realizar comparagcbes com os vaores tedricos de FEB obtidas pelos
ensaios in silico de docagem molecular. Desenvolver experimentos de dinamica molecular que
permitam estudar os efeitos da solvatagdo com moléculas de agua e fatores temporais que
determinam a formagdo dos complexos entre os CNT e os transportadores mitocondriais.
Considerar estudosin silico ein vitro sobre outros componentes do MPTP como: HK, Bcl2, PBR
também visando relacbes quantitativas estrutura-atividade (Nano-QSAR) dos CNT estudados.
Além disso considerar estas metodologias num nivel de complexidade maior usando células
hepaticas (HepG2) acompanhado de modelos preditivos para multiplos alvos. Aprofundar no
estudo da influéncia do didmetro dos CNT associado a reatividade superficia e disposicéo
geométrica dos aomos (indices de Hamada n, m) nas interacdes in silico e in vitro. Implementar
esta abordagem considerando efeitos mitocondriais induzidos por CNT sobre model os relevantes
para ecotoxicol ogia.

Finamente, o presente trabalho apresenta uma contribuicdo inédita para a abordagem
tedrica-experimental e predicdo dos efeitos seletivos dos nanomateriais de carbono (CNT) sobre
a bioenergética mitocondrial com vistas a garantir o uso seguro e desenvolvimento sustentéavel
das nanotecnologias, reduzir o nUmero de animais na experimentacdo animal e potenciar o
surgimento de &reas emergentes como 0 Desenho Raciona de Nanomateriais de Carbono e a

Nanomedicina e Nanotoxicologia Mitocondrial.
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Conclusdes

Os membros oxidados da familiade CNT oxidados (CNT-COOH, CNT-OH) apresentam
maior capacidade que os CNT-pristinos para prevenir a inducéo do poro de transi¢céo de
permeabilidade mitocondrial (MPTP) em condigBes de sobrecarga Cat*, Fe?* e H, 0O,

Os CNT estudados foram capazes de inibir a reacdo de Fenton mitocondrial electro-
induzida em condigBes de sobrecarga dos ions Fe** e baseado em mecanismos de
quel agio/complexacio dos fons Fe?* namatriz mitocondrial.

Os membros oxidados da familia de CNT ndo afetaram a respiracéo mitocondrial, fluxo
de oxigénio e ndo induziram dissipacéo do potencial de membrana mitocondrial em
condigdes de sobrecarga Fe?*.

Parametros fisico-quimicos dos CNT como: quiralidade zig-zag, diametro, presenca de
grupos oxidados (COOH > OH) e parametros de exposi¢do como: concentracdo e tempo
de exposicéo que podem ser nanodescritotes relevantes para predizer interagdes criticas

de docagem molecular e correlagdes in silico estrutura-atividade (model os nano-QSAR).
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