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RESUMO

Os derivados oxazolidinicos (DOx) foram descritos como compostos com atividade
antimicrobiana e antitumoral. No entanto, um dos entraves desta molécula esta em sua baixa
solubilidade em agua e consequentemente reduzida biodisponibilidade. Portanto, a utilizagdo
de complexos de inclusdo baseados em ciclodextrina (CD) pode contribuir para uma melhoria
desta limitagdo. Neste contexto, realizamos um estudo in silico para avaliar a capacidade de
interacdo entre um novo DOx (LPSF/NB-14) e 2-hidroxi-beta-ciclodextrina (2-HPBCD) para
formag@o de um complexo de inclusdo. Posteriormente, desenvolvemos complexos de inclusdo
baseados em 2-HPBCD baseados na técnica de co-evaporacdo. Em seguida, técnicas de
caracterizacdo analitica foram realizadas através de microscopia eletronica de varredura
(MEV), infravermelho transformado de Fourier (IVTF), espectroscopia de ressonancia
magnética nuclear (RMN-'H), difragdo de raios X e analises térmicas. Posteriormente, um
estudo de perfil cinético da liberacdo de DOx, teste de citotoxicidade usando células
mononucleares de sangue periférico (PBMCs) e testes de atividade biologica em linhagens
bacterianas e fingicas foram realizados. Os estudos in silico apresentaram as possiveis
orientagdes com valores entre -5,9 kcal/mol e -5,6 kcal/mol, demonstrando a viabilidade da
incorporagdo do DOx na 2-HPBCD. O aumento maximo de solubilidade foi obtido a 70mM de
DOx usando 400 mM de 2-HPBCD, resultando em um incremento vinte vezes maior da
solubilidade em agua em relagdo ao DOX puro. As analises de MEV revelaram uma mudanga
significativa na morfologia das moléculas apds o processo de inclusdo. Os espectros de FTIR
indicaram a formacao de complexos de inclusdo, considerando a diminui¢ao da intensidade das
bandas de absor¢do dos grupos funcionais do DOx. RMN-'H apresentou mudangas quimicas
que indicaram estequiometria 1:1 de DOx:2-HPBCD. O complexo de inclusdo também indicou
diferentes comportamentos térmicos em comparagdo com o DOx puro. O perfil cinético da
libertagdo de DOx em 2-HPBCD demonstrou uma maior liberagdo do composto em relagdo a
sua mistura fisica em meio aquoso. O composto ndo exibiu citotoxicidade na forma pura ou
apos a sintese do complexo de inclusdo. Em conclusao, estudos in silico forneceram uma visao
mais importante sobre as interagdes entre DOx e 2-HPBCD. O perfil farmacocinético
apresentou um curto tempo de liberag@o e alta quantidade de massa em meio sem citotoxicidade
em PBMCs. O DOx ndo apresentou atividade bactericida no entanto, apresentou atividade
fungicida em duas espécies de dermatofitos (7. rubrum e T. mentagrophytes) em concentragdes
de 16 pg/mL. Os ensaios de MTT em células tumorais demonstraram que os complexos de

inclusdo contendo DOx apresentaram diferencas na viabilidade celular com uma atividade



melhor para a linhagem MCF-7. Desta forma foi possivel demonstrar que o complexo de
inclusdo contribuiu para a melhoria da solubilidade e da atividade biologica deste novo

derivado.

Palavras-chave: Oxazolidinas. Fungicida. Antitumoral. Ciclodextrinas. Complexo de inclusdo.



ABSTRACT

Oxazolidinic derivatives (OxD) have been described as compounds with antimicrobial
and antitumor activities. However, OxD have low solubility in water and consequently reduced
bioavailability. Also, the use of host-guest inclusion complex of OxD in 2-hydroxy-beta-
cyclodextrin (2-HPBCD) contributes to the improvement of the solubility and bioavailability.
In this context, we initially carried out an in silico study to evaluate the interaction capability
between OxD (LPSF/NB-14) and 2-HPBCD for the formation of an inclusion complex.
Subsequently, we developed inclusion complexes based on co-evaporation technique. The
analytical characterization was performed by scanning electron microscopy (SEM), Fourier
transform infrared (FTIR), nuclear magnetic resonance (IH-NMR) spectroscopy, X-ray
diffraction, and thermal analysis. The kinetic profile study of OxD release, cytotoxicity test
using peripheral blood mononuclear cells (PBMCs), and antimicrobial activities were
evaluated. The in silico studies showed the molecule orientations with values ranging from -5.9
to -5.6 kcal/mol, demonstrating the viability of the inclusion complex. The maximum solubility
was obtained at 70 mM OxD using 400 mM 2-HPBCD, resulting in a twenty-fold increase in
water solubility. SEM analysis revealed a significant change in the morphology of the
molecules after the inclusion process. FTIR spectra indicated the formation of the inclusion
complexes, considering the decrease in the intensity of the absorption bands of the OxD
functional groups. "H-NMR showed chemical changes indicating 1:1 stoichiometry of OxD:2-
HPBCD. The inclusion complex also indicated different thermal behaviors compared to pure
OxD. The OxD release profile demonstrated a greater release of the compound relative to its
physical mixing in an aqueous medium. The compound did not exhibit any significant
cytotoxicity either in its pure form or after 2-HPBCD association. In conclusion, in silico studies
provided an important insight into the interactions between OxD and 2-HPBCD. The
pharmacokinetic profile showed a short release time and high amount of mass without
cytotoxicity in PBMCs. The OxD did not present bactericidal activity. However, OxD (16
pg/mL) is effective against two species of dermatophytes (7. rubrum and T. mentagrophytes).
MTT assays in tumor cells demonstrated differences in cell viability with improved activity for
MCF-7 lineage. In this way, it was possible to demonstrate that the inclusion complex
contributed to the improvement of the solubility and the biological activity of this new

derivative.

Keywords: Oxazolidines. Fungicidal. Antitumor. Cyclodextrin. Inclusion complex.
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1 INTRODUCAO

As doengas bacterianas ou fungicas ainda representam um fator de ameaca a satude
publica devido a fatores de viruléncia e linhagens resistentes a antibidticos convencionais
(PENCHOVSKY e TRAYKOVSKA, 2015). Por outro lado, as complicagdes associadas
ao desenvolvimento do cancer também exercem um fator impactante nas sociedades
modernas com uma maior incidéncia anualmente (PENCHOVSKY e TRAYKOVSKA,
2015). No entanto, para ambos os casos, hd uma constante busca por novos medicamentos
contribuam para um melhor efeito terapéutico e, a0 mesmo tempo, apresentem minimos
efeitos adversos.

Diante desta problematica, novas pesquisas vém obtendo novos compostos, como
os derivados da oxazolidina (DOx) que apresentam atividade comprovada contra
determinados tipos de bactérias e fungos e, numa propor¢ao menor, atividade antitumoral
(SORABJEE e GARIJE, 2004). Contudo, estes compostos apresentam pouca solubilidade
em agua, o que dificulta sua administracdo. Para enfrentar esta barreira, estratégias para
o incremento da solubilidade pode ser aplicado através da substituicdo grupos funcionais
a oxazolidina ou a incorporacdo destas drogas em complexos de inclusdo, sendo a
ciclodextrina (CD) mais comumente utilizada. A versatilidade destas moléculas, permite
que drogas pouco soliveis em agua, possam garantir um aumento na biodisponibilidade
¢ diminui¢do de potencial toxico (ALVES, FERNANDES, DE SOUZA, et al., 2014;
CAMPOS, JULIA FURTADO et al., 2017).

Sendo assim, o presente estudo objetivou desenvolver uma alternativa terapéutica,
avaliando a atividade bioldgica de DOx em forma livre e presentes em complexos de
inclusdo baseado em ciclodextrina. Inicialmente este estudo visou avaliar a atividade
bioldgica em bactérias, fungos e células tumorais e células do sangue periférico. Apds
esta etapa, o estudo focou nos testes de preparacdo e caracterizacdo fisico-quimica e
morfoldgica dos complexos de inclusdo. A etapa seguinte deste estudo procurou avaliar
comparativamente a atividade bioldgica nos alvos biologicos entre os DOx em sua forma
livre em relagdo aos complexos de inclusdo. Adicionalmente, testes de citotoxicidade em
c¢lulas mononucleares de sangue periféricos de pacientes sadios foram utilizados para
avaliar toxicidade. Por ultimo, os complexos de inclusdo foram testados nas mesmas
condicbes em relagdo a droga livre para avaliarmos se a atividade
antimicrobiana/antitumoral foi incrementada em fungdo da melhoria na solubilidade dos

DOx.
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OBJETIVOS

OBJETIVO GERAL

Avaliar a atividade bioldgica do novo derivado oxazolidinico LPSF/NB-14 e

desenvolver uma estratégia para o incremento de solubilidade deste composto.

2.2

IL

I1I.

Iv.

OBJETIVOS ESPECIFICOS

Avaliacdo da atividade antimicrobiana através de testes de susceptibilidade em
bactérias e fungos

Desenvolvimento de um incremento de solubilidade para o derivado oxazolidinico
LPSF/NB-14 baseado em ciclodextrina;

Caracterizagdo analitica através de microscopia eletronica de varredura (MEV),
infravermelho transformado de Fourier (IVTF), espectroscopia de ressonancia
magnética nuclear (RMN-'H), difragio de raios X e analises térmicas dos
complexos de inclusdo baseado em ciclodextrina contendo o derivado oxazolidinico
LPSF/NB-14;

Avaliagdo comparativa da atividade biologica de LPSF/NB-14 e de seus complexos
de inclusdo em tumorais de cincer de mama (MCF-7 ¢ T-47D) ¢ em células

mononucleares do sangue periférico.
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3 REVISAO DE LITERATURA

3.1  INFECCOES BACTERIANAS

As infecgdes bacterianas sdo doengas que ocorrem a partir da proliferacdo de bactérias
que podem causar danos prejudiciais ao nosso organismo. Estas infecgdes sdo adquiridas
por transmissdo interpessoal (ex: tuberculose) (RITZ e CURTIS, 2014), contato sexual
(ex: sifilis, gonorréia) (LEE e CLARKE, 2004), ingestdo de alimentos (ex: salmonelose)
(SADKOWSKA-TODYS e CZARKOWSKI, 2014) ou 4gua contaminada (ex: codlera,
febre tifoide) ou adquiridas em processos cirargicos (ex: infecgdes estafilococicas)
(ANDERSON e KAYE, 2009).

Em certos casos, essas bactérias podem envolver 6rgaos internos, como na pneumonia
bacteriana ou na meningite bacteriana. As bactérias Streptococcus pneumoniae, sempre
causam doencas dentro do corpo, sejam invasivas (pneumonia) ou ndo invasivas (sinusite,
otite média aguda) (LESNAKOVA et al., 2007).

Outras bactérias como a Escherichia coli geralmente estdo presentes no organismo
sem causar prejuizo, porém sao classificadas como oportunistas. Isso resulta de uma
proliferacdo descontrolada quando o sistema imune estd deprimindo, fazendo com que a
E. coli. produza danos. Estes tipos de infec¢des (oportunistas) se tornaram mais comuns
decorrente da AIDS, aumento do numero de transplante de oOrgdos, utilizacdo de
imunossupressores ¢ uso indiscriminado de antibidticos principalmente em paises
emergentes (JAFARI et al., 2013).

Estas doencas podem afetar diretamente os tecidos e consequentemente, prejudicar o
funcionamento normal dos organismos. Outro fator é a presenca das endotoxinas
presentes em bactérias patogénicas que afetam as células do hospedeiro. Essas toxinas,
em geral, sdo liberadas quando uma bactéria morre e pode ser responsavel pela sepse ou
choque séptico (RONCO, 2014). A depender da doenga, o diagnostico laboratorial pode
ser realizado através de teste sanguineo (ex: hemograma), escarro ou cultura
microbioldgica através de coleta in sifu. Outros exames como radiografia de torax ou
analise de bidpsias auxiliam no diagnostico de doengas respiratérias causadas por
bactérias. Nos casos de meningite, uma pun¢do medular para analise de liquido
cefalorraquidiano (LCR) pode evidenciar o diagndstico de meningite (WASHINGTON,

1996). Estima-se que em 2010, 16 milhdes de pessoas morreram por causas infeciosas.
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Contudo, este niumero pode reduzir para 13 milhdes devido aos avancos de novos
antibidticos para espécies mais comuns ¢ algumas resistentes (DYE, 2014).

A enterobactérias fazem parte de uma familia (Enterobacteriaceae) que possui mais
de 25 géneros diferentes, centenas de espécies e subespécies e milhares de sorotipos. Em
geral, esta familia ¢ diferenciada por propriedades bioquimicas, estruturas antigénicas e
hibridizac¢do e sequenciamento de acidos nucléicos. Os géneros dessa familia podem ser
classificados como patdgenos primarios (sempre causam doenca) como Shigella e
Salmonella e patégenos oportunistas (dependem da condicdo do hospedeiro). As do
género Shigella e Salmonella (gram-negativos) atuam no trato gastrointestinal enquanto
a Enterobacter (gram-positivas) podem se disseminar pela através da corrente sanguinea

e afetar varios 6rgdos (GROSE e CASJENS, 2014) .

As que pertencem ao género Salmonella podem provocar gastroenterite aguda ou
intoxicacdo alimentar onde podem ser infectantes em algumas fontes: animais de
estimacgdo, ovos e carne de frango mal cozidos, utensilios de cozinha contaminados porém
requer uma elevada carga microbiana para a infec¢do. Em alguns casos ela pode ser
autolimitada em individuos saudaveis (antibioticos e agentes antidiarreicos podem
prolongar os sintomas). Outra espécie, a Salmonella Typhi é responsavel pela febre
tifoide e outras febres entéricas com envolvimento particularmente do figado, bago,

intestino, mesentério e capacidade de disseminagdo para outros 6rgaos (ENG et al., 2015).

As bactérias do género Shigella podem causar disenteria pois em humanos, o
intestino grosso ¢ o principal reservatorio onde sdo transmitidos por via fecal-oral. No
entanto outras espécies podem desenvolver sintomas diferentes: S. dysenteriae (toxina
Shiga e pode causar sindrome hemolitico urémica) , S. flexneri (doenga periodontal), S.
boydii, S. sonnei (mais comum). Além disso, menos de 200 bacilos sdo necessarios para

a infec¢do em individuos saudaveis (elevada viruléncia) (SCHROEDER e HILBI, 2008).

Enterococcus faecalis ¢ uma bactéria Gram-positiva comensal (flora normal) do
sistema digestivo humano e de outros mamiferos. Amplamente encontrada no ambiente,
pode causar infec¢do urinaria, meningite e bacteremia, especialmente em ambientes
hospitalares. E. faecalis constituem 85 a 90% das espécies de Enterococcus identificados
nos humanos, sendo essa espécie a menos propensa ao desenvolvimento de resisténcia a

antibidticos (BEGANOVIC et al., 2018).



25

O tratamento para a maioria das infec¢des bacterianas ¢ realizado através da
administracdo de antibioticos de amplo espectro que além de debelar, impedem a
reproducdo de mais de uma espécie bacteriana. A penicilina, o primeiro antibidtico
descoberto, ainda ¢ utilizado para algumas infec¢des. No entanto, outros antibioticos de
amplo espectro sdo amplamente utilizados: a amoxicilina, bacitractina, eritromicina,
cefalosporina, fluroquinilonas e tetraciclina. Algumas antitoxinas sdo também
administradas para combater os efeitos de toxinas bacterianas, como nos casos de tétano

ou botulismo (MCGUIRE et al., 2015).

3.1.1 RESISTENCIA BACTERIANA

Os antibidticos, também denominados de agentes antimicrobianos tém sido
utilizados nos tltimos 70 anos para tratar pessoas com doengas infecciosas. Desde de
1940, essas drogas auxiliaram no tratamento e cura das infeccdes e consequentemente,
reduziram o niamero de Obitos causados por microrganismos. No entanto, devido a uma a
falta de controle na venda destes medicamentos e/ou ampla utilizacdo de forma
indiscriminada, alguns microrganismos adaptaram-se a essas drogas, tornando-as menos
efetivas (PENCHOVSKY e TRAYKOVSKA, 2015).

As bactérias resistentes tém sido motivo de preocupacdo no controle as doengas
infecciosas. Isso ¢ decorrente do fato que o desenvolvimento de novos antibi6ticos ndo
tem acompanhado a evolucdo destas bactérias. Em paises desenvolvidos como os EUA e
a paises da Europa tém tratado essa problematica, buscando mapear novos casos que
envolvam estes tipos de bactérias através de estudos realizados por centros de prevengao
e controle de doengas (HAWKEY e JONES, 2009; DE KRAKER et al., 2013).

O mecanismo de resisténcia resulta de mutacdes genéticas que reduzir ou
neutralizar o efeito dos antibidticos. Uma destas mutagdes pode tornar uma determinada
bactéria menos vulneravel a droga. Uma vez que as bactérias resistentes sobrevivem a
determinadas doses em relacdo aquelas mais vulneraveis, elas se replicam e podem ser
transmitidas para outras linhagens, resultando em cepas mais evoluidas. Na maioria dos
casos, a resisténcia bacteriana ¢ induzida através da automedicacdo ou administracdo
inadequada de antibidticos por tempo incorreto (GOULD, 2008). A cada ano nos EUA,
pelo menos 2 milhdes de pessoas sdo infectadas com bactérias que sdo resistentes a
antibidticos e aproximadamente 23.000 pessoas morrem ao ano por essas infecgoes.

Desde 2012, novos casos de resisténcia bacteriana ao tratamento de drogas foram
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relatados, o que demanda o uso de medicamentos mais caros e desenvolvimento de novos
farmacos (GOULD, 2008).

Em 2013, havia cerca de 480.000 novos casos de tuberculose multirresistente (TB-
MR) enquanto que a extensivamente resistente tuberculose (TB-ER) foi encontrada em
100 paises. A TB-MR requer medidas de tratamento que duram mais tempo e sao menos
eficazes se comparada aos casos de tuberculose nao-resistente (WHO, 2015).

Existem proporgdes elevadas de resisténcia aos antibidticos em bactérias que
causam infec¢des comuns como infecgdes do trato urinario, pneumonia, infec¢des da
corrente sanguinea que estdo presentes em todas as regides do mundo. Um percentual
elevado de infeccoes hospitalares tem sido causado por bactérias altamente resistentes,
como a Staphylococcus aureus resistente a meticilina (MRSA) e bactérias gram-negativas
multirresistentes (enterococos vancomicina-resistentes) (WHO, 2015).

A resisténcia bacteriana ¢ um problema complexo e multifatorial. Como tal, as
intervengodes individuais, isoladas t€ém pouco impacto. A necessidade de combater este
problema exige uma acdo coordenada entre a populagao, politicos e profissionais de saude

para minimizar o surgimento e propagac¢ao da resisténcia antimicrobiana.

3.2 INFECCOES FUNGICAS

Em geral, se o sistema imune da pessoa infectada for competente, estes tipos de
infeccdes ndo se espalham por 6rgdos do corpo. Por outro lado, ha situagcdes em que a
queda nas defesas do organismo favorecem estas infecgdes. Adicionalmente, o uso
prolongado de antibidticos pode interferir no balango normal entre bactérias e fungos
presentes num mesmo microambiente (ex: trato digestivo, vagina) humano. Desta forma,
com a diminui¢do do nimero normal de bactérias nessas regides, os fungos crescem de
forma excessiva. Nestas situagdes, a restauracdo da microbiota, em geral, soluciona o
problema. No entanto, algumas podem ser prejudiciais a saude. Esses acometimentos
envolvem, por exemplo, infecgdes na corrente sanguinea e meningite por fungos. Embora
estas sejam menos frequentes que as infecgdes de pele e pulmonares, podem ser mortais
se ndo tratadas a tempo (MAERTENS et al, 2001; MUSKETT et al, 2011;
LANTERNIER et al., 2013) .

A maioria das infeccdes fingicas se desenvolve lentamente (meses ou anos) e

podem passar despercebido da atencdo médica. No entanto, pessoas com acometimento
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imune, estas manifestacdes clinicas podem ser agressivas. Além da rapida propagacao,
geralmente acarretam Obito. O sistema imune pode ser enfraquecido por drogas
imunossupressoras destinados para evitar rejeicdo em transplante de 6rgdo ou como
quimioterapicos para tratamento doengas como a AIDS e neoplasias (ARMSTRONG-
JAMES et al., 2014; GAVALDA et al., 2014). Os fatores de risco e outros acometimentos

estdo presentes na Tabela 1.

Tabela 1 - Drogas imunossupressoras e doengas que favorecem o desenvolvimento de infec¢oes fingicas.

Drogas Imunossupressoras Doencas
Quimioterapicos AIDS, queimaduras graves
Corticosteroides Diabetes, linfomas (Hodgkin e ndo

Hodgkin)
Drogas imunossupressoras para pos- Leucemia, distarbios pulmonares (ex:
transplante (ex: azatioprina, metotrexato, enfisema)
ciclosporina)

Os agentes etiologicos responsaveis pelas infecgdes flngicas variam em
caracteristicas, formas e locais de acometimento. Pode-se destacar algumas das mais
comuns: a candidiase, a criptococose e as dermatofitoses (CARILLO-MUNOZ e TUR-
TUR, 1997; LANTERNIER et al., 2013)

3.2.1 Candidiase

A Candida ¢ normalmente encontrada na pele, no trato gastrointestinal, e em
mulheres, na regido genital. Em geral, a Candida ndo ocasiona problemas no entanto,
individuos com imunidade deficiente podem ser afetados (ex: diabetes, cancer, gestantes).
A candidiase também ocorre comumente em pessoas que estdo sob uso de antibiodticos

(CHOI et al., 2013; YAPAR, 2014).

A candidiase ¢ uma infeccdo causada por varias espécies de Candida,
especialmente pela Candida albicans. Os tipos mais comuns de candidiase sdo infecgdes
superficiais que acometem a boca, vagina ou pele e causam manchas vermelhas, prurido,
irritacdo ou ambos (RIBEIRO et al., 2004). O agravamento maior pode ocorrer pela
entrada do fungo na corrente sanguinea (chamada candidemia). Nestes casos os fungos

podem proliferar-se em outras partes do corpo, como valvulas cardiacas, es6fago, figado,
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rins, olhos e até causar obitos (DARWAZAH et al., 1999; SHI et al., 2008; PAPPAS et
al., 2016) (Fig.1).

Figura 1 - Fungos do género Candida sp. e manifestagdes clinicas da candidemia na mucosa bucal e

invasiva no esdfago (esquerda para direita).

A maioria das infecgdes por Candida sdo aparentes. A forma de detecgdo ¢
examinada por microscopia € enviada para cultura microbioldgica que posteriormente
pode ser diferenciada meios de cultura especiais (ex: CHROMAgar) (SIVAKUMAR et
al., 2009). Adicionalmente, existem outras metodologias como a utilizagdo de métodos
imunologicos (ex: ELISA) ou através de biologia molecular (ex: SDS Page)

(RODRIGUES et al., 2004; AVNI et al., 2011).

O tratamento € topico com antifiingicos clotrimazol e nistatina. Em outras
situacdes, de uso oral, pode-se administrado fluconazol. Porém nos casos de candidemia,
utiliza-se a anfotericina B intravenosa e outras alternativas terapéuticas como o uso de
posaconazol, voriconazol, casporfungina, micafungica e anidulafungina (GARCIA-

CUESTA et al., 2014; DOVNIK et al., 2015).

3.2.2 Criptococose

A criptococose ¢ uma doenga causada por fungos do género Criptococcus. O
Criptococcus € encontrado principalmente no solo contaminado com fezes de aves (ex:
pombo). Apesar de haver aproximadamente 100 espécies diferentes, apenas duas espécies
mais comumente causam doengas: C. neoformans e C. gatti (BOVERS et al., 2008). Estas
duas espécies representam cerca de 80% das infecgdes associadas a este geénero.
Algumas manifestagdes clinicas podem ser assintomaticas ou apresentar dores de cabega
e confusdo, tosse, peito dolorido ou erupcao cutinea dependente do local acometido

(ESPINEL-INGROFF E KIDD, 2015).
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A infecgdes causadas por este tipo de fungo atuam sobre pacientes
imunodeficientes e s3o0 mais prevalentes em paises subdesenvolvidos (ILLNAIT-
ZARAGOZI ET AL., 2014). Este tipo de infec¢do recebeu destaque devido a epidemia
causada pelo HIV e que ainda esta presente no mundo todo. Mesmo pessoas HIV
negativas possuem um risco de 6% de desenvolver sintomas clinicos associados ao
Criptococcus (LA HOZ E PAPPAS, 2013). Ha casos de infec¢des de pessoas com
linfoma de Hodgkin e em pessoas com uso prolongado de corticosteroides. Entretanto, a
criptococose também pode se desenvolver em pessoas com um sistema imune normal

(ROMANO ET AL., 2001; GONG ET AL., 2013).

Os locais mais acometidos ocorrem nos tecidos que cobrem o cérebro e as
meninges, pulmao ou pele. Sem um tratamento adequado outros orgdos podem ser
afetados. Os sintomas da meningite criptococica envolvem dor de cabeca e confusdo. Nos
pulmdes pode ser assintomatico ou marcado por tosse, dor no peito ¢ em casos graves,
dificuldade de respirar. Na pele ha a presenca de erupgdes cutaneas com a presenga de

exsudato inflamatorio (GONG et al., 2013) (Fig.2).

Figura 2 - Fungos do género Cryptococcus sp. e manifestagdes clinicas da criptococose cutanea (esquerda

para direita).

O diagnostico baseia-se em exame direto por microscopia e a cultura isolada da
levedura. No entanto, estes métodos apresentam desvantagens quanto ao tempo de
identificacdo genotipica. A automagdo diminui o tempo de analise, demonstrando
resultados em até 72 horas (API 20C AUX e Vitek) (MAHABEER ET AL., 2014). A
identificacdo final depende de testes complementares e analise clinica. Outras
metodologias t€m sido implementadas e apresentaram bons resultados como MALDI-

TOF-MS (FIRACATIVE et al., 2012).

Os antifingicos sdo administrados oralmente em acometimentos de pele e
respiratorios (fluconazol) e em casos mais graves (meningite), intravenosamente (ex:

anfotericina B e flucitosina). Em pacientes com HIV o tratamento ¢ permanente, porém
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pode ser interrompido a depender da normalidade dos niveis linfocitarios por pelo menos

6 meses (TORRES-RODRIGUEZ et al., 2008; MAZU et al., 2016).

3.2.3 Dermatofitoses

Sdo doencas que acometem humanos e animais no mundo por fungos
denominados, dermatofitos. Algumas dessas espécies representadas pelo Microsporum
gypseum, Trichopyton rubrum e Trichopyton mentagrophytes. Estes fungos invadem
tecido queratinizados como cabelos, pele e unha para produzir uma manifestacdo clinica

conhecida como tinea. A tinea € classificada de acordo com o local acometido: corporis

(corpo), pedis (p€), capitis (capilar), barbar (barba), manum (mao) e onicomicoses (unha)

(fig. 3).

4 \
cophyton sp. e manifestagdes clinicas das dermatofitoses: tinea corporis

—

Figura 3 - Fungos do géner

o Thry

e tinea pedis (esquerda para direita).

E importante ressaltar que estes restringem-se apenas as camadas mais externas e
dificilmente penetracdo em tecidos mais profundos da pele. No entanto, pacientes com
neoplasias, geralmente imunocomprometidos, sd3o mais favoraveis a estes tipos de

infec¢do e ao desenvolvimento de complicagdes (IRIMIE et al., 2015).

Os tratamentos atuais limitam-se ao uso topico e que também podem apresentar
limitacdes quanto a toxicidade, inducdo de resisténcia e tempo de tratamento
(WEITZMAN e SUMMERBELL, 1995). Estes fatores influenciam na continua
necessidade de desenvolver novas alternativas terapéuticas. Ha pesquisas atuais
objetivando a utilizagdo de plantas medicinais e de novas formas farmacéuticas sintéticas

(AYATOLLAHI e KAZEMI, 2015).

3.3 O CANCER

O cancer representa um conjunto de mais de 100 doencas que apresentam um

caracteristica em comum: o crescimento desordenado (origem maligna) de células que
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invadem tecidos e 6rgdos e apresentam risco de se espalhar (metastase) para outras regides

do corpo (DUNN e KRAMER, 2016).

As células envolvidas nesta doenga podem apresentar agressividade e crescimento
incontrolavel, levando a formagdo de tumores (acumulo de células do cancer) ou
neoplasias malignas. No entanto, algumas células podem apresentar crescimento
vagaroso, localizado, bem definido e semelhante ao tecido local, caracteristica de tumores

benignos. Este tipo apresenta baixo risco de vida (MALEY et al., 2017).

.Os tipos de cancer variam de acordo com a célula afetada. A depender do tipo de
célula, pode haver diferentes tipos de cancer como por exemplo, na pele. Os canceres de
origem epitelial ¢ denominado de carcinoma. Se este for iniciado em tecidos conjuntivos
(ex: cartilagem, musculos ou o0ssos) ¢ denominado de sarcoma.  Outro  aspecto  do
cancer que diferenciam os tipos entre si estdo associados a velocidade de multiplicagao,
capacidade de invasdo em tecidos e drgdos proximos ou distantes (metastases) (MALEY

etal.,2017).

3.3.1 As causas do ciancer

As causas do cancer sdo variaveis, podendo ser influenciadas por fatores externos
(ambientais) ou internos. Os fatores externos estdo associados ou meio ambiente e aos
héabitos ou costumes de um individuo dentro de um ambiente sociocultural. Os fatores
internos sdo associados a genética e a imunidade a agressdes externas. Estes fatores
apresentam um potencial de interagir de diferentes formas, o que resulta no aumento da
probabilidade de transformagdes malignas em células normais (WHO, 2015).

O percentual de canceres associados aos fatores externos varia de 80 a 90% devido
ao uso de cigarro (cancer de pulmao), exposi¢ao solar excessiva (cancer de pele) e alguns
virus associados a casos de leucemia além de componentes alimentares em produtos
industrializados, embora, o tema ainda ¢ seja amplamente discutido. A manifestagdo do
cancer também ¢ maior em idosos, devido a exposi¢do prolongada a diferentes fatores de
risco durante a vida podendo ser cancerigenos e alterando o DNA destas células (MALEY
etal.,2017).

Os fatores internos associados a hereditariedade sdo mais raros, no entanto, o fator
genético apresente um papel na oncogénese. Alguns tipos de cancer podem ter uma forte

relacdo familiar ou exposi¢do a uma causa comum. Grupos étnicos também podem
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apresentar predominantemente um tipo de cancer do que em outros grupos (ex: leucemia
linfocitica rara em orientais) (MALEY et al., 2017)..

Dados do Instituto Nacional de Cancer (INCA), o cancer de pele, prostata e mama
foram os mais incidentes. De acordo com a estimativa do INCA em 2016, o ciancer mais
incidente em homens foi o de prostata com 61.200 novos casos, enquanto o cancer de

mama com 57.960 novos casos foi mais incidente em mulheres (Fig. 4).

Localizacdo primaria €asos novos Yo Localizacdo primaria €as05 NOVoS o
T Proststa | 61200 286% " MamaFeminina 57060  28,1%
. o - ) Homens Mulheres ) ;
Traqueia, Bronquio & Pulmio 17.330 8,1% Colon e Reto 17.620 8,6%
Cdlon e Reto 16.660 7,8% Colo do Utero 16.340 7,9%
Estémago 12.920 6,0% Traqueia, Brénguio e Pulmdo 10.890 5,3%
Cavidade Oral 11.140 5,2% Estémago 7.600 3,7%
Esdfago 7.950 3,7% Corpe do Utero 5.950 3,4%
Bexiga 7.200 3,4% Ovdrio 6.150 3,0%
Laringe 5.360 3,0% Glandula Tireoide 5.870 2,9%
Leucemias 5.540 2,6% Linfoma n3o Hodgkin 5.030 2,4%
Sistema Nervoso Central 5.440 2,5% Sistema Nervoso Central 4.830 2,3%

Figura 4 - Distribuic@o proporcional dos dez tipos de cancer mais incidentes estimados para 2016 por sexo,

exceto pele ndo melanoma (nimero de casos a cada 100 mil habitantes).

O cancer de mama ainda é o mais comum entra as mulheres no Brasil e no mundo,
depois do de pele ndo melanoma. Ele representa cerca de 28,1% de novos casos ao ano,
segundo estimativa de 2016. Embora, esta doenca acometa homens, sua incidéncia ¢ de

apenas 1% do total de casos (INCA, 2016).

O surgimento destes doengas estd associada aos fatores de risco, qualidade
assisténcia prestada, na qualidade da informacao e no envelhecimento da populacdo. Em
geral, como acontece nos paises da Europa, Estados Unidos ¢ Canada, quanto maior a
proporcdo de pessoas idosas, maior as taxas de incidéncia, principalmente ao
envelhecimento relacionado ao de mama e prostata. E importante ressaltar o desafio de
campanhas de prevengdo e acompanhamento em individuos que se enquadrem nos grupos

de risco, seja pela idade ou por fatores hereditarios (INCA, 2016).

A idade de risco surge apds os 35 anos e cresce progressivamente apos os 50 anos.
Este dado ¢ apresentado tanto em paises em desenvolvimento quanto desenvolvidos.
Dentre os tipos de cancer de mama, podem variar conforme evolucao (rapida ou lenta).
No entanto, a deteccdo precoce favorece um bom prognostico e boa resposta aos

tratamentos (INCA, 2016).
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3.3.2 Tratamentos para o Cancer

Existem muitos tipos de tratamento contra o cancer, os quais dependem do tipo
de cancer e do seu avanco. O niimero de tratamentos ¢ variavel entre pessoas. Algumas
podem depender de apenas um tratamento enquanto outras poderdo ter uma combinagao
de tratamentos, como cirurgia com quimioterapia e /ou radioterapia (NIH, 2018).

A cirurgia ¢ um procedimento invasivo em que um cirurgido remove o cancer
solida de alguma parte acessivel do corpo. Quando este procedimento ndo € possivel de
realizar, outra op¢do mais proxima ¢ a radioterapia. A radioterapia ¢ um tipo de
tratamento para o cancer que usa altas doses de radiacao para matar células cancerosas e
reduzir tumores de forma controlada e localizada. Por outro lado, a quimioterapia ¢ um
tipo de tratamento do cancer que usa drogas para matar as células cancerigenas de forma
sisttmica que pode resultar em efeitos colaterais. Em alguns casos utiliza-se a
imunoterapia como tratamento auxiliando o sistema imunologico a combater o cancer.
Em outros casos, a terapia hormonal pode ser usada como tratamento que age retardando
ou impedindo o crescimento de cénceres (por exemplo, cancer de mama e prostata)
(WHO, 2015).

Outra alternativa esta nos transplantes de células-tronco em casos de neoplasias
na medula 6ssea e/ou que ajudam na restauracao das células-tronco formadoras de sangue
em pacientes com cancer que tiveram suas células destruidas por doses muito altas de
quimioterapia ou radioterapia. A Ultima alternativa para o tratamento do céncer ¢ a
chamada medicina de precisdo. Nesta modalidade os médicos selecionam os tratamentos
com maior probabilidade de ajudar os pacientes com base na compreensdo genética de

sua doenca.

3.4 DERIVADOS DE OXAZOLIDINAS (DOX) E SUAS APLICACOES

As oxazolinas sd3o compostos heterociclicos que consistem em um anel
heterociclico formado por de cinco membros contendo, no minimo, um atomo de
oxigénio e um de nitrogénio (Fig. 5a). Além delas possuir estrutura unica e diversas
aplicagdes, também serve como elemento estrutural para produtos naturais e

farmacéuticos (SHAGHAFI et al., 2011).
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As aplicacdes terapfuticas destes compostos tém sido utilizadas como
anticonvulsivantes, inibidor de polimerizagdo de tubulina, agente anticancer que
compreende elementos oxazolidinicos 3,5-disubstituidos e até atividade antimicrobiana
de alcaloide contendo oxazol. As oxazolidinas, também chamadas de 1,3-oxazolidinas,
sdo a forma reduzida das oxazolinas (Fig. Sb). As isoxazolidinas sdo os isomeros da

oxazolidinas onde o nitrogénio e o oxigénio sdo atomos adjacentes (Fig. 5¢).
a) b

o. o N.
QO

Figura 5 — A oxazolina (a) e seus derivados: oxazolidinas (b) e isoxazolidinas (c).

c)

As oxazolidinonas sdo uma classe de compostos que contém 2-oxazolidona em
sua estrutura e sdo utilizados como antimicrobianos. O efeito antibacteriano das
oxazolidinonas ocorre através da inibicdo da sintese proteica, atingindo uma etapa inicial
que envolve a ligacdo da N-formilmetionil-RNAt para o ribossomo (SHINABARGER,
1999). Algumas das mais importantes oxazolidinonas (ex: linezolida, posizolida,
cicloserina) sdo a ultima geracdo de antibidticos utilizados contra bactérias gram-
positivas, incluindo o Staphylococcus aureus resistentes a meticilina (MRSA). Estes
antibidticos sdo considerados como ultimo recurso quando outras terapias antibidticas

falham.

A linezolida (LZ), também conhecida como Zyvox (Pfizer, USA), ¢ um agente
antibacteriano sintético com atividade in vitro comprovada contra bactérias gram-
positivas, gram-negativas e algumas espécies anaerobicas. A LZ atua ligando aos sitios
no ribossomo bacteriano que impede a formacdo de um complexo de 70S ribossomal.
Este componente ¢ essencial para o processo de transduc¢ao e sintese proteica. A LZ esta
disponivel através de administrag@o intravenosa e também apresenta vantagens quanto a

sua biodisponibilidade oral (SORABJEE e GARIJE, 2004).

A posizolida, (AZD5847), uma nova oxazolidinona desenvolvida pela
Astrazeneca (Londres, UK) foi comparada a LZ. Este novo composto obteve atividade
comprovada contra bactérias gram-positivas, gram-negativas e algumas espécies
anaerobicas em 98% das linhagens testadas. No entanto, a atividade em bactérias do

género Staphylococci e Enterococci foi bacteriostatica (VILLEMAGNE et al., 2012). Em
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contrapartida, a posizolida apresentou uma concentragdo minima inibitoria (CMI)
satisfatoria (< 2 pg/mL) para Mycobacterium tuberculosis, no qual direcionou a sua
utilizagdo para o combate a tuberculose devido a resultados do estudo de fase clinica 2

realizado em 2013 na Africa do Sul (NIAID, 2013).

A cicloserina também conhecida como seromicina ¢ um composto isaxolidinico
também indicado para o tratamento da tuberculose sendo classificado como droga de
segunda linha. A utilizacdo deste medicamento ¢ restrita apenas para linhagens de M.
tuberculosis resistente a multiplas drogas em 64 pg/mL. Adicionalmente, esta droga pode
causar efeitos neurologicos adversos devido a sua capacidade de penetrar no sistema

nervoso central (PROSSER e DE CARVALHO, 2013).

Ainda ha outras drogas comerciais que ainda estdo em estudos de fases clinica
como a Tedizolida (Sivextro), o qual foi aprovada para infecgdes de pele. Ha também a
Radezolida (RX-1741) que ainda estd em estudos de fase clinica 2 (LEMAIRE et al.,
2010). A necessidade de avaliar o potencial antifungico estd na limitagdo de agentes
antifingicos convencionais que estdo sendo administrados para o combate destas
doencgas. Existem relatos sobre testes antifingicos de DOx em fungos que ainda sdo

inconclusivos (DEVI et al., 2013).

Outra atividade apresentada por estes derivados foi a utilizacio de uma
oxazolidinona  (guanidinio-4-oxazolidinona  dibrominada), denominada  de
Synozolidinona C. Este composto apresentou atividade antitumorais em linhagens
celulares de melanoma, carcinoma de mama e colon entre outras (TADESSE et al., 2011).
Outro estudo utilizando derivados da linezolida sugeriu que os compostos com
substituintes etil e acril apresentaram uma atividade mais promissora e induzindo a
apoptose de células tumorais de adenocarcinoma de prostata através da caspase-3 e

caspase-9 (NARESH et al., 2014).

Adicionalmente, Agrawal ef al., sugeriu que a agdo de alguns derivados também
atue sobre os receptores gama ativados por proliferador de peroxissoma (do inglés,
peroxisome proliferator-activated receptor gamma). O presente composto utilizado no
experimento  (5-{4-[3-(4-ciclohexil-2-propilfenoxi)propoxi]fenil } -1,3-oxazolidina-2,4-
diona demonstrou em ensaios metabolicos que o derivado atuou como enzima do
citocromo P450 (AGRAWAL et al., 2005). Outros experimentos demonstraram a atuacao

dos derivados (oxazol-5-onas) como agonistas parciais do PPAR gamma, onde
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apresentaram citotoxicidade contra células de cancer de mama (PAL et al., 2014). Este
receptor apresenta suma importancia, pois ligantes podem acarretar tanto a inibicao da
proliferacdo ou a indugdo de apoptose (GROMMES et al., 2004; THEOCHARIS et al.,
2004). Além disso, alguns estudos tém apresentado que ligantes do PPAR gamma
parecem exercer propriedade antitumorais in vitro e induzir a parada ou encolhimento
celular em murinos (ELSTNER et al., 1998; MUELLER et al., 1998; SUH et al., 1999;
PIGHETTI et al., 2001).

3.5 O DERIVADO OXAZOLIDINICO (DOX) LPSF/NB-14

O DOx LPSF/NB-14 ¢ um composto ¢ formado por um anel de oxazolidina e um
grupo tiol (-SH) na posi¢ao do carbono 2. Sabe-se que a presenca do enxofre na estrutura
quimica de compostos quimicos confere um potencial antimicrobiano
(BARTHOLOMEW ET AL., 1954) além de possuir um grupo etil (CH2-CH3) ligados ao
nitrogénio na posi¢cdo 3. Este composto LPSF/NB-14 (Fig. 6) também apresenta um

grupamento benzilideno ligado ao carbono 5 de sua estrutura.

Figura 6 - Estrutura quimica do LPSF/NB-14 (PM: 222.20 mol/g).

Com relacdo a atividade bioldgica, algumas oxazolidinadionas 3,4-
dissubistituidas semelhantes apresentaram atividade citotoxica em linhagem leucémicas.
Estudos prévios sugerem um mecanismo de ag@o através da inducdo por apoptose
(ALVES, FERNANDES, DE SOUZA, et al., 2014; CAMPOS, JULIA FURTADO et al.,
2017). No entanto, alguns destes compostos ainda ndo possuem atividade biologica

comprovada como o LPSF/NB-14 (Patente BR1020150160607).
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3.6 AS CICLODEXTRINAS

As ciclodextrinas sdo oligossacarideos ciclicos que sdo formados por diferentes
quantidades de glicopiranose unidas por liga¢des glicosidicas o-(1,4) (Fig. 7). A
descoberta destas moléculas surgiu em 1891 por Villiers que obteve uma pequena
quantidade de dextrinas a partir da digestdo do amido por a¢do de um microrganismo
(Bacillus amylobacter). O achado foi descrito como cristais radiais obtidos por
armazenamento em alcool com a composi¢do de multipla da formula (C¢H1003). 3H20

(DEL VALLE, 2004).
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Figura 7 — Estrutura molecular e visdo tridimensional da f-ciclodextrina. (Adaptado de

www.u.arizona.edu).

Em 1911, Schardinger aprimorou a técnica de Villiers com outro microrganismo
(Bacillus macerans), onde obteve maior rendimento na obtengdo destas dextrinas
cristalinas onde as denominou como a e . Em 1942, as estruturas das dextrinas a e 3
foram determinadas através da cristalografia de raios-X e posteriormente descobriu-se a
dextrina do tipo y (1948) e outra com maiores residuos: 9, &, {, v, com 9 a 12 unidades

(EASTBURN E TAO, 1994).

O interesse nestas moléculas foi enfatizado devido a capacidade de formar
complexos de inclus@o. A forma tridimensional desta molécula apresenta um formato
semicircular tipo cone truncado. A cristalografia destas moléculas identificou a presenca
de grupos hidroxilas (-OH) presentes nas ciclodextrinas nas regides externas e na
cavidade interna da molécula. Esta caracterizag@o permitiu definir que a area exterior da
molécula ¢ hidrofilica enquanto a cavidade ¢ apolar (SZEJTLI, 1989). Devido a estas
propriedades, as ciclodextrinas demonstraram ser uteis para formar complexos de

inclusdo com compostos hidrofobicos e consequentemente, para aumento de solubilidade
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(JOUDIEH et al., 2009). Para obter estes complexos de inclusdo € necessario que a
ciclodextrina tenha tamanho suficiente para comportar a molécula alvo. A utilizacdo das
CD pode ser feita em diferentes propor¢cdes molares em fun¢do da molécula alvo
(ciclodextrina/droga), sendo as fragdes molares mais comuns 1:1 e 1:2. Pode-se
exemplificar a Linezolida que foi com a 3-CD e associada a sua ligagdo ao BSA porém,
sua atividade apos a formagdo do complexo de inclusdo ndo foi avaliada (JOUDIEH et

al., 2009).

3.6.1 Caracterizacio do complexo de inclusio de CD

Um conjunto de técnicas sdo necessarias para avaliar a formagao de complexos de
inclusdo com as CDs tanto no estado sélido quanto em meio liquido. As metodologias
aplicadas mais comuns sdo o diagrama de solubilidade de fases, andlise térmica,
espectroscopia de infravermelho, difracdo de raios-X, microscopia eletronica de
varredura e ressonancia magnética nuclear. Adicionalmente, a simulagcdo computacional
pode ser aplicada de forma a complementar os resultados obtidos pelas técnicas

anteriores.

3.6.1.1 Diagrama de solubilidade de fases de CD

Este tipo de metodologia foi estabelecido por Higuchi e Connors (1965) e ¢
comumente utilizado para estabelecer uma relagdo 6tima dos complexos de inclusdo. Esta
técnica envolve o monitoramento da solubilidade de um composto pela adicdo a
quantidades crescentes de CDs enquanto o substrato ¢ mantido nas mesmas concentragdes

(HIGUCHI & CONNORS, 1965).

A interagdo entre a droga e a CD é mantida devido a constante de equilibrio (Kc).
A natureza do complexo e seus valores numéricos de Kc sdo derivados das propriedades
do complexo e concentragdes de CD em funcao da droga. O aumento da solubilidade de
drogas hidrofobicas neste caso ¢ alcangado em fungdo do aumento das concentragdes de
CDs. O perfil de solubilidade pode ser variavel demonstrando um tipo de complexo

formado bem como a estequiometria farmaco:CD (DAVIS E BREWSTER, 2004).

Os perfis das bandas de absor¢do irdo demonstrar o tipo de perfil observado e qual

s80 0s processos que envolvem a participacdo da droga e do complexo de inclusdo com
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CD (Fig. 9). Higuchi e Connors estabeleceram que ha dois perfis distintos: A e B. O perfil
Al demonstra um aumento linear da solubilidade da droga em funcdo da concentracdo de
CD (Kc=1:1). O perfil Ap demonstra um desvio positivo de linearidade onde a
solubilizacdo ¢ mais efetiva proporcionalmente em altas concentragdes (Kc=1:>1). O
ultimo perfil, o An ha um desvio negativo de linearidade onde demonstra que a CD ¢

pouco eficiente em altas concentragdes (Kc = 1:<1).

A apresentagdo do perfil B (Bs e Bi) demonstram que a formagao dos complexos
de inclusdo demonstram uma solubilidade aquosa limitada. Este tipo de perfil ¢ mais
observado nas ciclodextrina natural (a, B ¢ y). Ha casos em que a o farmaco pode interagir
no complexo de inclusdo e torna-lo insoluvel fazendo com que parte fique prescipitada e
seja observada graficamente como um decréscimo do perfil de absor¢do (HIGUCHI &
CONNORS, 1965).

Ap Al

An

Bs

Concentragdo do Farmaco (mM)

Concentragdo da CD (mM)
Figura 8. Tipos de diagramas de solubilidade de fases obtidos a partir da complexacdo de farmacos com
ciclodextrinas. Al: linearidade, Ap: desvio positivo, An: desvio negativo, Bs e Bi: complexos com

solubilidade aquosa limitada.

3.6.1.2 Espectroscopia de Infravermelho de CD

A espectroscopia de infravermelho (EIV) trata-se de uma técnica que estuda a
interagdo da radiacdo eletromagnética com a matéria. A EIV tem sido amplamente
utilizada para analise de varios compostos organicos ou inorganicos, onde pode fornecer
informagdes sobre os grupos funcionais da amostra, de acordo com sua natureza fisica. A
identificacdo de uma molécula ocorre por movimentos rotacionais e vibracionais dos

grupos moleculares e ligagdes quimicas da estrutura quimica no comprimento de onda do
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infravermelho. Essa absor¢do de radiacdo infravermelha provoca, portanto, aumento da
amplitude das vibragdes moleculares. A interpretacdo destes fenomenos é a EIV por
Transformada de Fourier (Em inglés, FTIR) (SILVERSTEIN et al., 2000; LOPES e
FASCIO, 2004).

FTIR consiste, basicamente, na geracdo de um grafico, utilizando-se de um
interferometro tipo Michelson constituido por um espelho fixo, um espelho movel e um
divisor de feixe. Ademais, a radiacdo incidente ¢ separada através do divisor. Parte dessa
radiacdo ¢ direcionada ao espelho fixo e outra parte ao espelho movel, onde ¢ refletida e
passa novamente pelo divisor de feixe e ¢ recombinada, no qual um filme semirefletivo
divide o plano de dois espelhos (beam splitter) em partes iguais. Os sinais obtidos sdo
processados pelo calculo da transformada de Fourier onde serdo convertidos de forma
grafica considerando as coordenadas de tempo x intensidade do sinal. A esse tipo de

grafico denomina-se interferograma (LOPES e FASCIO, 2004) (Fig. 9).
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Preparacio da Amostra
Espectrofotometro de FTIR

Leitura da Amostra Anilise de Dados
Interferéometro de Michelson Interferograma

Figura 9 - Esquema de leitura e analise de dados através da espectroscopia de infravermelho por

transformada de Fourier.

Essas bandas contem evidéncias de grupos funcionais na estrutura de uma
molécula analisada. Isso ocorre porque os atomos interagem com a radiagdo
eletromagnética em um processo de vibragdo molecular ao redor das ligagdes covalentes
que os ligam (SILVERSTEIN et al., 2000). Basicamente, ha duas vibragdes: a vibragdo
de estiramento ¢ a vibra¢do angular. No primeiro caso, a vibragdo de estiramento, também
denominada de stretching, os atomos aumentam ou diminuem sua distancia mantendo-se
no mesmo eixo. No segundo caso, a vibracdo angular (bending), as posi¢des dos atomos
mudam em relagdo ao seu eixo de ligacdo original (SILVERSTEIN ef al., 2000).

As posicdes das bandas no espectro podem ser apresentadas em nimero de ondas
em centimetros invertidos (cm™) ou em micrémetros (um). Cada grupo funcional costuma
apresentar-se em determinadas regides, o que ajuda a evidenciar ou confirmar a molécula
em analise. As regides que correspondem as faixas mais comuns sdo entre 4000-400 cm’

' (Tabela 2). Na regido de alta energia sdo observadas hidroxila de alcool, 4cido



41

carboxilico, fenol, enol, vibragdes de NH de aminas primdarias e secundarias, grupo
carbonila e outros (SILVERSTEIN, 2000). Em casos em que ha a auséncia de bandas na
regido de 900 - 690 cm™! ¢ um indicativo de auséncia de anéis aromaticos na molécula

(SILVERSTEIN et al., 2000; LOPES e FASCIO, 2004).

Tabela 2 — Bandas de absor¢ao no infravermelho. Adaptado de SILVERSTEIN, 2000.

Ligacdo Tipo de composto Intervalo de Intensidade
frequéncia

C-H Alcano 2850 a 2970 Forte
C-H Alceno 1340 a 1470 Forte
3010 a 3095 Media
675 a 995 Forte
C-H alcinos 3300 Forte
C-H Anéis aromaticos 3010 a 3100 Media
690 a 900 Forte
O-H Alcoois e fenois (mon) 3590 a 3650 Variavel
Alcooise fenois/pontede H 2500 a 2700 Alargada
N-H Aminas e Amidas 3300 a 3500 Média
C=0 Aldeidos, cetonas, ac. 1690 -1760 Forte

Carboxilicos, esteres
Este método ¢ indispensavel para caracterizacdo de compostos organicos em
geral, pois permite a deteccdo de grupos funcionais. Moléculas hospedeiras ndo
complexadas apresentam padrdes de banda de absor¢do caracteristico como do grupo
carbonila (1600 cm™). No entanto, quando estas moléculas estdo contidas nos complexos
baseados em CD, pode haver um deslocamento destas bandas, encobrimento ou
diminui¢do das bandas de absor¢do dos grupos funcionais (HEISE et al, 2010;

MANGOLIM et al., 2014).

3.6.1.3 Ressonancia Magnética Nuclear (RMN)

A ressonancia magnética ¢ um fendmeno que se relaciona com campos
magnéticos ¢ ondas eletromagnéticas de radiofrequéncia (RF). Foi descoberto em 1946,
de forma independente por Bloch e Purcell, que lhes rendeu o prémio Nobel de Fisica em
1952. Inicialmente, esta técnica foi utilizada primeiramente em quimica analitica e
bioquimica e partir dos anos 80 seu uso foi destinado na medicina para diagnostico por

imagem em humanos (MAZOLLA, 2009).
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As informagdes obtidas pela RMN provem das propriedades magnéticas naturais
dos atomos. A base fisica deste fendmeno ¢ dada pela existéncia dos tipos de movimentos
dos ntcleos atdmicos: o movimento giratério em torno de si mesmo (“spin”) e o
movimento em torno do eixo gravitacional (movimento de precessdo). Os movimentos
geram um campo magnético ao redor de cada nucleo, especialmente os atomos que
possuem um numero impar de proton e néutrons onde adquirem maior atividade
magnética. Devido a abundancia tanto no meio quanto em tecidos organicos, deutério ¢
bastante utilizado, seja em quimica analitica quanto na medicina (BEHROOZMAND et
al., 2015) (Fig. 10).
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Figura 10 - Esquema de preparaciio, leitura e andlise de dados através da ressonincia magnética de '3C

e/ou 'H

Ao introduzir um campo magnético, estes atomos (H) se magnetizam
temporariamente fazendo com que seus nucleos de alinhem criando um vetor de
magnetizacao (longitudinal). Um fator de relevancia neste processo, € que as particulas
carregadas apresentavam orbitas circulares que se sobrepde a frequéncia precessional em
torno do campo externo conhecida, como frequéncia de Larmor. Quando se aplica um
pulso de radiofrequéncia, o objetivo ¢ mudar o plano de magnetizagao (longitudinal para
o transversal), ou seja, o pulso de radiofrequéncia deve ser perpendicular ao campo
magnético externo. Desta forma a variagdo da magnetizacdo transversal € o que o
equipamento pode detectar. A precessdo da magnetizacao transversa induz sinais elétrico

no cabo da bobina (MAZOLLA, 2009).

A RMN ¢ utilizada para determinacdo de um dado composto nos complexos de

inclusdo. Essa técnica permite elucidar a estrutura do complexo e identificar as fragdes
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da molécula que podem estar interagindo com a estruturas da CD (cavidade). A interagdo
entre a molécula hospedeira e os complexos de inclusdo apresentam alteragcdes nos sinais
espectrais de ambas as moléculas. A comprovacdo destes resultados sdo observados
diante de analises comparativas entre as moléculas isoladas e os complexos de inclusdo

(TOMA e TOMA, 2007).

3.6.1.4 Difracdo de Raios X (DRX)

Esta técnica mede a intensidade de raios-X difratados por uma amostra sélida em
diferentes angulos. Essa metodologia baseia-se na lei de Bragg que esta relacionada ao
espalhamento de ondas incidentes provocados por estruturas cristalinas. Essa detec¢do

pode ser observada através de um filme fotografico ou um detector (Fig. 13).
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Figura 11 - Esquema de preparacio, leitura ¢ analise de dados através da difragdo de raios-x.

As moléculas hospedeira, geralmente apresentam picos de intensidade em varios
angulos diferentes, o que caracteriza estes compostos pela sua cristalinidade. No entanto,
as CD apresentam ligacdes de hidrogénio tanto intra quanto intermoleculares, o que torna
este material mais amorfo. Ou seja, diferentemente de compostos cristalinos, nao ha a
presenga de picos caracteristicos. A determinacdo dos complexos de inclusdo baseia-se
na comparacdo dos perfis nos difratogramas entre as moléculas hospedeiras e os
complexos de inclusdo contendo estas moléculas. Em geral, quando héa a formagéo de
complexos contendo CD, ocorre a diminui¢do ou a total redugdo da intensidade dos picos

da molécula hospedeira (MENDONCA et al., 2012).
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3.6.1.5 Analises Térmicas de CD

A andlise térmica destina-se a estudar o comportamento dos materiais a medida
que mudam com a temperatura. Ha uma variedade de métodos, no entanto, os mais
comuns destinados a avaliar o comportamento térmico das ciclodextrinas em relagdo a
um composto sdo pela calorimetria diferencial de varredura (DSC, do inglés Differential
Scanning Calorimetry) e pela termogravimetria (TG). Na DSC o fluxo de calor ¢ avaliado
em fung¢do da temperatura ou tempo. Na TG, observa-se a mudanca de massa em funcao
da temperatura ou tempo (GIORDANO, et al., 2001). Existem equipamentos que podem
fazer a analise térmica simultanea (STA) onde geralmente se aplica simultaneamente a

TG e a DSC numa mesma amostra ¢ em um unico instrumento (Fig. 12).

100

Weight(%)
g

3
Temperature Difference (°C)

L -
o 200 400 600 800

Temperature(°C)
Equipamento de andlise térmica Analise de Dados
Termograma

Figura 12 - Esquema de preparagdo, leitura e andlise de dados através da andlise térmica

(calorimetria diferencial de varredura e termogravimetria).

As condigdes de ensaio sdo perfeitamente idénticas para os sinais TGA e DSC (mesma
atmosfera, pressdao de vapor da amostra, taxa de aquecimento, contato térmico com o
cadinho e sensor da amostra, efeito de radiacdo, etc.). As medi¢des podem ser realizadas

no ar ou sob um gas inerte (por exemplo, azoto ou hélio) (GIORDANO et al., 2001).
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4 METODOLOGIA

4.1 REAGENTES E MATERIAIS

O DOx LPSF/NB-14 (5-benzil-3-etil-2-tiooxazolidin 4-ona) foi gentilmente
cedido pelo Laboratorio de Planejamento e Sintese de Farmacos da UFPE. A 2-
hidroxipropil-beta-ciclodextrina (HP-B-CD), acetona, acetonitrila, metano, MTT
Formazan, DMSO, clorafenicol e fluconazol foram obtidos da Sigma-Aldrich (St. Louis,
MO, USA). O Ficoll-Paque PLUS foi obtido da GE Healthcare (Little Chalfont, UK). O
Agar Mueller-Hinton (MH), Agar SABOURAUD e meio RPMI 1640 foram obtidos da
Life Technologies (Carlsbad, CA, USA). O Agua Nutriente Difco™ foi obtido da BD
(Franklin Lakes, NJ, USA). A placas de microtitulagdo planas de 96 pogos foram
adquiridas da TPP (Trasadingen, Suica). filtros de seringa PVDF de 0,45 pm (Dueren,
DE. Os solventes utilizados foram o tampao fosfato (PBS 0,9%, (pH 7.4) e agua
deionizada obtida de sistema Millipore (Billerica, MA, USA).

4.2 LINHAGENS BACTERIANAS

A cepa de bactéria gram-positiva foi de Stahylococcus aureus MRSA (ATCC®
29213) enquanto as cepas gram-negativas foram Salmonella typhimurium (ATCC®
14028), Shigella flexneri (ATCC® 12022) e Enterobacter cloace (ATCC® 13047).

Todas as bactérias foram mantidas em Agar Nutriente Difco™ e guardadas a 4°C.

4.3 LINHAGENS FUNGICAS

Nove linhagens fungicas foram testadas. Seis espécies de leveduras: quatro do género
Candida (C. krusei, C. parapsilosis, tropicalis, C. glabrata) ¢ duas do género
Cryptococcus (C. gattii and C. neoformans). Trés espécies de dermatofitos também foram
avaliadas (M. gypseum, T. rubrum e T. mentagrophytes). Todos os fungos foram mantidos

em Agar Sabouraud Dextrose a 37°C.
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4.4 LINHAGENS DE CELULAS TUMORAIS

Duas linhagens celulares foram testadas: MCF-7 (ATCC® HTB-22) e T-47D
(ATCC® HTB-133) obtidas do banco de células do Rio de Janeiro (Duque de Caxias, RJ,
BR).

4.5 TESTES DE SUSCEPTIBILIDADE DE BACTERIAS AO LPSF/NB-14

A metodologia aplicada neste estudo baseou-se microdiluicdo em placa de 96
pocos em caldo Mueller-Hinton (para bactérias) ou Sabouraud (para fungos) para droga
isolada e em sinergismo. As suspensdes bacterianas foram padronizadas de acordo com
a escala 0,5 de MacFarland em PBS a 0,9% que equivale a concentragdo de

aproximadamente 1,5x10% UFC/mL.

Inicialmente 80 pL do meio MH foi distribuido em todos os pogos da placa. Em
seguida, adicionou-se 100pL (1 mg/mL) de cada droga/complexo na primeira fileira da
microplaca (1° coluna) no sentido vertical. Posteriormente a droga ¢ distribuida com
auxilio do multipipetador até a penultima coluna (11° coluna). A ultima fileira (12°
coluna) é reservada para o controle positivo (solugdo composta de PBS a 0,9% e

Clorafenicol a 500 pg/mL.

Na segunda etapa deste experimento, uma discreta algada foi retirada da coldnia
bacteriana e adicionada em tubo contendo 5 mL de PBS 0,9% de modo a alcangar a escala
0,5 de MacFarland. Em seguida 100 pL da suspensdo foi adicionado a outro tubo
contendo 9 mL de PBS 0,9% para reduzir diluir a solug@o bacteriana de 1,5x108 para
1,510 UFC/mL. Apds a etapa de distribuigdo do caldo MH e controle positivo, 20uL
desta solugdo bacteriana foi adicionada em todos os pogos. A microplaca ¢ entdo incubada

em estufa a 37°C por 24 horas (Fig. 15).

Preparagio da Amostra Incubaciio em estufa Leitura das microplacas Anilise de Dados
Microplacas de 96 pogos 37°C / 24 horas 490 nm Planilhas eletronicas
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Figura 13 - Esquema de preparagdo, leitura e andlise de dados através do teste de susceptibilidade de

bactérias para o DOx em microplaca.

4.6 AVALIACAO DA CONCENTRACAO INIBITORIA MINIMA (CIM) POR
DENSIDADE OTICA (DO) EM BACTERIAS

Nesta etapa as placas apds 24h sdo submetidas a leitura para obtencdo da
densidade otica a 490nm através de espectrofotdmetro para microplacas (Polaris, CELER,
MG, BR). A CMI ¢ determinada se a diminui¢do da concentracdo corresponder
igualmente ou maior a 50% da DO em relagdo ao poco controle. Por fim, a determinagdo
da CMI com efeito bactericida deve ser feita a partir da retirada do pogo onde houve
inibigdo para que seja feita em placa de Petri contendo Agar Nutriente e incubagdo por
48 h a 37°C. O experimento s6 pode ser considerado valido se o desvio-padrdo for
proximo a zero. A revelagdo visual com corante supravital pode ser realizada através da
inser¢do de 40 pL de cloreto de trifeniltetrazolio (CTT) onde, células que ainda estdo

vidveis sdo coradas em vermelho.

4.7 TESTE DE SUSCEPTIBILIDADE DE FUNGOS PARA O LPSF/NB-14

O método utilizado seguiu as condi¢des descritas no documento em M27-A3
(CLSI, 2008). O meio de cultura utilizado foi o RPMI 1640 (Sigma-Aldrich, EUA) com
L-glutamina e sem bicarbonato de soédio, pH 7,0 = 0,1, com acido morfolino propano
sulfonico (MOPS) a 0,165 mol/LL (Sigma-Aldrich, EUA). O meio de cultura foi
esterilizado em membranas de 0,22 um (Millipore, Darmstadt, Alemanha). Os agentes
antifungicos comerciais utilizados foram a anfotericina B (Bristol-Myers Squibb,
Princeton, USA) diluida em DMSO e o fluconazol (Pfizer, Nova York, EUA), preparado
em agua destilada. Concentracdes diferentes de ambos antifingicos foram preparados e
usados nos intervalos de 0,03 a 16 pg/mL para anfotericina B e 0,125 a 64 pg/mL para
fluconazol. Os DOx foram diluidos em DMSO e as concentragoes testadas variaram de 2
a 1.024 ug/mL. As espécies de Candida, Criptococcus e dermatofitos utilizadas foram
mantidas em meio Sabouraud Dextrose Agar (SDA) e incubadas a 35°C. As suspensdes
dos isolados foram preparadas em solugdo salina, e sua densidade foi ajustada de acordo
com a escala 0.5 de MacFarland em 90% da transmitancia utilizando um

espectrofotometro a 530 nm. O volume do in6culo foi ajustado para 5 mL de solucdo
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salina esterilizada e, posteriormente, diluido em RPMI 1640 para uma concentragdo de
2-5x10° céls.mL!'. Para os testes de sensibilidade, foram utilizadas placas de
microtitulagdo planas de 96 pocos. O indculo foi adicionado aos pogos com as drogas a
serem testadas, e as placas foram incubadas a 37°C durante 48 horas para determinagdo
da Concentragdo Inibitéria Minima (CIM). As CIMs para anfotericina B e os DOx foram
determinadas para 100% e do fluconazol para >50% de inibigdo em relagdo aos pogos

controles (Fig. 14).

> all

Preparacio da Amostra Incubacio em estufa Leitura das microplacas Anilise de Dados
Microplacas de 96 pogos 37° (48h ou 72h) 530 nm Planilhas eletrdnicas

Figura 14 - Esquema de preparacao, leitura e analise de dados através do teste de susceptibilidade de fungos

para o DOx em microplaca.

4.8 PREPARACAO DOS COMPLEXOS DE INCLUSAO DO DOX COM HP-B-CD

A técnica utilizada neste estudo foi de co-evaporagdo descrita por Gosh et al.
(2011) modificada. Quantidades de DOx ¢ HP-B-CD em taxas molares (1:1) foram
dissolvidos em acetona: dgua respectivamente. A solucdo de droga foi adicionada gota-
a-gota em solucao de HP-B-CD previamente sob agitacdo. O contetido foi continuamente
agitado por 6 horas e rotaevaporado a 45-50°C por aproximadamente 90 minutos. Apds
a secagem completa do material, o sélido obtido foi liofilizado a 4x107% Bar for 48 horas

estocado em dessecadores para utilizacao posterior.

4.9 PREPARACAO DE MISTURA FiSICA

Uma mistura fisica consistindo de LPSF/NB-14 (5mg) em HP-B-CD (30mg) foi
misturada em proporgdes equimolares ¢ com o auxilio de um almofariz ¢ um pistilo por

10 minutos obteve-se uma mistura homogénea.
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4.10 MODELAGEM MOLECULAR DOS COMPLEXOS DE INCLUSAO
DOX:HP-B-CD

Dois aspectos sintéticos de derivados da CD foram levados em consideragdo para
modelagem molecular: 1) regioseletivo: a reagdo preferivelmente ocorreu no grupo
hidroxila primario OH(6), pois estes estdo mais acessiveis, seguidos da hidroxila
secundaria OH(2) com alta acidez (pKa=12.2) (WENZ, 1994); derivados homologos com
razdo de substituicdo (MS) mais baixa e mais elevada (TREIB et al., 1999), no qual
também sdo formados na mistura obtida como produto final (WENZ, 1994).

Nossa abordagem foi a de construir praticamente 1000 estruturas (40
configuragdes com 25 diferentes conformagdes cada) para o modelo HP-B-CD, a partir
da estrutura tridimensional da B-ciclodextrina (B-CD) (SAENGER et al., 1998). As 40
configuragdes foram construidas considerando os dois aspectos sintéticos mencionados
anteriormente. Tendo em conta o MS de 0,6, parece razoavel considerar que a estrutura
de HP-B-CD (7 unidades de glucose) tem, em média, 4 unidades de HP (0,6x7 = 4,2).
Assim, foram construidas 20 configuragoes de HP-B-CD com 4 unidades de HP, 10
configuragdes com 3 unidades de HP e 10 configuracdes com unidades de 5 HP--CD.
Para cada unidade HP adicionada, foi tida em conta a probabilidade de 70% para OH
(posi¢do 6), 20% para OH (posic¢do 2) e 10% para OH (posicdo 3), para selecionar a
posicdo OH para substitui¢do. A busca de conférmeros foi realizada usando Genetic
Algorithm and Energy Score Function disponivel na OpenBabel library (O'BOYLE et al.,
2011), com parametro de convergéncia padrdo. As otimizagdes geométricas para todos as
1000 estruturas foram computadas usando MMFF94s force field (HALGREN, 1999),

novamente com a mesma biblioteca e critérios padroes.

Em seguida, uma abordagem de ancoragem (docking) molecular para encontrar
os complexos de inclusdo hospedeiro (guest): hospede (host) (HP-B-CD: LPSF/NB-14).
Utilizou-se o software Autodock VINA (TROTT E OLSON, 2010), considerando cada
estrutura completa de derivado de HP-B-CD como o sitio ativo e ajustando o pardmetro
de exaustividade para 8. As energias de interacdo intermolecular para todos os 1000
complexos foram calculadas. Toda a abordagem utilizada para a modelagem molecular
foi realizada de forma automatizada, utilizando uma plataforma desenvolvida pelo nosso

grupo de pesquisa, denominada CycloMolder.
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4.11CARACTERIZACAO DOS COMPLEXOS DE INCLUSAO (DOX/ HP-B-CD)

4.11.1 Estudo de Fase de Solubilidade

Os estudos de fase de solubilidade foram conduzidos de acordo com Higuchi &
Connors para determinar a razdo estequiométrica da droga com HP-B-CD (HIGUCHI E
CONNORS, 1965). Seis quantidades de LPSF/NB-14 (1.67 mg) foram misturadas a 2
mL de uma solu¢do aquosa contendo CD variando de 0 até sua solubilidade maxima e,
subsequentemente, vigorosamente agitado por 48h a 25°C. Em seguida, amostras foram
centrifugadas a 8972G por 10 minutos e filtradas com membranas PVDF de 0,45um
(Dueren, DE). A solugfo filtrada foi analisada por espectrofotometria UV-Vis a A=286
nm. A partir dos valores de inclinagdo e interseccdo (S0) da curva de fase de solubilidade,

a constante de estabilidade (Kc) foi determinada (Eq. 1).

slope
Kia

17 [So X (1 — slope) ™

A eficiéncia de complexacdo (EC) de LPSF/NB-14 foi determinada a partir dos

dados obtidos da curva de solubilidade de acordo com a equacido a seguir (Eq. 2):

slope

CE= (1 — slope)

(2)

4.11.2 Microscopia eletrénica de varredura

A analise morfologica das amostras (DOX, HP-B-CD e complexo de inclusdo)
foram realizadas por microscopia eletronica de varredura. As amostras foram depositadas
sobre uma superficie de eletrodo de disco e colocado sobre um suporte de aluminio fixado
com cola de carbono. Apos este procedimento as amostras foram submetidas a um
processo de metalizagdo com ouro utilizando uma evaporadora de revestimento fino EM
SCD 500 (Leica Mycrosystems, Wetzlar, DE) e examinado com o uso de um microscopio

eletronico de varredura QUANTA 200 (FEI, OR, USA) a 30 kV.
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4.11.3 Analise de Espectro de Infravermelho (FTIR)

Os espectros de infravermelho da droga e do complexo e inclusdo (4000 — 400 cm™)
foram obtidos utilizando o método de KBr utilizando um espectrofotometro com
transformada de Fourier Vertek 70 (Bruker, MA, USA). A correcdo do baseline foi
realizada utilizando brometo de potassio e entdo o espectro das misturas secas de droga e

complexos de inclusdo em brometo de potassio foram gravadas.

4.11.4 Ressonancia Magnética Nuclear ("H-NMR)

O espectro de 'H-NMR foi gravado em um espectrofotdmetro Varian 400 MHz
(Varian, USA) utilizando DMSO-d6 como solvente. Os deslocamentos quimicos foram

relatados em 6 (ppm) em relagdo ao tetrametilsilano (TMS) como padrao interno.

4.11.5 Difracio de Raios-X

Os padrdes de difragdo dos complexos de inclusdo foram comparados com o DOxs
puro (LPSF/NB-14). Este procedimento foi realizado com um intervalo angular 3-80°, a
uma velocidade de 0,03°/segundo ¢ com tempo de analise de 2671 segundos num

difratometro de raio-X D8 Advance (Bruker, MA, USA).

4.11.6 Analise Térmica

A termogravimetria (TGA) e a calorimetria diferencial de varredura (DSC) foram
realizadas utilizando um STA 449 F3 Jupiter® (NETZSCH, Asch, CZ). As amostras
foram colocadas num cadinho de platina e os termogramas foram registrados com uma

taxa de aquecimento de 10°C.min! num intervalo de 20° to 310°C (LI e XU, 2010).

4.12 ENSAIO DE MTT

A citotoxicidade dos compostos DOx, HP-3-CD e DOx: HP-B-CD foram testadas
contra duas linhagens tumorais: MCF-7 (adenocarcinoma de mama) e T47-D

(adenocarcinoma ductal mamario). Todas as células foram obtidas do banco de células
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obtidos do Rio de Janeiro. As células foram cultivadas em meio RPMI-1640 com 10% de
soro bovino fetal, 2 mM de glutamina, 100 mg/mL estreptomicina ¢ 100 U/mL de
penicilina a 37°C com 5% de CO». Para os experimentos, as células foram plaqueadas
com microplacas de 96 pogos (10* células/pogo). Apds 24 horas, os compostos (1 a
100uM) dissolvidos em DMSO a 0.1% (DOx) e H2O (2-HPBCD e OxD: 2-HPBCD)
foram adicionadas em cada poco e incubados por 72h. A doxorubicina foi usada como
controle positivo. O crescimento das células tumorais foi quantificado pela habilidade das
células vivas de reduzir o corante amarelo, brometo de 3-(4,5-dimetil-2-tiazolil)-2,5-
difenil-2H-tetrazolio (MTT) em um produto, o azul de formazan. Apds 72h de incubagao,
20uL de 0.5 mg/mL de MTT foram adicionados em cada pogo, e as células foram
incubadas novamente a 37°C com 5% de COxz. Trés horas depois, a redugdo do produto
de formazan do MTT foi dissolvido em 20% de SDS, e a absorbancia foi medida
utilizando um leitor de microplaca (EL80S, Biotek, USA). O efeito da droga foi
quantificado bem como o percentual dos controles da absorbancia a partir da redugdo do

produto em 570 nm. Os experimentos foram realizados em triplicata.

4.13  CITOTOXICIDADE EM CELULAS MONONUCLEARES DE SANGUE
PERIFERICO

As células mononucleares de sangue periférico (PBMCs) foram obtidas de sangue
heparinizado de doadores sadios (n=6), ndo fumantes dos quais nao fizeram uso de drogas
por pelo menos 15 dias antes do dia da coleta da amostra. As PBMCs foram isoladas via
método padrio por centrifugacdo baseada em diferenca de densidade do gradiente com
Ficoll-Hypaque (GE Healthcare, UK). As células foram contadas numa camara de
Neubauer, e a viabilidade foi determinada pelo método de exclusdo utilizando o azul de
tripano. As células foram apenas usadas em casos onde a viabilidade foi >98%. Todos os
doadores assinaram o termo de consentimento aprovado pelo comité de ética e pesquisa
da UFPE. As células foram plaqueadas em microplacas de 96 pogos (10 células/poco).
Ap6s 24 horas, os compostos DOx, HP-B-CD e DOx: HP-B-CD em 6 concentragdes (1 a
100 puM) foram aplicadas nas placas onde foram incubadas por 48h. Por ultimo, os

procedimentos realizados foram os mesmos descritos no topico acima.
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4.13.1 ANALISE ESTATISTICA

Todos os resultados foram analisados por comparacdes univariadas usando testes
ndo paramétrico com p<0.05 considerado como associagdo significante. Todos os dados
quantitativos foram plotados, bem como, os valores de ICso foram obtidos por regressdo

ndo linear desenvolvidos com o software GraphPad Prism 6 (CA, EUA).

5 RESULTADOS E DISCUSSAO

5.1.RESSONANCIA MAGNETICA DE HIDROGENIO ('H) E CARBONO-13 (13C)
DE LPSF/NB-14

RMN-H (LPSF/NB-14): Solido branco, 6 1.22 ppm (t, 3H, CHs, j=7,2 Hz), 3.82
ppm (q, 2H, CH», j=7,2 Hz), 6.94 ppm (s, 1H, =C-H), 7.49-7.56 (m, 3H, C-H aromatico),
7.88 pm (d, 2H, j=8,4 Hz, C-H aromatico). RMN-C13 (LPSF/NB-14): & 11.68 ppm
(CH3), 37.73 ppm (CH2), 112.42 ppm (=C-H), 129.18 — 131.04 (C-H Aromaético), 139.10
(C=C), 161.54 (C=S), 183.32 ppm (C=0).

5.2. TESTES DE SUSCEPTIBILIDADE DE BACTERIAS COM O LPSF/NB-14

Os testes de susceptibilidade foram realizados para determinar a concentragio
minima inibitoéria do DOx através do método de microdilui¢do em placa. Inicialmente
avaliamos o potencial antibacteriano do DOx em forma livre. As linhagens testadas em
linhagens gram-positivas (Staphyloccoccus aureus MRSA) e gram-negativas (Salmonella
typhimurium, Shigella flexneri, Enterobacter cloacae). A validagdo do CMI é confirmada
se a densidade 6tima for menor que 50% a densidade otica do controle positivo com
antibidtico de amplo espectro (Clorafenicol 10 pg/mL). Os CMIs de LPSF/NB-14 estao

presentes na Tabela 3.

Tabela 3 - Susceptibilidade in vitro de linhagens bacterianas de LPSF/NB-14 determinados pelo método

de microdilui¢do em placa
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Espécies (no. de isolados) LPSF/NB-14 (ng/mL)
Clorafenicol
Shigella flexneri (1) 512 8
Staphyloccoccus aureus MRSA (2) 512 8
Salmonella typhimurium (1) 512 8
Enterobacter cloacae 256 8

Em geral, as CMIs apresentados nas linhagens bacterianas testadas foram altas com
valores entre 256 ug/mL a 512 pg/mL para o DOx. Levando em consideracdo os
resultados apresentados, o composto apresenta uma atividade bacteriostatica porém nao
apresenta um atividade bactericida. Alguns pesquisadores sugerem que solubilizagdo de
alguns antibioticos muito hidrofébicos poderiam contribuir para a potencializagdo de uma
atividade antibacteriana podendo ter um efeito quatro vezes maior em relagdo aos

compostos puros (ALEEM et al., 2008; SUN et al., 2011).

5.3. TESTES DE SUSCEPTIBILIDADE DE FUNGOS COM DOX

Os testes de susceptibilidade para fungos foram realizados para determinar a
concentragdo minima inibitéria do DOx através do método de microdilui¢do em placa.
Inicialmente, nos testamos a atividade bioldgica com o DOx em sua forma livre. Dois
tipos de leveduras foram avaliados, dos quais quatro espécies foram do género Candida
(C. krusei, C. parapsilosis, C. tropicalis and C. glabrata) e dois do género Cryptococcus
C. neoformans and C. gatti). Adicionalmente, foram utilizadas trés espécies de
dermatoéfitos: um do género Microsporum (M. gypseum) e dois do género Trycophytum
(T. rubrum, T. mentagrophytes). A validacao do CMI foi confirmada se a densidade 6tima
for menor que 50% a densidade otica do controle de crescimento positivo (CP). Além
disso, no controle de crescimento negativo (CN) ndo houve inser¢cdo de DOx ou fungo.

Os CMIs de LPSF/NB-14 estao presentes na Tabela 4.

Tabela 4 — Susceptibilidade in vitro de isolados fungicos de LPSF/NB-14 determinados pelo método de

microdilui¢do em placa.
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Espécies (no. de isolados) LPSF/NB-14 (ug/mL)
Fluconazol (ng/mL)

C. krusei (1) 512 2
C. parapsilosis (1) 512 2
C. tropicalis (1) 512 2
C. glabrata (1) 512 2
Cryptococcus gattii (2) 128 2
Cryptococcus neoformans (2) 256 2
Microsporum gypseum (1) 128 2
Trichophyton rubrum (1) 16 2
Trichophyton mentagrophytes (2) 16 2

A CMI do DOx para todas as espécies de Candida apresentou uma atividade
fungistatica (512 pg/mL). Em relagdo as espécies do género Cryptococcus, observou-se
que os valores variaram entre 256 pg/mL e 128 pg/mL para as espécies C. neoformans e
C. gatti, respectivamente. No entanto, os valores de CMI entre dermatofitos apresentaram
valores menores em relag@o a outras espécies. Enquanto a M. gypseum apresentou uma
128 pg/mL, as espécies Trichophyton (T. rubrum e T. mentagrophytes) apresentaram
valores menores (16 pg/mL). Tais resultados foram semelhantemente observados em
outro derivado testado por Kawai ef al., o tioxaprofeno. Este derivado apresentou um
efeito negativo sobre negativo sobre mitocondria de dermatofitos das espécies 7. rubrum

e T. mentagrophytes (8 pg/mL) (KAWALI et al., 1983).

5.4. MODELAGEM MOLECULAR DO COMPLEXO DE INCLUSAO DOX:HP-B-
CD

Os resultados da ancoragem molecular demonstraram duas orientagdes em relagdo
a posicdo de molécula hospede (LPSF/NB-14) dentro de molécula hospedeira (HP-f-
CD). A primeira, chamada de orientagdo 1, tem o anel tioxazolidinico dentro da cavidade
da HP-B-CD, e o outro, denominado orientagdo II, tem o anel benzénico dentro da

cavidade.
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A média de energia de ancoragem para as dez primeiras melhores solucdes,
considerando a orientagdo I, é de -5,6 kcal / mol. Por outro lado, a energia média das dez
primeiras melhores solugdes para orientagdo II € -5,4 kcal/mol, portanto menos estavel.
A melhor solu¢do de ancoragem global para a orientacdo I ¢ mostrada na Fig. 15a, com
uma energia de atragdo de -5,9 kcal/mol, enquanto que a melhor solu¢do de ancoragem
global para a orientagdo II pode ser encontrada na Fig. 15¢, com uma energia de -5,6

kcal/mol.

Orientation | kcalmol  Orientation Il
59 12 56
5.7 2= -5.5
5.6 3% 55
5.6 a° -5.4
5.6 5e -5.4
5.5 62 5.3
5.5 7% -5.3
] 82 53
-5.5 9 5.3
5.5 102 -5.3
5.6 Average -5.4

Figura 15 — Resumo dos resultados de ancoragem. A) Melhor solu¢do de ancoragem para a orientagdo I.
B) Tabela de energia de ligacdo (kcal/mol) das dez melhores solugdes para cada orientagdo. C) Melhor
solucdo para orientagdo II. Linhas tracejadas representam as ligagdes de hidrogénio entre HP-B-CD (host)

e 0 DOx LPSF/NB-14 (guest).

A melhor solu¢do de acoplamento para a orientagdo I é estabilizada por varios contatos
hidrofébicos e por trés ligacdes de hidrogénio (2,9 A, 3,0 A e 3,1 A), enquanto a melhor
solucdo para a orientacdo Il ¢ também estabilizada por varios contatos hidrofobicos, mas
apenas por duas ligacdes de hidrogénio (2,9 A e 3,1 A). Os resultados finais de modelacio
molecular apontam a orientag@o I como a mais estavel, e deve ocorrer na mistura por uma

proporcao maior, para o complexo de inclusdo HP-B-CD: LPSF / NB-14 (guest: host).



57

5.5.CARACTERIZACAO DOS COMPLEXOS DE INCLUSAO (DOX/ HP-B-CD)

5.5.1 Estudo de Fase de Solubilidade de LPSF/NB-14

O diagrama de fase de solubilidade de LPSF/NB-14 em solucdo aquosa de HP-B-CD
apresentou curvas do tipo AL (Fig. 16). Os dados foram ajustados por regressdo linear de
acordo com a seguinte formula [LPSF/NB-14]sgua = 0.1686 x [HP-B-CD ]+ 0.1950 (r* =
0.99915). As constantes de solubilidade de LPSF/NB-14 em solucdo aquosa de HP-3-CD
a 25°C foide K1:1=0.316 onde So=0.64mM. O incremento de solubilidade em LPSF/NB-
14 com HP-B-CD foi alcangado em 12.62 mM. Este Gltimo dado demonstra que houve
um aumento na solubilidade vinte vezes maior em relagdo ao composto puro. O
coeficiente de encapsulamento (CE) foi de 0.202 de acordo com a equacdo 2. De acordo
com Loftsson et al., se o CE for igual a 0.1, 1 em cada 11 moléculas de CD formam
complexo com a droga, no entanto, se o0 CE > 0.2, uma quantidade menor de moléculas
CD interage com a droga. Neste contexto, aproximadamente 1 a cada 5 moléculas de CD

formam complexos com a droga, neste caso, 0 DOx (LOFTSSON et al., 2005).

70 <4

60 4

IS @
S 3

LPSF/NB14 (mM)

(l) 5’0 150 1%0 2(‘30 2%0 3(’)0 3;0 4(’)0 450
2-HPBCD (mM)
Figura 16 - Diagrama de fase de solubilidade para DOx LPSF/NB-14 a 25°C na presenca de HP-B-

CD.
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5.5.2. Analise Morfologica

A morfologia de LPSF/NB-14 apresentou uma forma cristalina acicular (Fig.
17a,al). Por outro lado, as imagens relacionadas aos complexos de inclusdo (Fig. 17b,
b1) revelaram uma mudanca significante na morfologia demonstrando uma aparéncia
amorfa. Estudos anteriores demonstraram comportamento similar para tais complexos de
inclusdo devido a formagdo de agregado de CDs (FAUZIAH et al., 2013; SONGNGAM
etal,2014).

Figura 17 — Micrografias de LPSF/NB-14 (a,al) e complexo de inclusdo LPSF/NB-14:HP-B-CD (b,bl).
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5.6. Espectroscopia de infravermelho com transformada de Fourier

O FTIR foi utilizado para avaliar a formag¢do dos complexos de inclusao (Fig. 18).
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Figura 18. Espectro de FTIR de LPSF/NB-14 e dos complexos de inclusdo LPSF/NB-14:HP-B-CD obtidos

por mistura fisica e pelo método de co-evaporagao (razdo molar 1:1).

Adicionalmente, o espectro de I'V foi obtido comparando a eficiéncia do método
de co-evaporagdo ¢ a mistura fisica. Os resultados demonstraram a formagdo dos
complexos de inclusdo considerando a intensidade das bandas de absor¢do dos grupos
funcionais de DOx. Neste caso uma maior intensidade foi observada através da utilizacdo
do método de co-evaporagdo em relagdo a mistura fisica demonstrando que houve uma

maior incorporagdo do composto pelo método de co-evaporagao.

O espectro de IV de LPSF/NB-14 apresentou bandas em 1750-1735 cm™! (C=0,
alongamento), 1600-1585 c¢cm™ (C—C, alongamento aromatico), 1360-1290 cm™ (C-N
alongamento, aminas alifaticas). O espectro de IV de LPSF/NB-14 também demonstrou
a presenca de bandas em (C —H alongamento vibracional), 1745 e 1695 (C=0O
alongamento), € 1631 ¢cm™ (C=C alongamento). O espectro de IV de HP-B-CD sdo
semelhantes e apresentam bandas de absor¢do em ~3411 (O-H alongamento
vibracional), ~2931 (C—H alongamento vibracional), ~1157, ~1089, e ~1029 cm™! (C-H
and C—O alongamento vibracional) (dados ndo mostrados). Eles apresentam uma grande
sobreposi¢do de sinais, com pequenas alteragdes na intensidade, amplitudes e formas das
bandas de absorcao, indicando a formagao de complexos como novos compostos, com

faixas tipicas de impressao digital.
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Os experimentos de RMN-'H foram realizados para confirmar o complexo de inclusdo

LPSF/NB-14:HP-B-CD, avaliando os deslocamentos quimicos (Ad) de compostos puros

(LPSF/NB-14 e HP-B-CD) em uma razao molar 1:1 (Tabela 5).

O LPSF/NB-14 RMN-'H (400 MHz, DMSO-d6) apresentou: 6=1.22 (t, 3H, CH3,
J=17,2Hz), 3.82 (q, 2H, CH2, J= 7,2 Hz), 6.94 (s, 1H, =C-H), 7.49-7.56 (m, 3H, C-H Ar),
7.88 (d, 2H, J= 8,4 Hz, C-H Ar). As mudancas nos deslocamentos de Hi4 foram

verificadas com um ASH4=0.010 ppm. Outros sitios de ligagdo de hidrogénio também

apresentaram deslocamentos quimicos no préton H de 0.020 ppm a 0.030 ppm (Tabela

1.

Tabela 5 — Sinais de 'H-NMR: LPSF/NB-14 ¢ LPSF/NB-14:2-HPBCD (razdo molar 1:1).

LPSF/NB-14  OLpSE/NB-14 (ppm)  OLPSF/NB-14:HP-B-CD (ppm)  Ad(ppm)
Hi(a) 7.49-7.56 7.51-7.57 0.02-0.01
H, (b) 7.88 7.90 0.02
Hs(c) 6.94 6.96 0.02

Ha (d) 3.82 3.83 0.01

Hs (e) 1.22 125 0.03

5.8. Difracao de Raios-X

A difracdo de raios X (DRX) ¢ uma técnica eficaz para determinar a natureza do sélido

cristalino e considerada essencial para a caracterizagdo de complexos de inclusdo. Os

padroes XRD de DOx apresentaram dois picos bem definidos para LPSF/NB-14 (Fig. 19)

que representa uma ordem estrutural tipica de um solido cristalino.
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Figura 19 — Difratograma de LPSF/NB-14 (a), LPSF/NB-14: HP-B-CD (b) HP-B-CD (c) (razdo molar
1:1).

Em geral, CDs natural e sintético ndo apresentam picos bem definidos e sdo
caracterizados como materiais amorfos (Choe et al., 2003). A HP-B-CD apresentou
caracteristicas amorfas e distintiva de LPSF/NB-14. Uma diminui¢do na intensidade de
pico do complexo de inclusdo foi observada quando comparada com ao DOx puro,
indicando uma perda de cristalinidade e blindagem devido a incorporagdo do composto

dentro da estrutura da CD.

5.9. Analise Térmica

Avaliou-se o comportamento térmico de LPSF/NB-14, HP-B-CD e complexo de
inclusdo (razdo molar 1: 1). O LPSF/NB-14 apresentou pico exotérmico a 136,57°C com
um calor de reacdo de 4,19 mW/mg. Este fendmeno surge durante o aquecimento antes
da temperatura de decomposigdo. Por outro lado, a HP-B-CD apresentou pico exotérmico
a 103,52 °C com calor de 1,07 mW/mg. Observando-se o comportamento térmico do
complexo de inclusdao LPSF / NB-14:HP-B-CD, observou-se a presenca de uma mudanga
exotérmica de 143,77 °C com uma reagdo de 0,83 mW/mg. A diferenga entre as
temperaturas de reagdo observadas entre as moléculas puras e o complexo de inclusdo
contribuiu para uma alteragdo no comportamento térmico do composto LPSF/NB-14

dentro da HP-B-CD (Fig.20).
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Figura 20. Curvas de CDV de LPSF/NB-14 ¢ do complexo de inclusio LPSF/NB-14:HP-B-CD (razdo

molar 1:1).
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Através da andlise de curvas termogravimétricas, ¢ possivel observar uma perda
de massa significativa de 27,5% de LPSF / NB-14 entre 250°C ¢ 300°C. HP-3-CD
mostrou uma perda de massa discreta (2,5%) de cerca de 125°C e 300°C. Em relagdo ao
complexo de inclusdo LPSF/NB-14:HP-B-CD, houve um comportamento de decaimento
semelhante ao das duas moléculas isoladas. A perda de massa do complexo de inclusdo
foi inferior (17,5% vs. 27,5%) em comparagdo com a molécula de LPSF/NB-14.
Inversamente, o complexo de inclusdo mostrou uma resposta maior em relacao a HP-f3-
CD (17,5% vs. 2,5%). Estes resultados sugerem que o CD contribuiu positivamente para
um deslocamento da temperatura, que esta associado a perda da massa em temperaturas

mais altas (Fig. 21).
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Figura 21. Curvas de TG de LPSF/NB-14, HP-B-CD e do complexo de inclusdo LPSF/NB-14:HP-B3-CD

(razdo molar 1:1).

Os resultados TG e DSC do complexo de inclusio LPSF/NB-14: HP-B-CD em
comparagdo com LPSF/NB-14 e HP-B-CD sugerem o sucesso do método de
complexagdo. Além disso, a determinagdo do ponto de fusdo € baseada em interagdes
intermoleculares, que estabilizam a estrutura cristalina do composto. Os resultados
sugerem que CD criou uma estabilidade termodindmica diferente para LPSF/NB-14, o
que resultou em um comportamento térmico diferente.

Nossos resultados confirmaram a formacao do complexo de inclusdo e sugeriram que
a molécula LPSF/NB-14 foi inserida na cavidade HP-B-CD substituindo as moléculas de
agua dentro dela. Além disso, a modelagem molecular corroborou com os resultados
experimentais, uma vez que se observou que a estabilidade do complexo de inclusdo
estava principalmente relacionada com grandes ligacdes H entre o hospede (LPSF/NB-

14) e o hospedeiro (HP-B-CD).
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5.10. Estudo de viabilidade celular por MTT em PBMCs

O percentual de células viaveis foi obtido através da utilizacdo de seis concentragdes
molares diferentes (1uM a 100 uM) do DOx, 2-HP-B-CD e do complexo de inclusdo
utilizando o ensaio por MTT em meio RPMI 1640 (Fig. 22).
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Figura 22 - Citotoxicidade de DOx, HP-B-CD e complexos de inclusdo frente a células mononucleares de
sangue periférico (PBMCs).

A viabilidade celular das PBMCs em condigdes com o DOx foi de 95% (£ 2.3%) para
IpuM a 50uM. A HP-B-CD e o complexo de inclusdo demonstraram um percentual
semelhante (94% =+ 3%) para todas as concentracdes estudadas. Estudos anteriores
demonstraram que a ciclodextrinas possui uma citotoxicidade especifica e que depende
da célula envolvida (efeito dose-dependente) (SOFIAN et al., 2014, ZHANG et al.,
2009). Em geral, a diminui¢cdo drastica da viabilidade em concentracdes >25 puM sdo
indesejadas para eventuais testes in vivo sendo necessario estabelecer uma dose 6tima
levando em consideracdo a quantidade utilizada. O incremento da solubilidade do DOx
foi melhorado ao mesmo tempo que apresentou baixa toxicidade em células normais
mesmo sob a forma de complexo de inclusdo com a HP--CD.

A partir de um percentual de viabilidade, realizamos uma avaliagdo da atividade
antitumoral em linhagens de células tumorais nas mesmas concentragdes utilizadas nas

PBM(Cs (Fig. 23).
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Figura 23 — Citotoxicidade de DOx, HP-B-CD e complexos de inclusdo frente a linhagens de células
tumorais da mama (MCF-7 e T-47D).

Podemos perceber que o DOx apresentou uma diminui¢do gradativa na viabilidade
celular na linhagem tumoral de MCF-7 a partir de 10uM (93,59%) até 100uM (65,48%)
comparado ao complexo de inclusdo que obteve valores de 89,92% (10uM) e 57,06%
(100uM). Adicionalmente, realizamos um teste t multiplo para comparar as
concentragdes aplicadas em relagdo as mudangas na viabilidade e encontrar valores
estatisticos significantes a partir das concentracdes utilizadas. A analise demonstrou que
a concentragdo de 25uM comparada entre o0 DOx e o complexo de inclusdo foram
proximas da significancia estatistica (p= 0,0568).

Em relagdo aos testes aplicados a linhagem tumoral de T-47D, observou-se que a
atividade antitumoral foi maior em relacdo ao DOx em sua forma pura do que em relacao
ao seu complexo de inclusdo. Em relacdo a analise estatistica, exceto a concentragdo de
1uM e 25uM, o DOx apresentou uma significancia estatistica relevante (p<0,0001) em

relagdo ao DOx:2-HPBCD. Devido a apresentacdo destes dados, sugere-se que a regido
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de interagdo tenha sido afetada devido a incorporagdo da molécula dentro da
ciclodextrinas.

Um estudo conduzido por Agrawal et al., sugeriu que a citotoxicidade em células
tumorais ocorra através da interagdo com os receptores ativados por proliferador de
peroxissoma (do inglés, PPARy) (AGRAWAL et al., 2005). Tal observagao ja foi descrita
por Pal et al., onde derivados oxazolidinicos apresentaram citotoxicidade contra células
de cancer de mama (PAL et al., 2014). Recentemente um estudo realizado por Campos
et al., demonstrou que os DOX de familia semelhante ao apresentado neste estudo,
demonstraram uma atividade antitumoral relevante em células hematopoéticas,
predominantemente leucémicas com modulacdo dos genes envolvidos na apoptose
(PPARYy), estresse do reticulo endoplasmatico, necroptose e inflamacdo. Adicionalmente,
os resultados obtidos a partir da molécula ndo encapsulada sugeriram que esta molécula
possua uma importante fun¢do na inibi¢do e inducdo da apoptose, no entanto, estudo
comprobatdrios devem ser realizados através de ensaios de biologia molecular com
sondas marcadas (PCR em tempo real) (CAMPOS et al., 2017) ou citometria de fluxo
com marcadores fluorescentes como anexina e iodeto de propidio (P/) para esclarecer
melhor os mecanismos molecular envolvidos entre este composto e as células-alvo

(CROWLEY et al., 2016).



66

6 CONCLUSOES

A atividade biologica demonstrada pelo DOX apresentou uma atividade
bacteriostatica e fungistatica na maioria dos microrganismos testados.

O DOX apresentou atividade fungicida em duas espécies de dermatofitos (7. rubrum
e T. mentagrophytes) em concentracdes de 16 pg/mL.

Os estudos in silico contribuiram para um maior entendimento sobre o
comportamento da molécula em ciclodextrinas demonstrando viabilidade de desenvolver
complexos de inclusdo.

A metodologia de incremento de solubilidade baseada em ciclodextrinas no DOx foi
bem sucedida e confirmada por métodos de caracterizacdo e apresentando um aumento
20 vezes maior na solubilidade em 4dgua do que o composto puro.

A HP-B-CD demonstrou-se como um bom veiculo de liberagdo de droga, aumentando
sua solubilizacdo em relag@o a mistura fisica e ao composto puro.

Os complexos de inclusdo contendo DOx apresentou indices percentuais de
viabilidade celular em PBMCs, demonstrando um baixo efeito citotoxico em células

sanguineas.
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ABSTRACT

Oxazolidine derivatives (OxD) have been described as third-line antibiotics and some
reports demonstrated their potential as antitumor agent. However, OxD have low water
solubility that limit their use. In this context, the development of inclusion complexes
based on cyclodextrin (CD) results in increment of the solubility of these hydrophobic
compounds improving the bioavailability. In this study, we developed inclusion
complexes based on 2-hydroxy-beta-cyclodextrin (2-HPBCD) and a new synthetic
hydrophobic OxD compound (5-benzyl-3-ethyl-2-thioxazolidin 4-one). Initially, we
conducted an in silico study to evaluate the interaction capacity between a novel OxD and
2-HPBCD. Subsequently, analytical characterization techniques were performed through
scanning electron microscopy (SEM), Fourier transformed infrared (FTIR), nuclear
magnetic resonance spectroscopy ('H-NMR), X-ray diffraction and thermal analyses. The
maximum increment of solubility was obtained at 70 mM OxD using 400 mM 2-HPBCD,
resulting in a twenty-fold increase of the solubility comparing OxD in water (0.64 mM).
SEM analyses revealed a significant change in the morphology of the molecules after the
inclusion process. FTIR spectra indicated the formation of inclusion complexes,
considering the decrease in the intensity of the absorption bands of the functional groups
of OxD. The chemical shift changes observed in 'H-NMR data indicated 1:1
stoichiometry for the association between OxD and 2-HPBCD. Thermal analyses
indicated that the presence of OxD in the inner cavity of 2-HPBCD (inclusion complex)
provided different thermal behavior. The degradation time was increased as compared to
pure compounds. In conclusion, in silico studies provided a foremost insight about the
interactions between OxD and 2-HPBCD. The physicochemical characterization

confirmed the drug solubility enhancement.

KEYWORDS: Oxazolidine; Cyclodextrin; Inclusion Complex; Molecular Modelling.



79

ABSTRACT

Oxazolidine derivatives (OxD) have been described as third-line antibiotics and
antitumoral agents. However, OxD have low water solubility that limit their use. In this
context, the inclusion complexes based on cyclodextrin (CD) could improve the solubility
and bioavailability of these compounds. In this study, we developed a novel synthetic
OxD and inclusion complexes based on 2-hydroxy-beta-cyclodextrin (2-HPBCD).
Initially, we conducted an in silico study to evaluate the interaction capacity between
OxD and 2-HPBCD. Characterization studies were performed through scanning electron
microscopy (SEM), Fourier transformed infrared (FTIR), nuclear magnetic resonance
spectroscopy ('H-NMR), X-ray diffraction (XRD) and thermal analyses (DSC/TGA).
We performed a kinetic profile study of the OxD and cytotoxicity assay using peripheral
blood mononuclear cells (PBMCs). The maximum increment of solubility was obtained
at 70 mM OxD using 400 mM 2-HPBCD. SEM analyses revealed morphological changes
after inclusion process. FTIR spectra indicated the formation of inclusion complexes,
considering the intensity decrease of absorption bands from OxD functional groups. 'H-
NMR presented chemical shifts that indicated 1:1 stoichiometry from OxD:2-HPBCD.
The inclusion complex also indicated different thermal behaviors compared to pure OxD.
The pharmacokinetic profile showed a short release time. Pure OxD and its inclusion
complex did not exhibit cytotoxicity in PBMCs. In conclusion, in silico studies provided

a foremost insight about the interactions between OxD and 2-HPBCD.

Keywords: Oxazolidine; Cyclodextrin, Inclusion Complex; Molecular Modelling.
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1. Introduction

Oxazolidine derivatives (OxDs) are synthetic five ring-membered compounds,
which contains at least one oxygen and nitrogen in their molecular structure. In addition,
OxD have been used as antitumor agents due to their pharmaceutical properties (ALVES,
FERNANDES, et al., 2014a; b). Recently, a previous study demonstrated that a new OxD
(5-benzyl-3-ethyl-2-thioxazolidin 4-one) presented cytotoxic activity in leukemic lineage
cells (HL-60 ATTC®CCL-240) through apoptosis induction mechanisms (CAMPOS, J.
F.etal,2017). OxDs have a large oral application, however hydrophobic characteristics
limit their use in vivo (PANDIT et al., 2012). To overcome this limitation, cyclodextrins
(CD) have been used as an alternative to increase the solubility through inclusion
complexes (SAVJANI, KETAN T. et al., 2012).

CD are cyclic oligosaccharides composed by a hydrophilic outer layer and an
internal cavity with the capacity to incorporate hydrophobic drugs. These molecules
offers other advantages such as pharmacokinetic profile, chemical stability and low
toxicity (TIWARI et al, 2010). 2-hydroxylpropyl-p-cyclodextrin (2-HPBCD) is an
alternative to a-, B- and y-CD, with improved water solubility and low toxicological
effects (GOULD e SCOTT, 2005). Furthermore, 2-HPBCD has been pharmaceutically
used for parenteral, oral, ophthalmic and nasal applications (CHALLA et al., 2005;
RASHEED et al., 2008). In general, analytical techniques to evaluate inclusion
complexes involves the use Fourier transformed infrared spectroscopy (FTIR), nuclear
magnetic resonance (NMR), scanning electron microscopy (SEM) and thermal analyses
(BREWSTER e LOFTSSON, 2007).

In silico studies involve the use of theoretical and computational methods that
contribute to mimic the behavior of molecules. There are some previous reports in the
literature using molecular modeling of drugs in 2-HPBCD inclusion complexes
(CAVALCANTI et al., 2011; MENDONCA et al., 2012; MILETIC et al., 2013; SILVA
et al., 2016). One advantage of the molecular modeling is to predict the behavior of the
guest molecule with a single carrier or host molecule avoiding expensive assays
(ALVIRA et al., 1997; PIEL et al., 2001).

In this study, we performed physicochemical characterization and molecular
modeling to elucidate the specific aspects of intermolecular interaction and calculate the
interaction energy between a new OxD and 2-HPBCD. To the best of our knowledge there
is no previous work reporting the molecular modeling of 5-benzyl-3-ethyl-2-

thioxazolidin 4-one and 2-HPBCD.
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2. Materials and methods
2.1.Materials

OxD (5-benzyl-3-ethyl-2-thioxazolidin 4-one) (Fig. 1) was kindly provided by
Laboratory of Planning and Syntheses of Drugs at Federal University of Pernambuco
(Brazil) (PITTA, 2015). 2-HPBCD, acetone, MTT were purchased from Sigma-Aldrich
(St. Louis, USA). Deionized (DI) water was obtained from a Milli-Q water purification
system (Billerica, MA, USA).

AN

N\
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a

Figure 1. Chemical structure of the new OxD (5-benzyl-3-ethyl-2-thioxazolidin 4-one).

2.2.0xD Synthesis

In the first step, Cope esters were obtained from the Knoevenagel condensation reaction.
After that, equimolar amounts of 2-cyano-ethyl acetate and substituted benzaldehydes
were mixture in the presence of triethylamine (catalyst) and toluene (solvent) at 110°C.
After 24 hours, the obtained product was recrystallized. The product was washed
successively with ethanol and separated to the next step [22]. Subsequently, Cope esters
reacted with equimolar amounts of 3-ethyl-2-tioxazolidin-4-one via Michael addition
reaction in the presence of morpholine (catalyst) and ethanol (solvent) under reflux for
24 hours. The final product was subjected to further purification with absolute ethanol.
This procedure was performed to obtain an OxD 5-benzylidene-3-ethyl-2-
thioxooxazolidin-4-one (LPSF/NB14) (MOURAO et al., 2005).

2.3.Molecular modelling of the OxD: 2-HPBCD inclusion complex

Two synthetic aspects of 2-HPBCD were taken into consideration for molecular
modelling, as follow: a) Regioselective: the reaction preferably occurs at the primary
hydroxyl group OH (6), since these are most accessible, followed by the secondary
hydroxyl OH (2) with the highest acidity (pKa=12.2) (WENZ, 1994); b) Homologous
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derivatives with lower and higher molar substitution ratio (MS) (TREIB et al., 1999),
which are also formed in the mixture obtained as the final product (WENZ, 1994).

Our approach was to virtually construct 1000 structures (40 configurations with
25 different conformations each) for the 2-HPBCD model, starting from the
tridimensional structure of the BCD (SAENGER et al., 1998). The 40 configurations were
built considering both synthetic aspects mentioned before. Taking into account the MS of
0.6, it seems reasonable to consider that the 2-HPBCD structure (7 glucose units) has, on
average, 4 HP units (0.6x7=4.2). Thus, 20 configurations of 2-HPBCD were built with 4
HP units, 10 configurations with 3 HP units, and 10 configurations with 5 HP units. For
each HP unit added, has been taken into account the probability of 70% for OH (position
6), 20% for OH (position 2), and 10% for OH (position 3), in order to select the OH
position for substitution. The conformer search was performed using Genetic Algorithm
and Energy Score Function available at the OpenBabel library (O'BOYLE et al., 2011),
with default convergence parameters. The geometry optimizations for all the 1000
structures were computed using MMFF94s force field (HALGREN, 1999), again with
the same library and default criteria.

Following, a molecular docking approach was applied in order to find the
host:guest (OxD: 2-HPBCD) inclusion complexes. The Autodock VINA software
(TROTT e OLSON, 2010) was used, considering each entire 2-HPBCD derivative
structure as the active site, and adjusting the exhaustiveness parameter to 8. The
intermolecular interaction energies for all 1000 complexes were calculated. The entire
approach used for molecular modeling was carried out in an automated fashion, using a

platform developed by our research group, named CycloMolder (unpublished results).

2.4.Phase Solubility Study of OxD:2-HPSCD

The phase solubility study was carried out according to Higuchi and Connors
(HIGUCHI e CONNORS, 1965) to determine the stoichiometric ratio of the host:guest
compounds. Six fixed amounts of OxD (1.67 mg) were mixed to 2 mL 2-HPBCD aqueous
solution ranging from 0 to maximum solubility (1.38x10° mM) and, subsequently,
vigorously stirred for 48 h at 25 °C. After, the samples were centrifuged at 8,972 g for 10
min and filtered with 0.45 pm PVDF membranes (Macherey-Nagel, Dueren, DE). The
filtered solution was analyzed using a UV-visible spectrophotometer at A =286 nm. From
the slope and intercept value (So) of the phase solubility curve, a stability constant (Kc)

was determined, as follow:
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slope

Kia = [So x(1—slope)]

e
The complexation efficiency (CE) of OxD was determined from data of the phase

solubility curve according to the following equation:

slope

CE = (1—slope)

2

2.5.Preparation of OxD:2-HPBCD inclusion complexes

Co-precipitation method was used to obtain inclusion complexes (Ghosh et al.
2011). Initially, OxD and 2-HPBCD at equimolar ratios (1:1) were dissolved in acetone:
water (3:1, v/v). OxD solution was dropwise added to the 2-HPBCD solution and
maintained under stirring for 6 h. Subsequently, the samples were submitted to rotary
evaporation at 45°C for 90 min. After, the material was partially dried and the solid was
lyophilized (4 x 10" Barr) for 24 h and stored in desiccators until use. The physical
mixture was obtained mixing OxD and 2-HPBCD at equimolar ratios (1:1) in a mortar

and pestle for 10 min to obtain a homogeneous mixture.

2.6.Characterization
Morphological analysis were performed using a QUANTA 200 (FEIL, OR, USA)
scanning electron microscope at 30 kV. The samples were placed on aluminum stubs with
double-sided carbon tape and thin gold films were evaporated on the sample surface by
using high vacuum film deposition system (SCD 500 Mycrosystems Leica, Wetzlar, DE).
Infrared spectra of the OxD and inclusion complexes were recorded using a Vertek 70
Fourier Transform Infrared Spectrophotometer (Bruker, MA, USA) in the range 4000-
400 cm!. All samples were evaluated using KBr pellet method. The baseline correction
was performed using a pure KBr disk. '3C and 'H-NMR spectra were recorded on a
Varian 400 MHz NMR Spectrometer (Varian, USA) using TMS as internal standard and
DMSO-d6 as solvent. The chemical shifts were reported in 6 (ppm). XRD diffraction data
were collected with a D8 Advance X-ray diffractometer (Bruker, MA, USA) using CuKa
radiation in the range of 206 (30-60)° at 0.03°/second. Simultaneous thermogravimetric
(TGA) and differential thermal analysis (DTA) measurements were performed using a
STA 449 F3 Jupiter® (NETZSCH, Asch, CZ). The samples were placed in a closed
platinum crucible and DSC thermograms were recorded at a heating rate of 10°C.min’! in

the range of 20° to 310°C (LI e XU, 2010).
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2.7. In vitro release study

In vitro release studies of pure and OxD/2-HPBCD inclusion complexes from
physical mixture and co-evaporation method were performed in triplicate according to
Ch.P (2010 Edition, Part 2, Appendix XC. No.2 method) and USP 30-NF 25 (2007
Edition, Volume 1, <711> Apparatus 2) using a Rcz-602 Dissolution Apparatus
(Shanghai Huanghai Medicine Checking Instrument Co., Ltd). Briefly, 2 mg of OxD or
OxD:2-HPBCD inclusion complexes were added to 250 mL of DI water (37 = 0.5 °C) and
stirred at 50 rpm. At predetermined time intervals, 5 mL of the previous solution was
withdrawn and centrifuged at 12,000 rpm for 5 min. The drug content was measured at A
=282 nm using UV spectrometry. The cumulative release rate was calculated at each time

interval.

2.8. PBMC cytotoxicity assay

Peripheral blood mononuclear cells were obtained from heparinized blood from
healthy donors (n=5) and the cells were isolated via a standard method of density-gradient
centrifugation over Ficoll-Hypaque solution (GE Healthcare). Cells were counted in a
Neubauer chamber and viability was determined by trypan blue exclusion method. Cells
were used only when the viability was >98%. All donors gave informed consent and the
Human Research Ethics Committee of UFPE approved the study. The cells were cultured
in RPMI-1640 medium supplemented with 10 % fetal calf serum, 2 mM glutamine, 100
mg/mL streptomycin, and 100 U/mL penicillin at 37°C with 5 % CO>. PBMCs were
plated in 96-well plates (10* cells/well) during the cytotoxicity assay. After, OxD
compound (1, 10, 25, 50, 75 and 100 uM) was diluted in a dimethylsulfoxide (DMSO)
solution and added to each well. The cells were incubated for 72 h. The control groups
were treated with the same amount of 0.1 % DMSO.

The growth of PBMCs was quantified by the ability of living cells to reduce the
yellow dye 3-(4,5-dimethyl-2- thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to
a blue formazan product. After 72 h of incubation, the medium in each well was replaced
with fresh medium (200 pL) containing MTT (0.5 mg/mL). After 3h, the formazan
product of MTT reduction was dissolved in 20 % sodium dodecyl sulfate, and the
absorbance of the solution was measured at A = 570 nm with a multiplate reader (EL808,
Biotek, USA). The cytotoxicity was expressed as the concentration inhibiting 50% of cell

proliferation (IC50), which is the percentage reduction in cell viability calculated from
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the ratio between the number of cells treated with OxD, inclusion complexes and

untreated cells (control).

3. Results and Discussion
3.1.0xD Molecular Elucidation
RMN'H: (400 MHz, DMSO-ds): 8=1.22 (t, 3H, CH3, J= 7,2 Hz), 3.82 (q, 2H,
CH, J=7,2 Hz), 6.94 (s, 1H, =C-H), 7.49-7.56 (m, 3H, C-H Ar), 7.88 (d, 2H, J= 8,4 Hz,
C-H Ar). RMN 3C (100 MHz, DMSO-dp): 6= 11.68 (CH3), 37.73 (CH>), 112.42 (HC=C),
129.18 (CH Ar), 130.59 (CH Ar), 130.97 (Cq) 131.04 (CH Ar), 139.10 (Cq), 161.54
(C=S), 183.32 (C=0) IV (KBr): v'= 1747 (C=0), 1675 (C=C), 1163 (C=S).

3.2. Molecular modelling of the OxD:2-HPBCD inclusion complex

The molecular docking results showed two main orientations regarding the
relative position of the guest molecule (OxD) into the host molecule (2-HPBCD). The
first one, called orientation I, has the 2-thioxo-oxazolidine-4-one ring at the wider rim of
the 2-HPBCD, and the other one, called orientation II, has the benzene ring at the wider
rim. The average docking energy for the ten first best solutions, considering orientation
I, is -5.6 kcal/mol. On the other hand, the average energy of the ten first best solutions for

orientation II is -5.4 kcal/mol, therefore less stable.

Figure 2. Summary of the molecular docking results. A) Best docking solution for
orientation I. B) Binding energy (kcal/mol) table of the ten best docking solutions for
each orientation. C) Best docking solution for orientation II. Dashed lines represents

intermolecular hydrogen bonds between host (2-HPBCD) and guest (OxD) molecules.

The overall best docking solution for orientation I is shown at Fig. 2a, with a

docking energy of -5.9 kcal/mol, while the overall best docking solution for orientation
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II can be found at Fig. 2b, with an energy of -5.6 kcal/mol. The best docking solution for
orientation I is stabilized by several hydrophobic contacts and by three hydrogen bonds
(2.9 A, 3.0 A and 3.1 A), while the best solution for orientation II is also stabilized by
several hydrophobic contacts, but only by two hydrogen bonds (2.9 A and 3.1 A). The
final molecular modeling results point out the orientation I as the most stable, and it
should occurs in the mixture by a major ratio, for the OxD:2-HPBCD (host:guest)
inclusion complex. Our results indicated the possibility to incorporate OxD into 2-
HPBCD and overcome its low aqueous solubility. According to previous studies, 2-
HPBCD affects the pharmacokinetic profile associated to a short release time and high
amount of mass dissolved in the bulk (DAHIYA ¢ PATHAK, 2006; CAVALCANTI et
al., 2011).

3.3. Phase Solubility Study
OxD results in an Ar-curve type phase solubility diagram with 2-HPBCD in
water (Fig. 3).
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Figure 3. Phase stability diagrams for OxD in the presence of 2-HPBCD at room

temperature.

Data were fitted by linear regression leading to the following equation: [OXD]water
=0.1686 x [2-HPBCD] + 0.1950 (1> = 0.98915). The solubility constants of OxD with 2-
HPBCD in water at 25°C was K1:1=0.316 and S¢=0.64mM. The enhancement of OxD
solubility after 2-HPBCD association was obtained initially at 12.62 mM. Of note, it was
obtained a twentyfold increase over OxD solubility in water (0.64 mM). The CE was

calculated according to Eq. 2 and the result was equivalent to 0.202 for OxD. According
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to Loftsson et al., if CE is 0.1 then 1 out every 11 CD molecules form a complex with
drug. Our results suggest that approximately 1 out 5 CD molecules forms a complex with

OxD (LOFTSSON et al., 2005).

3.4. Morphological Analysis

The morphology of OxD and its inclusion complex was evaluated using SEM

(Fig. 4).

Figure 4. Micrraph O (a) OxD:—PCD icsion clex (b).

OxD image demonstrates a long crystal with a smooth surface presenting an
acicular shape (Fig. 4a). On the other hand, inclusion complex images revealed significant
changes in the morphology showing an amorphous form followed by aggregation (Fig.
4b). The regular shape of the drug is affected since 2-HPBCD is an amorphous material
(CIRRI et al., 2005). The morphology of the inclusion complex is similar to other
previous studies (FAUZIAH et al., 2013; SONGNGAM et al., 2014). Our data suggest
the incorporation of the OxD in the inner cavity of 2-HPBCD.

3.5. FTIR analysis
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FTIR spectra from co-evaporation and physical mixture methods were compared

to evaluate efficiency between these methodologies (Fig. 5).

Figure 5. FTIR spectra of OxD and OxD:2-HPBCD inclusion complex by physical
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mixture and co-evaporation method at 1:1 molar ratio.

FTIR spectrum of OxD showed the presence of bands at 1750-1735 ¢cm™ (C=0
stretch), 1600-1585 cm™! (C—C stretch, aromatic), 1360-1290 cm™' (C-N stretch, aliphatic
amines) and 1050-1200 cm™ (C=S stretch, thiocarbonyl). The FTIR spectrum of OxD
also shows the presence of bands at ~3016 (C—H stretching vibration), 1745 and 1695
(C=0 stretching), and 1631 cm™' (C=C stretching). The FTIR spectrum of 2-HPBCD show
prominent absorption bands at ~3411 (O—H stretching vibration), ~2931 (C—H stretching
vibration), ~1157, ~1089, and ~1029 ¢m™ (C—H and C-O stretching vibration). 2-
HPBCD presented a large overlap of signals, with small changes in the intensity and

broadenings of the absorption bands, indicating the formation of inclusion complexes
with typical fingerprint bands. The results showed the formation of the inclusion
complexes, considering the decrease in the intensity of the absorption bands of the OxD

functional groups. Our results indicate that co-evaporation method was more efficient as

compared to the physical mixture method.

3.6. Nuclear magnetic resonance spectroscopy ('H-NMR) measurements

"H-NMR experiments were performed to confirm the formation of OxD:2-
HPBCD inclusion complex. The chemical shifts (Ad) of the pure compounds at 1:1 molar
ratio were evaluated (Table 1). The OxD 'H-NMR presented (400 MHz, DMSO-d6):
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&=1.22 (t, 3H, CHs, J= 7,2 Hz), 3.82 (q, 2H, CH», J= 7,2 Hz), 6.94 (s, 1H, =C-H), 7.49-
7.56 (m, 3H, C-H Ar), 7.88 (d, 2H, J= 8,4 Hz, C-H Ar). Chemical shift changes of Hs was
verified at 1:1 (ASH4=0.010 ppm). Our results indicated the potential of 1:1 stoichiometry
for OxD interaction in the inner cavity of 2-HPBCD. However, other conformations are
not excluded, given that a higher chemical shift changes in the Hi 235 proton ranged from
0.020 ppm to 0.030 ppm (Table 1). The chemical shift changes suggest that hydrogen
bonds contribute to the insertion of the compound into the CD cavity (HARA et al., 2006).

3.7. X-ray diffraction measurements
XRD patterns presented two well-defined peaks for OxD (Fig. 6) that represent a
typical structural order of a crystalline solid.

Figure 6. X-ray diffraction patterns of the OxD, 2-HPBCD and OxD:2-HPBCD inclusion
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complex.

In general, natural and synthetic CD have no well-defined peaks which are
characterized as amorphous materials (CHOE et al, 2003). A decrease in the peak
intensity of the inclusion complex is observed indicating a crystallinity loss. In the
inclusion complex through our methodology it is possible to observe a small peak of
intensity from inclusion complex compared to the pure compound. These data suggest
that a greater amount of available cyclodextrin could incorporate into the remainder of

the unloaded OxD compounds.
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3.8. Thermal Analysis

The thermal behavior of pure compounds and inclusion complex was evaluated. OxD
showed an endothermic peak at 136.57 °C with a reaction heat of 4.19 J/g that occurs
before of the decomposition temperature. An exothermic peak at 103.52 °C with a
reaction heat of 1.07 J/g was observed for 2-HPBCD. By observing the thermal behavior
of the OxD:2-HPBCD inclusion complex, we noticed the presence of an exothermic shift
143.77 °C with a reaction heats of 0.83 J/g. A significant shift in the thermal behavior was
obtained for the inclusion complex (Fig. 7a).

Figure 7. DSC (a) and TG (b) curves of OxD and OxD:2-HPBCD inclusion

complexes at 1:1 molar ratio.
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significant mass loss of 27.5% of OxD of about 250-300 °C. 2-HPBCD showed a discrete
mass loss (2.5%) about 125 °C and 300 °C. The mass loss of the inclusion complex was
lower than pure OxD (17.5% vs. 27.5%, respectively). These results suggest that 2-

HPBCD contributed positively to a temperature displacement, which is associated to
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weight loss at higher temperatures (Fig. 7b). Then, TG and DSC results demonstrate the
effectivity of the complexation method. In addition, melting point determination is based
on intermolecular interactions that stabilizes the crystalline structure of the compound.
As expected, 2-HPBCD cavity offer thermodynamic stability for OxD resulting in a
different thermal behavior.

TG and DSC curves of OxD:2-HPBCD inclusion complex exhibited of pure
characteristic of the components. The mass loss is divided into two consecutive processes
related to the decomposition of OxD and 2-HPBCD. Of note, two endothermic peaks are
associated with each melting point of the molecules. The decomposition process also
exhibits two-step pattern, which is associated to the pure OxD and OxD:2-HPBCD

inclusion complex decomposition.

3.9. In vitro release study

Fig. 8 shows the dissolution profiles of the OxD and OxD:2-HPBCD inclusion
complex. The cumulative release rate of OxD:2-HPBCD obtained by co-evaporation
method was significantly higher than the physical mixture of OxD and OxD:2-HPBCD.

The cumulative dissolution percentage for OxD:2-HPBCD CE and OxD:2-

HPBCD PM was ~ 90% and 15.5%, respectively, during the first 15min. After, a plateau
was observed for OxD:2-HPBCD CE. The dissolution was improved for OxD:2- HPBCD
CE as compared to OxD and OxD:2-HPBCD PM. The differences observed in the
dissolution profile of OxD and inclusion complex are related to the physical property and
microenvironment around of the molecules. The rapid release of OxD was attributed to
the fact that B-CD improve the we Fig. 8 shows the dissolution profiles of the OxD and
OxD:2-HPBCD inclusion complex. The cumulative release rate of OxD:2-HPBCD
obtained by co-evaporation method was significantly higher than the physical mixture of
OxD and OxD:2-HPBCD.

The cumulative dissolution percentage for OxD:2-HPBCD CE and OxD:2-
HPBCD PM was ~ 90% and 15.5%, respectively, during the first 1 5min. After, a plateau
was observed for OxD:2-HPBCD CE. The dissolution was improved for OxD:2- HPBCD
CE as compared to OxD and OxD:2-HPBCD PM. The differences observed in the
dissolution profile of OxD and inclusion complex are related to the physical property and
microenvironment around of the molecules. The rapid release of OxD was attributed to
the fact that f-CD improve the wettability of inclusion complex in dissolution (SAVJANI,
K. T.etal,2012; LIU et al., 2013).
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Figure 8. In vitro release kinetics of OxD and OxD:2-HPBCD inclusion complex from

physical mixture (PM) and co-evaporation method (CE).

3.10. MTT Cytotoxicity Assay

The percentage of viable cells was obtained for six molar concentrations (1uM, 10
uM, 25 uM, 50 uM, 75 puM and 100 pM) of OxD, 2-HPBCD and inclusion complexes by
using MTT assay (RPMI 1640 medium) (Fig. 9).

Figure 9. Cytotoxicity of OxD and inclusion complexes toward PBMCs.
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OxD cell viability was 95% (+ 2.3%) for 1uM to 50uM. Pure 2-HPBCD and
inclusion complexes showed cell viability about 94% (= 3%) for all studied
concentrations. Previous studies demonstrated that cyclodextrin has a specific
cytotoxicity and depends on the cells involved (dose-dependent) (ZHANG et al., 2009;
SOFIAN et al., 2014). In general, concentrations > 25 uM are undesired to eventual in
vivo tests and therefore it is necessary to establish an optimal dose taking into account
the amount used. The increment of the solubility of the OxD has been improved by using
2-HPBCD. In addition, 2-HPBCD and inclusion complexes showed less toxicity in

normal cells.

4. CONCLUSION
The molecular modelling studies showed stable intermolecular interactions
between OxD and 2-HPBCD. The intermolecular energies and 'H-NMR results of
inclusion complex also suggest a hydrogen bonding between guest and host molecules.
The stability of inclusion complexes depends of Van der Waals interactions, hydrophobic
and electrostatic interactions. Our results demonstrated a solubility enhancement of
OxD:2-HPBCD inclusion complex 20 fold more than pure OxD. The inclusion complexes
did not have significant cytotoxicity in PBMCs viability. To the best of our knowledge is
the first time that 2-HPBCD is applied as inclusion complex involving OxD. The proposed

system could be applied as a new oral delivery system for antitumor applications.
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Resumo:

TIOXOOXAZOLIDINONAS 3,5 SUBSTITUIDOS PARA
INCREMENTO DE SOLUBILIDADE E USO ANTITUMORAL

Os compostos tioxooxazolidinonas 3,5 substituidos, derivados
oxazolidinicos (DOx), tém sido descritos como antibiéticos de
terceira geragao e alguns relatos demonstraram seu potencial como
agente antitumoral. Entretanto, a sua baixa solubilidade em agua,
limita sua utilizagao. Neste contexto, o desenvolvimento de
complexos de inclusdo baseados em ciclodextrina podem promover
um incremento de solubilidade em compostos hidrofébicos,
oferecendo uma maior eficacia e maior biodisponibilidade. Nesta
patente desenvolvemos complexos de incluséo baseados em 2-
hidroxipropil-B-ciclodextrina (2-HPBCD) em DOx hidrofébicos: 3-etil-
5-(4-met6xibenzilideno)-2-tioxooxazolidin-4-ona (LPSF/NB-10) e 5-
benzilideno-3-etil-2-tioxooxazolidin-4-ona (LPSF/NB-14). As andlises
fisico-quimicos foram realizados através de estudos de fase de
solubilidade, espectroscopia de espectroscopia em infravermelho
(FTIR), difracdo de raios-x (DRX) e microscopia eletrdnica de
varredura (MEV). O estudo de viabilidade celular por MTT também
foi conduzido para avaliagédo e comparagéo da atividade tumoral em
linhagens MCF-7 (cancer de mama) e células controle (fibroblastos
HIFF). Os resultados demonstraram que a solubilidade dos
compostos foi incrementada em 20 vezes mais se comparados aos
compostos puros em dgua. A analise por MEV também revelou uma
mudanga significante na morfologia das moléculas apds o processo
de inclusdo. Adicionalmente, os estudos de viabilidade celular por
MTT demonstraram uma melhoria na atividade antitumoral do DOx
em 2-HPBCD nas linhagens MCF-7 quando comparadas
estatisticamente em relagdo a células controle. Portanto, a presente
patente apresentou novos produtos onde foi possivel incrementar a
solubilidade dos DOx e destinado ao uso antitumoral.
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FORMULACOES FARMACEUTICAS CONTENDO COMPOSTOS
TIOXOOXAZOLIDINONAS 3,5 SUBSTITUIDOS PARA INCREMENTO DE
SOLUBILIDADE E USO ANTITUMORAL

01. A presente patente de invengdo caracteriza-se pela obtengao formulagoes
farmacéuticas contendo compostos tiooxazolidinonas 3.5 substituidos e/ou seus
derivados sais, ésteres, amidas ou pro-fairmacos farmacologicamente aceitaveis que
venham a ser utilizados na satde humana e/ou animal com fins de tratamento,
profilaxia, paliativa.

02. Uma caracteristica da presente invengdo € o uso dos compostos
tivoxazolidinonas 3,5 substituidos associados a ciclodextrina e/ou seus derivados como
agentes antitumorais misturados a excipientes farmaceuticamente aceitiaveis, em solugio
ou no estado solido.

03. Os compostos da presente invengio sdo uteis em formulagdes farmacéuticas
com carregadores convencionais ou veiculos, para a administragdo a humanos e/ou
animais em dosagens nas formas de tabletes, capsulas, pilulas, pos, granulos,
supositorios, solugdes ou suspensdes parenterais estéreis, solugdes ou suspensoes nio
parenterais estéreis, solugbes ou suspensdes orais, suspensdes oleo em dgua ou agua em
Gleo, emulsdes e as quantidades necessarias de compostos tiooxazolidinonas 3,5
substituidos e seus derivados,

04 . O niicleo oxazolidinico, foi descoberto pela empresa DuPont e patenteadas
em por Fugitt & Luckenbaugh em 1978. Uma outra caracteristica do nicleo
oxazolidinico ¢ a capacidade de inibir seletivamente a sintese de proteinas bacterianas
através de ligagdo com a subunidade ribossomal 50S, impedindo a formagao de um
complexo de iniciagdo 708 funcional (Zhou et al., 2002; Stevens et al., 2004).

05. O primeiro derivado da oxazolidina, uma oxazolidinona, a ser
comercializada foi a Linezolida. Este composto foi aprovado para tratamento de
pacientes com infec¢des causadas por bactérias Gram-positivas (Barrett, 2000; Shaw &
Barbachyn, 2011).

06. As oxazolidinas e seus derivados estdo presentes em diversas moléculas de

interesse farmacéutico. Além da atividade antibacteriana, ha relatos na literatura de seus
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derivados com atividade antifingica (Devi et al., 2013), hipoglicémica (Bodnar er al.,
2011), anticonvulsivante (Kombian & Phillips, 2012) e antitumoral (Singh, 2011).

07. Em relagdo a atividade antitumoral, a presenga da oxazolidina tém estado
presente em diversos derivados: derivados do Perileno (patente GB8313571, 1983),
derivados da sufonil ureia (EP0291269, 1988), ésteres e sais da rizoxina (CN86102020,
1986), taxoides (IL117636, 1996), derivados heteroarila fenil susbtituidos (IL117636,
1996), oxazolidinas aromaticas quirais N-susbtituidas (WO2014036623, 2012) e 2-
tioxo-oxazolidinicos-N-substituidos (BR 1020150160607, 2015).

08. Na patente, WO2014036623, as oxazolidinadionas 3,4-dissubistituidas
apresentaram atividade citotoxica em linhagem celular HL-60 ATTC®RCCL-240
(leucemia promielocitica). Segundo os autores, a origem da diferenca de atividade entre
os compostos testados ndo seria devida simplesmente a propriedades fisicas como
lipofilicidade ou polaridade, mas as caracteristicas estruturais tinicas de cada composto.
Os autores afirmaram ainda que a morte das células ocorreu por apoptose,
correlacionando-a a tagdo do DNA.

09. Os mesmos mecanismos foram observados na patente BR1020150160607,
2015 desenvolvidas por nosso grupo de pesquisa. Os compostos apresentaram atividade
citotoxica significante nas linhagens celular: leucemia promielocitica (HL-60,
ATTC®CCL-240) leucemia linfoblastica aguda (CCRF-CEM, ATCC®RCCL-119),
leucemia de células T (JURKAT, ATCC®RTIB152). O efeito citotoxico foi superior a
90% numa concentragdo menor de 30uM para todas a linhagens testadas.

10. Embora estes compostos apresentam atividade antitumoral comprovada ¢
significante, eles apresentam uma utilizagdo limitada devido a sua alta lipofilicidade.
Essa limitagdo pode ser solucionada através do desenvolvimento de complexos de
inclusdo que resultem num incremento de solubilidade destes compostos.

11. Uma das estratégias bem estabelecidas nas ciéncias farmacéuticas sio a
utilizagdo das ciclodextrinas. Estas moléculas sdo oligossacarideos que apresentam em
sua cavidade interna, a capacidade de incorporar drogas hidrofobicas.

12. As ciclodextrinas também oferecem outras vantagens como uma melhor

farmacocinética, estabilidade quimica e baixa citotoxicidade (Tiwari et al., 2010).
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13. Dentre elas a 2-hidroxipropril-p-ciclodextrina (HP-B-CD) ¢ uma das
ciclodextrinas mais utilizadas. Esta moléculca além de aumentar consideravelmente a
solubilidade de compostos hidrofobicos, € toxicologicamente benigno. Além do mais a
HP-B-CD pode ser administrada em formulagoes farmacéuticas por via parenteral, oral,
oftalmica e nasal (Challa et al.. 2005; Rasheed et al., 2008).

14. Em seu primeiro aspecto, nesta patente, utilizamos dois compostos (Fig.3.1 e
Fig.3.2) obtidos através sintese estabelecida no pedido de patente BR1020150160607
(2015) de nosso grupo de pesquisa e preparamos os complexos de inclusio baseados em
ciclodextrina (Fig.3.3) visando o incremento de solubilidade e/ou seus sais, derivados
misturados a excipientes farmaceuticamente aceitaveis em solugdes ou no estado solido.

15. Outro aspecto desta patente foi a sua avaliagio de atividade em células
tumorais de adenocarcinoma de mama humano (MCF-7, ATCCRHTB-22) através do
teste de MTT (3-(4,5-dimetiltiazol-2yl)-2,5-difenil brometo de tetrazolina).

16. Portanto, a presente invengao tem como principal objetivo contribuir com o
incremento de solubilidade dos derivados 5-benzilideno-3-etil-2-tioxooxazolidin-4-onas
atraveés de complexos de inclusio baseados em ciclodextrina, que podem ser utilizados

no tratamento, profilaxia, paliativa.

17. A presente invengdo descreve formulagdes farmacéuticas compreendendo
compostos tioxooxazolidinonas 3.5 substituidos visando o incremento de solubilidade
destes compostos. As formulagdes farmacéuticas e/ou seus sais, derivados misturados a
excipientes farmaceuticamente aceitaveis em solugdes ou no estado solido sdo
aplicaveis em linhagens tumorais.

|8. Entre as vantagens, estido a facil preparagdo dos complexos LPSF/NB:2-HP-
B-CD 2), aumento da solubilidade 20 vezes maior do que em agua em relagio aos
COmpOostos puros.

19. A seguir, a inveng¢do sera descrita em maiores detalhes com o auxilio de
exemplos de forma de apresentagio apresentados em Figuras e Tabelas.

20. Se mostra:

21. 22, Na figura 1, demonstra-se a estrutura dos derivados oxazolidinicos
utilizados nas composigdoes farmacéuticas baseadas em 2-HP-f: 1) 3-etil-5-(4-
metoxibenzilideno)-2-tioxooxazolidin-4-ona (LPSF/LPSF/NB-10), 2) 5-benzilideno-3-
etil-2-tioxooxazolidin-4-ona (LPSF/NB-14)
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23. Na figura 2, esta presente o diagrama de fase de solubilidade para LPSF/NB-
10 (a) e LPSF/NB-14 (b) em fungdo de concentragoes de HP--CD em agua a 25°C.

24, Na figura 3, esta o espectro de infravermelho do LPSF/NB-10:HP-B-CD
(linha vermelha, 4a), LPSF/NB-14:HP-B-CD (linha azul, 4b) através de mistura

mecanica e a metodologia aplicada para os complexos de inclusdo.

25. Na figura 4, estdo presentes os difratogramas de raios-X de LPSF/NB-10 (5a,
linha preta), LPSF/NB-14 (5b, linha vermelha), HP--CD puro (linhas azuis) e de seus

complexos de inclusdo com HP-B-CD (al, linha preta e b1, linha vermelha).

26. Na figura 5 observa-se as imagens de MEV do LPSF/NB-10 (aal) e
LPSF/NB-14 (6b,bl} , HP-f-CD (6c,cl) e complexos de inclusio LPSF/NB-10/ HP-f-
CD (6d, dl) e NB-14/ HP-B-CD (6e.el).

27. Na tabela 1 demonstra-se os valores médios ¢ desvios-padrio em percentual
da viabilidade celular de células tumorais (MCF-7) na presenga dos derivados

oxazolidinicos e seus complexos de inclusdo com HP-f-CD.

TABELAS
Tabela 1.
Concentragio LPSF/ LPSF/NB- Valor LPSF/ LPSF/NB- Valor
NB-10 10:HP-B- dep NB-14 14:HP-f- dep
cD ch

luM 97.80 (0,01)  70.22 (0,01) 100,00 (0) 77.93 (0,01)

10uM 87.56 (0,02) 72,24 (0,01) 8774 (0,02)  71.79(0)

25uM TRIL(002) 67570000 0357 72.70(0,03)  6545(0,01) 0,008
50uM 67.68 (0.02) 6146 (0,01) 69,68 (0) 50,98 (0,01)

75uM 55.13(0.02) 74,00 (0,01) 70,52(0,01) 4937 (0)

100uM 64.56 (0.02) 66,70 (0,02) 7137(0,01) 46,42 (0,01)
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28. Na tabela 2 demonstra-se valores médios e desvios-padrio em percentual da

viabilidade celular de células controle (fibroblastos, HIFF) na presenga dos derivados

oxazolidinicos e seus complexos de inclusio com HP-B-CD.

Tabela 2
Concentragdo  LPSF/NB-10 LPSF/NB- Valor LPSF/NB- LPSF/NB- Valor
10:HP-B-CD de p 14 14:HP-B-CD dep
1uM 100{0) 76,87 (0,03) 98,58 (0,11) 96,02 (0.09)
10pM 100 (0) 83,62(0,03) 100,00 (0) 86,25 (0,07
25uM 100 (0) 82,60 (0,01) 100,00 (0) 82,12 (0,01)
50uM 97,69 (0,08) 93,78 (0,02) 0,281 TOCL00 (0) 81,49 (0,07) (1,8450
75uM 89,04 (0,05) 81,24 (0,05) 100,00 (0} 80,90 (0,02)
100uM 66,41 (0.05) 86,01 (0,05) 88,27 (0,01) 79,88 (0,01)

29. Na figura 2, foi realizado o estudo de fase de solubilidade obtido a partir de
LPSF/NB-10:HP-B-CD (a) e LPSF/NB-14:HP--CD (b). Os comportamentos dos
valores demonstraram curvas do tipo AL que corresponde a uma razio estequiométrica
(K1:1) entre a molécula e a HP-f-CD. As constantes de solubilidade (K1:1) de
LPSF/NB-10 ¢ LPSF/NB-14 em solugdo de HP-B-CD a 25°C foi de 0.320 e 0.316
respectivamente. O incremento da solubilidade destes compostos foi de 12.50 mM e
12.62 mM respectivamente. Isso corresponde a um aumento 20 vezes maior que a
solubilidade de LPSF/NB-10 e LPSF/NB-14 em dagua (0.60 mM e 0.64 mM

respectivamente).

30. Na figura 3, esta o espectro da HP-B-CD as absorgoes em 3,411 em’, 2,931
em’, 1,157 em”, 1,089 em’, e 1.029 em”’ foram atribuidas as vibragdes v(O —H
alongamento vibracional), v(C —H alongamento vibracional), v(C -H e C -O
alongamento vibracional). No espectro de infravermelho (I1V) do LPSF/NB-10 (a) as
absorgoes em 1750-1735 cm’' foram atribuidas as vibragoes v(C=0 alongamento), as
absorgdes 1600-1585 ecm™ as vibragdes v(C-C alongamento, aromético), as absorgoes

1360-1290 cm™' as vibragdes v(C-N alongamento, aminas alifaticas), e por fim as
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absorgoes em 1050-1200 em” as vibragdes v(C=S alongamento). As absorgoes
semelhantes no espectro de infravermelho do LPSF/NB-14 (b) foram observadas.
Absorgdes em 3,016 cm’! atribuidas s vibragdes v(C—H alongamento vibracional),
absorgoes em 1,745 e 1,695 em’ as vibragoes v(C=0 alongamento), e absor¢des em
1.631 em ' as vibragoes v(C=C alongamento). Os resultados mostraram que formagdo
de complexos de inclusio foram bem-sucedidos, considerando a diminuigdo da
intensidade das bandas (linha vermelha em a e b) de absorgdo dos grupos funcionais dos
compostos tiooxazolidina 3,5 substituidos.

31. Na figura 4, a difragio de raio-X do LPSF/NB-10 apresentou estes padroes
em 12,5 e 256 (linha preta em a). No entanto, LPSF/NB-14 apresentou também picos de
intensidade em 7,5 e 156 (linha vermelha em b). Isso reflete que uma caracteristica
tipica de solidos cristalinos. Em contraste, HP-B-CD naturais e sintéticas ndo possuem
essa caracteristica (linha azul em al e bl) sio amorfos. Nos compostos de inclusio, os
difratogramas sugerem a formagdo de sistemas mais organizados com uma diminuicido
nos picos de intensidade se comparadas as moléculas LPSF/NB-10 (al) e LPSF/NB-14
(b1).

32. Na Figura 5, a imagens de MEV do LPSF/NB-10 (a,al) e LPSF/NB-14
(b,b1) claramente apresentaram formas cristalinas aciculares, enquanto HP-p-CD (¢, ¢l)
apresentou formas esféricas. As imagens relacionadas aos complexos de inclusdo para
LPSF/NB-10:HP-B-CD (d, d1) e NB-14/ HP-B-CD (e.el) revelaram uma mudanga
significativa na morfologia.

33. Natabela 1, considerando a viabilidade celular da linhagem tumoral MCEF-7,
percebe-se que houve uma diminuigdo significativa para os compostos LPSF/NB-14 em
relagdo ao LPSF/NB-10. Os complexos de inclusido demonstram atividade antitumoral
até mesmo na mais baixa concentragdo. A analise estatistica demonstrou que a diferenca
foi mais significante entre LPSF/NB-14 e seu complexo de inclusio em relagio ao
LPSF/NB-10 e seu complexo de inclusio,

34. Na Tabela 2 é possivel perceber através da andlise estatistica, que as
diferengas entre os valores ndo foram significativas entre si. Os fibroblastos sio
utilizados como modelo de células padrio (normais) para comparar os efeitos

citotoxicos em linhagens tumorais solidas.

Petigan B70160076203, de 16/122016, pig. 16/25



ANEXOS

ANEXO A - ARTIGO PUBLICADO DURANTE O DOUTORADO

8, 129-142, January 1, 20186]

ial surfaces

Chemical immobilization of antimicrobial pepti

on

Rafael R. Silva', Karen Y.P.S. Avelino?, Kalline L. Ribeiro', Octavio L. Franco®, Maria D.L. Oliveira?,

Cesar A.S. Andrade'?

'Programa de Pos-Graduacao em Inovacao Terapeutica, Universidade Federal de Pernambuco, 50670-
901 Recife, PE, Brasil, 2!_'J(-;ap.':\ll'r‘.;*.-'ll'lem‘r:» de Bioguimica, Universidade Federal de Pernambuco, 50670-901,
Recife, PE, Brasil, ICentro de Analise Proteomicas e Bioguimicas de Brasilia, Universidade Catolica de

Brasilia, 71966-700, Brasilia, DF, Brasil

TABLE OF CONTENTS

1. Abstract
2. Introduction
2.1. Antimicrobial peptides
3. Physical methods for immobilization of AMPs

4. Chemical approaches for covalent immobilization of AMPs onto surfaces
5. Effectiveness of AMPs immobilized onto a biomaterial surface

6. Conclusions
7. Acknowledgments
8. References

1. ABSTRACT

Hospital infections associated with surgical
procedures and implants still present a severe problem
in modern societies. Therefore, new strategies to combat
bacterial infections mainly caused by microorganisms
resistant to conventional antibiotics are necessary. In this
context, antimicrobial peptides have gained prominence
due to their biocompatibility, low toxicity and effectiveness.
The immobilization of antimicrobial peptides (AMPs)
onto biomaterial surfaces is an excellent alternative for
the development of new biodevices with microbicidal
properties. Herein, we describe reports related o
physical-chemical characterization, in vitrofin vivo studies
and the clinical applicability of such active surfaces. In
this review, we focused on the mechanisms of action,
different peptide immobilization strategies on  solid
surfaces and the microbicidal effectiveness of AMPs.

2. INTRODUCTION

Bacterial resistance is stil one of the major
problems facing public health in modern societies (1),
This can occur due to the indiscriminate use of antibiotics,
which induces the formation of new species that are
resistant to conventional antiblotics (2). A major problem
facing modern societies is the health risks stemming from
the transmission of new infections that are difficult to treat.
In addition, the transmission routes (e.g. airborne or direct
contact) can lead to epidemic episodes (3). Thus, many
studies have aimed to minimize microbial contamination
by developing new drugs. Although there are thousands
of new compounds synthesized per year, the difficult
process of validation and clinical phase studies decrease
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the possibility of new drug manufacturing. In this context,
the discovery of antimicrobial peptides (AMPs) has
shown promise as a way to eradicate some resistant
bacterial strains (4).

AMPs are small amino acid sequences obtained
by their extraction from many types of organisms (plants,
insects and animals) and play an important role in
inhibiting the growth of multiple microorganisms (5. 6).
Currently, the database that contains detailed information
on these peptides (antimicrobial peptides database, APD)
contains 2495 types with different functions: antibacterial,
antifungal,  antiparasitic, anti-cancer,  antioxidant,
etc. (7). Chemically modified AMPs are obtained from
the modifications of natural ones derived from magainin
and histidine (8, 9) or through new synthetic forms
(e.g. E14LKK, RK1, RK2), aiming to improve microbicidal
effectiveness (10, 11).

Some hospital infections come from the
adherence of microbes, especially bacterial species on
the surfaces of medical devices and implants (e.g. dental
or orthopedic) or during surgical procedures due to the
lack of adequate hygienization (12, 13). The massive
bacterial colonization on solid surfaces could contribute to
biofilm formation (14). This process involves the transpart
of bacterial cells and further attachment commonly
mediated by van der Waals and electrostatic charges.
The adhesion of proteins and extracellular polymeric
substances (EPS) can reinforce bacterial adhesion (15).
Once implanted, these microorganisms can maturate
and differentiate, forming microcolonies and propagating
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infections with detached cells (16). As a result, infections
associated with bacteria are difficult to treat, and the

| or repl ent of inf 1 medical implants or
devices reflects considerable costs for the healthcare
system, which leads to patient suffering, prolonged
hospitalization and eventually death (17).

In this scenario, the development of new
biomateriais to prevent adhesion and microbial infection
in hospital equipment and implants are of increased
interest. The use of AMPs in adsorption processes,
functionalization and immobilization of organic coatings
onto substrate surfaces (titanium or silicone) has
demonstrated good activity with clinical potential,
summarized in Table 1.

Therefore, this review addresses three
important aspects for the use of AMPs in antimicrobial
coatings: basic concepts and mechanisms of action of
peptides against microorganisms (with the emphasis
on bacteria), chemical immobilization strategies for the
inclusion of peptides associated to solid substrates and
the effectiveness of these models in antimicrobial testing.

2.1. Antimicrobial peptides

AMPs are important components of the innate
immune systems of living organisms and contribute
effectively against exogenous pathogens (18). After
a microbial infection, most of these peptides act to
neutralize a wide range of microorganisms. In addition,
AMPs are efficient at low concentrations, are less likely
to promote bacterial resistance and have antitumor
properties. Therefore, AMPs are promising candidates for
their use as novel therapeutic drugs (4). They comprise
a chemically and structurally heterogeneous family yet
share molecular masses lower than 5 kDa, aside from
having cationic and amphipathic properties (19, 20).

Due to the enormous variety of amino acid
sequences and structural features, the exact action
mechanism of AMPs is still a controversial issue. However,
there is a consensus about the mechanism of positively
charged peptides. The cationic charges on the peptide
surface favor the electrostalic interaction of negatively
charged microbial membranes through bivalent cation
exchange (20). In addition, AMPs assume an amphipathic
structure after interacting with the bacterial membrane,
resulting in a lethal permeabilization (20, 21).

The antimicrobial activity of AMPs is based on
four model mechanisms named barrel, carpet, toroidal
and detergent. In the barrel medel, the hydrophobic
part of AMPs interacts with the lipid hydrocarbon chains
of membranes, and their hydrophilic part exposes the
lumen as a result of transmembrane aqueous channel
formation. The carpet model occurs due to the saturation
of the bacterial membrane by AMP molecules, resulting
in its permeabilization (21, 22). In the toroidal model,

the peptides are interspersed with phospholipids, and
the polar groups of both molecules interact with each
other, resulting in pore formation in the lipid membrane,
where peptides are assumed to adopt a transmembrane
orientation (23). Finally, the detergent-like model can occur
as a consequence of the carpet model, Once attached to
membrane surface by electrostatic interactions, AMPs
interleave the lipid bilayer until reaching a saturation
point with subsequent micelle formation and bacterial
membrane destruction (24).

The systemic use of AMPs is restricted, mainly
due to their toxicity when used at high concentrations, as
well as by its relatively short half-life and susceptibility to
proteases (10). The interaction of peptides with bacteria
is initially driven by weak attraction forces (van der
Waals and electrostatic interactions), which are further
enhanced by specific interactions involving peptides and
biofilm formation (25). Therefore, the most feasible way
to use peptides is through their immaobilization onto solid
surfaces with the aim of developing new antimicrobial
structures. In general, the use of intermediary linkers
between solid surfaces and AMPs is required to obtain
better microbicidal activity (25).

Bacterial infections associated with implanted
devices still present a significant threat to patients and are
a serious challenge for physicians, High rates of infection
are observed for orthopedic implants, dental devices,
vascular grafts, unnary and venous catheters, which
results in low performance of these devices in terms of
safety and longevity (26, 27). Central venous catheters,
commonly used in clinical cases (e.g. chemotherapy,
prolonged parenteral nutrition and hemodialysis),
contain silicone or polyurethane in their constitution. In
addition, catheters are useful for peptide immobilization
and, therefore, acquire the potential to be used against
biofilms involved in hospital infections post-surgery (28).
Furthermore, limitations of biomolecular immobilization
could spur the development of new antimicrobial surfaces
capable of preventing initial bacterial colonizations or
at least reduce active bacterial tities. Thus, modified
surfaces could directly affect patient health and reduce
costs in public health, making the use of AMPs an
excellent alternative to remedy these issues.

3. PHYSICAL METHODS FOR
IMMOBILIZATION OF AMPS

Recently, several studies have demonstrated
AMP coupling with different substrates and their
effectiveness against biofilm formation (29-33). AMPs
have unigque bioactive properties capable of overcoming
limitations of other antibacterial coatings, such astharisk of
developing bacterial resistance, short-term antimicrobial
protection, limited antimicrobial spectrum and high
cytotoxicity (34-37). Therefore, AMP immobilization onto
diverse medical devices, including implants, urinary
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Table 1. AMP covalent immobilization on solid surfaces and their antimicrobial activity against bacteria,

fungi and yeasts

Substratum AMP Chemistry Immobilization Strategy
Palyamide resin {pepsynil) | Novel synthetic Grafting of C-terminus to the polymer support E. coll, K. preumariae, S, aursus, |10
peplides and during solid-phase peptde synthesis B. subtilis, C. sibicans
Magainin 2
PEG -Palystyrene BKAL Peplide synthesized by solid-phase peptide B. subtilis; E, coll. Kluyveromyces (53
{PEG-PS) resin beads synthesis on & PEG-PS resin using Fmoc® marxianug, L monocytogenes,
chemistry P fluorescens, S. fyphimurium,
Sevratia liguefaciens, 5. aweus
PEGylated resin beads KLAL and C-terminal immobdizaton by standard solid-phase | E. coll, B. subiiis B
(TentaGal S NH2, HypoGel derived | pepiide synthesls and Fmoc try; M-terminai
400 NH2 and HypoGel  |peplids (MKSE) | and side-ch i by this !
200 NHZ) and axime formation
PEGylated resin beads Medittin, Buforin 2 | Thetered modified beads by oxime-forming E. coli, B. subtilis :1i
{TentaGel 5 NH2 resin and Tritrpticin ligation strategy
baads)
PEG-Polystyrena amphipathic Covalent binding by Fmoc chemistry on PEG-PS | 5. aursus, Micrococcus hifsus, 51
{PEG-PS resin beads |*-shest paplides | beads P senuginosa, E, coll
Glass coverslips Melimina Grafting via ABA and FNA® linkers P aeruginosa, 8. sureus T2
Indium-tin-cxide glass Polymixin B Silane containing epoxy rings to couple peplides | E. coll. NCTC 8007 B4
by catalyst
Paolydimethylsiloxane oW Cross-Linking of peptides 1o allyighycidil sther E. coll. 5. aursus, P. seruginosa | 100
(POMS) madified POMS surface (PDMS-AGE"-PEG) via
Sulthydryl Ghemistry
Silicone Urinary Catheter |RK1 and RK2 Cross-linking of paptides to allylglycidil ether E. coli, 5. aureus, C. albicans 1
and Polydimethytsdoxane modified PDMS surface (POMS-AGE-PEG) via
(POMS) Sulthydryl Chemistry
Pretreated Ti with amino  [LL-37 Site-specific conjugation through amine E. coli 105
silane and epoxy silane reactive NHS-group and the Thiokreactive
malaimide-moiety
Pratreated Tisdanization  |hLF-11 Peplide physical adsorption and covalent 5. sanguinis, L. salivarius k|
with CPTES or APTES hinding with CPTES’ or APTES®
- Nisin, Trp-11, Covalenl immobilization via reaction between E. coll. B. subltilis BS
AK-C16 amine groups on the peplides and surface
epoxy groups on the plasma polymer interdayer
- Nisin, Magainin |. [ Covalent immabilization through grafting of L. lvanovii m
chitosan, cross-finking agents and peplides
'PEG: Palyathylene glycol, 2Fmoe: 2 ¥ ¥ ABA: 4 acd, ‘FMA: 4-fuoro-3-ni azide, "AGE: allylg
ather, “hLt: human in, "CPTES: prog SAPTES: 3 i

and intravenous catheters, has an undeniable potential
for clinical use (38-41). However, new immabilization
strategies are required to ensure the applicability of
AMPs on solid surfaces, improving the effectiveness and
functionality of modified biodevices (35, 42).

AMP= can be immobilized onto solid surfaces
through physical methods such as adsorption, self-
assembled monolayers (SAM) or through chemical
methods via selective or non-selective covalent

bonding (35, 42, 43). Physical methods are based
on hydrogen bonds, permanent or induced dipole
interactions (van der Waals' force or London dispersion
force), and hydrophobic or ionic interactions between
AMPs and surfaces (44-47). Some substrates have
been used for AMP anchoring such as gold (32),
titanium (31, 34, 40, 48), titanium dioxide (49), silicon (50),
silicone (11, 41), polymeric brushes and resins (8, 51-54).
Of note, immobilization onto substrate surfaces can
be performed without any shape restriction, such as
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planar, spherical or curved geometries (55). However,
specific surface properties (nature, composition, charge,
hydrophilic or hydrophobic character, topography and
roughness) and AMP characteristics (type, charge,
molecular size and conformational stability) interfere in
the immobilization process (46). In addition, experimental
conditions such as time, peptide concentration, pH and
temperature should be also considered (46, 53).

The self-assembly technique is one of the main
strategies used for physical AMP immobilization (58, 57).
This approach is based on the alternating deposition of
anionic and cationic layers on a solid substrate (58-60),
enabling the obtainment of functionalized films through
the insertion of AMPs between polyelectrolytes layers (55)
and the control of film thickness and adsorbed biomolecule
amounts (56). Moreover, self-assembly is an effective
procedure since it does not cause chemical changes in
the functional peptide and maintains its conformational
stability by retaining water molecules between the
matrices (57, 61). One of the main features that make
SAM films promising for biotechnological applications is
the possibility of temporal control over incorporated AMP
release in hydrolytically degradable polymers through
surface erosion (57, 62-64).

Several studies have demonstrated good
prospects for AMP application in polymeric films. However,
some disadvantages could be associated with the self-
assembly technique, limiting its application for obtaining
implants coated by biomaterials and medical devices (55).
An important disadvantage comprises AMP incorporation
into the lower layers of the film, which restricts their direct
contact with the surrounding bulk {31). AMP bioactivity
is dependent on the diffusion process at the interface,
being influenced by the tortuosity of the diffusion (84)
via film thickness (65) and intermolecular interactions
between the polymer and peptide (66). A relatively fast
peptide release from the polymeric films results in a
decreased amount of anchored AMPs, interfering in
the minimum AMP concentration required to inhibit the
growth of microorganisms and increase the number of
biomolecules in the bulk (55). In addition, a fast release
can provide conditions for the development of bacterial
resistance, local toxicity and hemolytic activity (45,55).
Therefore, the limitations of the self-assembly technique
should be considered prior fo its use as a strategy for
obtaining more effective antimicrobial coatings.

The achievement of antimicrobial coatings with
adequale properties results from the improvement of
immobilization technigues (16, 39). The development of
appropriate methodologies for coating surfaces ensures
biological peptide properties including mechanism of
action, wide spectrum bioactivity, stability in adverse
conditions and low propensity for the development of
bacterial resistance (3, 40-42). However, this requires
some factors that influence the performance of these

biomolecules, such as peplide orientation, surface
concentration of bounded AMPs, and spacer length
and flexibility, which determine the lateral maobility of
AMPs (5, 7). Under these conditions, the use of chemical
methods for the immobilization of AMPs onto solid
surfaces has increased (27).

4. CHEMICAL APPROACHES FOR
COVALENT IMMOBILIZATION OF AMPS
ONTO SURFACES

The chemical immobilization of AMPs is an
alternative strategy for coating surfaces and improving
peptide stability. Consequently, the duration of the
antimicrobial efficacyisi dandis further iated
with a reduction in the toxicological risks for patients by
reducing the leaching of peptides (8, 37, 65, 66). Besides
these advantages, adequate AMP orientation on the
substrate can provide greater bioactivity (20, 67). For
these reasons, covalent bonds have been extensively
studied as a tool to overcome the limitations of the
physical anchoring methods (20, 54, 68). However, it is
important to emphasize that chemical immobilization can
alter the conformational structure of the molecule, restrict
its mobility and interfere in the mechanism of action (46).
Therefore, molecular coupling mechanisms should be
thoroughly evaluated for the maintenance of bioactive
AMP properties (52).

Chemical  immobilization  involves  the
formation of at least one covalent bond between the
surface and the responsible biomolecule to provide
stability to antimicrobial film (20). Stability is obtained
through the strength of covalent bonds, which prevents
spontanecus peptide uncoupling (8,10,69). Covalent
bonds are classified as selective or non-selective (70).
A selective bond between AMPs and substrates can be
obtained through the insertion of a specific functional
group in the molecular structure of the peptide via
chemical synthesis (35). In addition, is possible
control the route of reaction and orientation of the
biomaolecule (8, 48, 71). On the other hand, non-selective
immobilization occurs naturally without  requiring
additional chemical modifications in the peptides. In this
case, covalent binding uses the intrinsic functional groups
(e.0. carboxylic acid, amino, sulfhydryl and hydroxyl
groups) of the peptide sequence to react chemically
with activated surfaces. Non-selective immobilization
can rasult in more than one type of covalent bonding
with different crientations of the biomolecule (42, 72).
Howaver, for non i f: the functional groups
should be inserted through spacers to obtain a covalent
bond between AMPs and surfaces (73). Substrate
madification can be performed using SAM composed by
chemically-reactive organic molecules as a simple and
effective strategy (35, 74-76). The spacer length can be
varied from one to several carbon atoms with a direct
influence on AMP bioactivity (35).
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Figure 1. Examples of chemical stralegies for controlled covalent
aftachment of AMPs on surfaces functionalized with different reactive

Another strategy to covalently immobilize
AMPs involves the use of functionalized polymer
resins such as polyethylene glycol (PEG) or other
‘brushes’ that bear ive groups suitable for coupling
peptides (8, 10, 51, 53), PEG is one of the main spacers
used in the activation of surfaces by presenting the anti-
adhesive property that prevents or minimizes bacterial
colonization (77-78). In addition, PEG is an amphiphilic
and flexible polymer that allows for a greater lateral
mability of the AMPs and retention of water molecules in
its interior, PEG is capable of maintaining the bactericidal
activity of peptides after immobilization onto solid
supports (25). However, a disadvantage of the use of
polymers as spacers consists in the possibility of polymer
chain degradation and premature AMP release (53).

A wide variety of chemical coupling methods
for the immabilization of AMPs onto surfaces are shown
in Figure 1. Carboxylic acid-functionalized surfaces can
react with primary amines, leading to the formation of
peptide bonds (amide bonds) (73). However, the reactive
chemical groups on the surface should be initially activated
with 1-ethyl-3-(3-dimethylaminopropyl jcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
(Figure 1a) (35, 73). On the other hand, the AMP
immobilization onto amino-functionalized surfaces is
similarly obtained, as explained previously, for carboxylic
acid-functionalized surfaces. In this case, the accessible
carboxylic groups of the peplide should be activated
with the EDC:NHS eoupling method before being added
to the functionalized surface (Figure 1b) (35). The
carboxyl-amine conjugation reactions based on the use
of EDC and NHS occur in two sequential steps. EDC first
reacts with a carboxyl group, forming an amine-reactive
O-acylisourea intermediate. This unstable intermediate
is susceptible to hydrolysis and stabilized through the
addition of NHS by converting it to a semistable amine-
reactive NHS ester (Figure 1a). After the addition of NHS,
it is possible to obtain a stable amide bond with a 10-20
fold increase in coupling efficiency. Carbodiimide cross
linker chemistry is widely used for the immobilization of

groups. i up
BN AN 1-gtiyd-3-(3-

i {EDC) and N i {NHS) mal
activate the chsnlcal groups on the surface, b) AMPs can be attached 1o
amino-lunctionalized surfaces through activation of thesr carboxylic groups
with EDC and NHS before incubating on the surface. c) Aldehyde groups
present on i surfaces can chemically react with amine groups
of AMPs and establish stable covalent bonds through reducing agenls,
such as sodium cyanoboroiydride [MnBHI?L‘.Nj AMPs can be immobilized
on sobid supports funct with @) thicl, 1)
and g) epoide groups. Except for ing of AMPs on
moddied-surfaces, the use of thiol-bearing peplides is verified for covalent
immohbilization of AMPs on surfaces funclionalized with thiol, maleimide and
epodde groups. in all cases, the chemical coupling cccurs in a single step
and without the need for additional reagents. h) Serfaces funclionafized
with alcohol can anchor AMPs via two reaction mechanisms. In the first
mechanism, hydroxyl groups of spacers are derlvatized with an amino
alcohol, such as ethanclamine, and the carboxylic acid groups of AMPs
are activated with EDC and NHS for the attachment of the peptides on
the surface, In the second mechanism, hydroxyl groups of spacers are
derivatized with an aldehyde (e.g. gluteraldefyde), subsequently, the
immaobilization of AMPs proceeds similary to the anchoring of peptdes on
aidahyde-modified surfaces.

peptides on modified surfaces with carboxyl (Figure 1a)
or amino groups (Figure 1b) (80-82). Another strategy for
biomolecule immobilization is based on aldehyde groups
displayed on funclionalized surfaces. This approach can
be used to covalently bind AMPs from primary amines,
resulting in the formation of imine bonds. However, since
the imine bonds are unstable, they should be converted
to amine bonds through reducing agents, as sodium
cyanoborohydride (NaBH,CN), for the stabilization of
anchored peptides (Figure 1c) (71, 83).

The surface coupling strategy also uses
isothiocyanate for the attachment of peptides via primary
amine groups (Figure 1d) (35), Disulfide bonds can also
be used to immobilize many peptides and proteins,
Surfaces modified with thiol groups can covalently
immobilize AMPs through disulfide bonds established

© 1996-2016

125



Chemical immobilization of AMPs on biomaterial surfaces

between the surface and cysteine residues of the
peptide (Figure 1e) (70,84). AMPs can be attached to
maleimide-functionalized surfaces through covalent
bonds established between the thiol group of the peptide
and the of-unsaturated carboxyl of the maleimide
(Figure 1f) {25,52). AMPs containing thiol or primary amino
group derivatives (e.g. amino acids cysteine and lysine,
respectively) can be easily immobilized onto epoxide-
functionalized surfaces through a nucleophilic ring
opening in a spontaneous reaction (Figure 1g) (83,85).

There are currently two reaction mechanisms
for AMP immobilization onto alcohol-functionalized
surfaces (Figure 1h). In the first mechanism, the spacers
containing hydroxyl groups are derivatized with an
amino alcohol such as ethanolamine. Subsequently, the
peptides whose carboxylic acid groups were previously
activated with the EDC: NHS solution are added to the
modified surface, resulting in a covalent bond (35).
In the second mechanism, the spacers presenting
the alcohol function are derivatized with an aldehyde
(e.q. glutaraldehyde). Therefore, the immobilization of
AMPs on aldehyde-modified surfaces occurs similarly,
as has been shown previously (35). As explained before,
diverse methodologies for AMP immaobilization onto

solid surfaces are available. However, the I

amide/amine moieties in its molecular chain (10,90)
(Table 1). However, physicochemical characteristics
of resins do not contribute to clinical applications. Of
note, these materials are important to obtain a better
understanding of the mechanisms of action of surface-
active peptides (8,53).

Haynie et al studied the bactericidal
effects of magainin 2 and various synthetic peptides
mainly containing lysine, leucine and giycine in their
compositions, utllizing an ethylenediamine-modified
polyamide resin (Pepsin K). Altogether, 70% of the tested
peptides, which included magainin2, showed bactericidal
activity against fungi and Gram-positive and Gram—
negative strains. Among them, E14LKK showed the
highest antibacterial activity, except for P. aeruginosa and
A. niger. Other studies also used E14LKK immobilized
onto polyethylene film containing PEG as the intermediate
binder. The peptide remained active and reduced E. coli
strains up to 2 log (54).

The covalent immobilization of AMPs at different
binding sites and with different length spacers also
influences biocidal and hemolytic activities. Two a-helical
cationic AMPs, MK5SE and KLAL, were immobilized on
polysty resin beads (Table 1). MKSE is an AMP

and disadvantages of each technigue should be
evaluated for obtaining effective antibacterial films(46}.
Therefore, the molecular coupling process should be
rigorously controlled for the maintenance of the hioactive
properties of the peptides and the functionality of the final
product (42,43).

5. EFFECTIVENESS OF AMPS IMMOBILIZED
ONTO A BIOMATERIAL SURFACE

Antimicrobial peptides have a well-defined
mechanism of action described by interaction models
that evaluate the association between the sequence
of peptides and the bacterial cell wall (86-88). The
search for improving the efficiency of AMP-bacteria
interaction also leads to the development of artificial
peptides and the discovery of novel, natural peptides
extracted from various living organisms. In recent years,
there has been increased interest in developing new
antimicrobial biomaterials in pre/post-surgery processes
to avoid nosocomial infections (25). The applications
of immobilized AMPs are an excellent alternative for
use against nosocomial infections caused by commaon
pathogens and antibiotic-resistant microorganisms (8, 42).
AMPs have been tested on diverse solid surfaces such
as resins, glass, silicone, titanium and stainless steel for
clinical use (43,89),

Resins are solid polymers obtained from
plants or chemical synthesis. Some resins are
chemically modified and useful as a substrate for AMP
immobilization due to their high molecular weight and

derived from magainin2 having only microbicidal activity
while KLAL has both biocidal and hemolytic activities.
Bagheri ef al. used resin beads with different sizes
(TentaGel S NH2, HypoGel 200, and 400 NH,) with
covalently-linked peptides via N and C terminal chains.
They demonstrated that the antibacterial activity of
cationic AMPs was influenced by spacer length. AMP
biocidal activity is directly dependent on the spacer
length, providing more flexibility and capacity to interact
with microorganism surfaces (8).

Bioactive glasses also provide an advantage
in forming an interface between implant and organism
without inducing immune responses. This type of
glass has potential applicati in dentistry (91),
ophthalmology (92) and orthopedics (93). However,
there are still few studies on the immobilization of AMPs
onto glass (72,94). These materials have been used
for the immaobilization of lamine, a cationic peptide
modified by covalent bonding. In addition, ligands
such as 4-azidobenzoic acid or 4-fluoro-3-nitrophenyl
azide are used to modify glass substrate surfaces (72)
(Table 1). Glass coated by indium-tin-oxide was also
functionalized with silane coatings containing epoxy rings
(3-glycidyloxypropyl-trimethoxysil (94).

Silicone is a synthetic polymer obtained from
fluid resin or elastomer forms. Silicone is one of the
most cited materials for peptide immobilization and is
extensively used in the medical and pharmaceutical
fields due to its biocompatibility and wide range of
physical forms. In addition, this polymer is applied
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in  manufacturing prostheses and medical devices
(e.g., catheters and stents) (95,96). New approaches
have been developed to prevent biofilm formation on pre/
post-surgical proced aiming to d maortality
rates and costs to public health (97-39).

Some peptides have beenimmobilized onvenous
catheters composed of silicone for the development of
bactericidal surfaces against bacterial strains (38). The
understanding of the interactions between AMPs and
bacteria has led to the development of novel synthetic
peptides (e.g. CW11, RK1 and RK2) (11,100). CW11,
a synthetic peptide, was chemically immobilized on a
polydimethylsiloxane (PDMS) surface maintaining an
in vitro bactericidal effect (Table 1). CW11 is mainly
composed of tryptophan and arginine, which contribute
to a better adhesion process on bacterial surfaces even
under saline conditions. CW11 has low cytotoxicity and
excellent antibiotic activity against E. coli, P. aeruginosa
and S. aureus as compared to conventional antibiotics,
Thus, the CW11 peptide is an alternative for modifying
medical devices based on silicone as a substrate (100),

In addition, other peptides such as RK1 and
RK2 (both derived from the human beta-defensin-28
variant) showed a broad antimicrobial spectrum,
tolerance to saline conditions and use for the modification
of silicone surfaces (101) (Table 1). These peplides
are rich in arginine, lysine and tryptophan residues,
showing antimicrobial activity against E. coli, 5. aureus
and C. albicans in phosphate buffered solutions and
urine samples. Cultures of smooth muscle cells showed
no signs of toxicity, demonstrating biocompatibility for
use in urinary catheters. Therefore, the development
of new peptides is an alternative for covering catheters
and preventing urinary tract infections (11). In addition,
new, natural and/or synthetic peptides have been
used to modify metal surfaces such as titanium, and
have been applied in clinical and preclinical research
studies (9, 31, 40, 102).

Titanium (Ti}is another material used forimplants
in dental and orthopedic applications (12, 13). Likewise,
the properties of biocompatibility, corrosion resistance
and ability to bind to bone has induced new research
studies (103). The use of AMPs and Ti is associated
with the lack of toxicity and low immune response. The

spacers (copolymer “brushes") with a low density provide
a high number of peptide/polymer chains, which results
in higher antimicrobial activity (48).

Besides LL-37, another example of AMPs
extracted from humans are human lactoferrins (hLF).
In addition, hLFs are involved in the activation and
differentiation processes and immune responses against
microorganisms (106-108). The peptide hLF1-11 is
effactive against strains of Streptococcus sanguinis and
Lactobacillus salivarius, preventing the formation of
biofilms at early stages. Recently, the antimicrobial effect
of the hLF1-11 attached to Ti surfaces was demonstrated
to be effective for dental applications (31).

On the other hand, stainless steel (SS) is a metal
present in several areas where hygiene is essential,
including the home, the food industry and the medical field.
The presence of SS in hospital environments highlights
its importance for developing antimicrobial surfaces in
order to avoid pre/postoperative infections (109, 110),
In this context, the functionalization of organic polymers
deposited by plasma (glow discharge plasma) is essential
to immobilize covalent peptides. The process occurred
by binding the peptide amine groups and epoxy groups
from polymerized interlayers deposited via plasma on 55
surfaces. These systems reduced the ?rowth of E. coli
and B, subtilis ranging from 3 to 6 log'® in accordance
with the tested peptide (85). In addition, chitosan polymer
layers (1,4 linked N-acetyl glucosamine and glucosamine)
were used on 55 surfaces to immaobilize the AMPs nisin
and Magainin |. This strategy was possible due to the
insertion of terephthalaldehyde cross linker (111). New
studies, even at early stages, are essential to contribute
to the development and improvement of biomaterials for
clinical use and biodevice implantation.

6. CONCLUSION

Since bacterial resistance is still one of the
major problems facing modern societies, new strategic
therapies to combat microorganisms resistant to
conventional antibiotics are required. In this context,
antimicrobial peptides are promising due fo their
biocompatibility, low toxicity and high effectiveness.
Synthetic forms of peplides also have increased their

icrobicidal activity. C tly, chemical methods for

bactericidal effectiveness of LL-37 on Ti surf was
evaluated (104, 105) (Table 1). LL-37 is a peptide derived
from cathelicidin and extracted from epithelial cells and
neutrophil granules. Zanetti et al. (104) performed the
immobilization of LL37 by covalent bonding strategies
using PEG as a spacer between solid surfaces and the
peptide. In addition, LL-37 with cysteine (Cys-LL37) was
used to assess binding to the spacer. The presence of
cysteine ensured stable bonding with PEG and better
mobility of LL-37, facilitating the interaction with the
evaluated bacterial cell membrane. AMPs conjugated to

1 of AMPs on surfaces are considered
valuable tools for the construction of modified biodevices.
Chemical immobilization provides improvements in
peptide stability and ensures an adequate orientation
of the biomolecule. Covalent bonding overcomes
limitations of the physical anchoring methods, creating
films with greater antimicrobial efficacy. Chemical
approaches to covalent immobilization of AMPs on
solid surfaces, such as orthopedic implants and surgical
instruments, represent an advance in the prevention of
nosocomial infections. Although many studies are still

imm
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in the initial phase, they represent the first step towards
the development and improvement of new antimicrobial
biomaterials with the capability of reducing infections in
hospital environment and improving human health.
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ANTIMICROBIAL PEPTIDES

Antimicrobial peptides (AMPs) are natural compounds isolated from a wide variety of
organisms that include microorganisms, insects, amphibians, plants, and humans. These
biomolecules are considered as part of the innate immune system and are known as
natural antibiotics, presenting a broad spectrum of activities against bacteria, fungi, and/or
viruses. Technological innovations have enabled AMPs to be utilized for the development
of novel biodetection devices. Advances in nanotechnology, such as the synthesis of
nanocomposites, nanoparticles, and nanotubes have permitted the development of nanos-
tructured platforms with biocompatibility and greater surface areas for the immobilization
of biocomponents, arising as additional tools for obtaining more efficient biosensors.
Diverse AMPs have been used as biological recognition elements for obtaining biosensors
with more specificity and lower detection limits, whose analytical response can be
evaluated through electrochemical impedance and fluorescence spectroscopies. AMP-
based biosensors have shown potential for applications such as supplementary tools for
conventional diagnosis methods of microorganisms. In this review, conventional methods
for microorganism diagnosis as well new strategies using AMPs for the development of
impedimetric and fluorescent biosensors are highlighted. AMP-based biosensors show
promise as methods for diagnosing infections and bacterial contaminations as well as
applications in quality control for clinical analyses and microbiological laboratories.

spectroscopy

action described previously in the literature are not neces-

Currently, the search for novel compounds with antibiotic ability
to overcome bacterial resistance has increased. Antimicrobial pep-
tides (AMPs) appear to be an excellent alternative, since more
effective therapeutic approaches are required for many types
of pathogens (Brogden etal, 2005 Hancock and Sahl, 2006;
Schmidtchen etal, 2014), AMPs are components of the innate
immune system, acting in defense against multiple pathogens
(Schmidtchen etal., 2014), In general, AMPs may also show other
different activities such as antiviral or antitumor properties, mak-
ing them excellent candidates as new therapeutic drugs (Reddy
al., 2004).

Antimicrobial peptides are biomolecules present in diverse
organisms, such as insects, plants, and animals (Mendez etal,
1990; Schnapp and Harris, 1998). In general, AMPs are mainly
cationic small molecules composed of 10-50 amine acids residues
in length, with molecular masses ranging from 1 to 5 kDa. In addi-
tion, AMPs comprise a chemically and structurally heterogeneous
wand Rivas, 1998; Costa etal., 2011).

In general, AMPs only assume an amphipathic structure
after interacting with the bacterial membrane, since it is
not a favorable structure in an aqueous environment, allow-
ing lethal permeabilization of the bacterial membrane (van't
Hof etal, 2001; Costa etal, 2011). The classical modes of

sarily exclusive of one other (van't Hof etal., 2001; Brogden
et 2005; Toke, 2005; Bechinger and Lohner, 2006). In
the case of the barrel-stave model, a lipid bilayer disruption
by AMPs occurs, until the peptides reach a threshold con-
centration and insert themselves across the bilayer to obtain
peptide-lined pores. Subsequently, a membrane solubilization
into micellar structures occurs, resulting in the carpet model or
in forming peptide-and-lipid lined pores (toroidal pore model;
Rapaport and Shai, 1991).

The mechanisms of action of AMPs (Figure 1) were reviewed
and described by Nguyen etal. (2011). In this new proposal,
pore formation in the disordered toroidal pore model is more
stochastic, involving low peptide quantity. The presence of pep-
tides can directly affect the bilayer thickness and, therefore, the
membrane is remodeled to form rich domains of anionic lipids
on the peptide surface. In addition, AMPs can form non-bilayer
intermediates in the membrane coupled to small anions. On the
other hand, in the molecular electroporation model, a peptide
accumulation occurs on the outer lipid membrane leaflet, mak-
ing the membrane permeable to various molecules including the
AMPs (Nguyen etal., 2011).

Nanotechnology has been widely introduced for multidisci-
plinary applications, especially associated with the use of AMPs
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Peptides in Solution
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(A) Barrel-stave Model
Membrane depolarization
and cell death

FIGURE 1| ic diag izing the
of peptid i ion. (A) Barrel-stave model: the peptide
assumes an amphipathic helical conformation and organizes itself to form
a structure with a central lumen, like a barrel. The hydrophobic part of the
AMP interacts with the lipid acyl cheins of the membrane and their
bydrophilic part 1s exposed so as to form the lumen of the

(B) Carpet Model

by X

Membrane micellization

(C) Toroidal Model

Membrane depolarization
and cell death

and cell death

reaching a saturation point, resulting in solubilization of the bacterial
membrane. (C) Toroidal model: the peptide helices are inserted parallel to
the membrane and cause folding of the lipid monolayers in order to form
a pore formed by peptides interspersed with phospholipids. In this model,
&n sssociation between polar peplide groups with the lipid poler heed

agueous channel. (B) Carpet maodel: cationic peptides are attracted by
anionic phospholipsds covering the surface of the bacterial until

t groups s 1. (D) Detargent madal:
ooours, leading ta formation of micellar structures, resulting in the
i af the lipid and cell death.

in biology and biomedicine (Barkalina cral., 2014). Among the
diverse uses of AMPs have been highlighted quality controls of
foods, raising animals, controlled release systems and biosensors
(Li etal.,, 2012; Sobczak etal., 2013). In this context, the pep-
tide nisin has been applied as a milk-derived preservative for
quality control in foods (Bi etal, 2011). In animal husbandry,
peptides can be used in ruminants as an alternative to common
antibiotics, g bacterial resi e or g in the immu-
nization of animals for the prevention of diseases (Cheema etal,
2011).

Infectious diseases have been part of humanity for centuries,
some of them killing millions of people worldwide. Different
types of pathogens (bacteria, viruses, fungi, and parasites) can
cause infections from either exogenous (acquired from the envi-
ronment, animals, or people) or endogenous (from the normal
flora) origins (Mazzoni etal., 1987; Murthy etal,, 2013). Further-
more, in agribusiness, the use of purified peptides, as well as the
development of transgenic plants, aims to minimize plant diseases,
avoiding the use of fungicides (Keymanesh etal,, 2009). In clinical
applications, some AMPs are in the carly stages of clinical research
to prevent inflammation and sepsis {Schuerholz etal,, 2012).

Identification and quantification of pathogenic agents are two
important parameters for the diagnosis of bacterial infections and

the implementation of effective drug therapy {Lazcka et al., 2007).
The most common methods are direct examination by counting
bacterial colonies in culture plates and serodiagnosis tests (van Pelt
etal., 1999). Direct examination by optical microscopy can iden-
tify the morphology using a simple and specific Gram staining.
Culture media allow the growth as well as the isolation and identi-
fication of specific types of bacteria (Szakal and Pal, 2003; Bragulat
etal., 2004). However, these methods are time-consuming and
require specialized technicians. Of note, it may require weeks to
obtain a correct diag of some patl from ples of
mucosa, skin, or blood (Benes etal., 1996). Unfortunately, a few
days may be sufficient to significantly worsen the clinical status of
the patient before receiving appropriate treatment.

Traditional methods of diagnosis also consist of molecular
tests or nucleic acid amplification test (NAAT). Techniques based
on NAAT include polymerase chain reaction (PCR), ligase chain
reaction, transcription mediated amplification, strand displace-
ment amplification, and loop-mediated isothermal amplification
(Andersen etal., 2000; Yang et al., 2002; Palka-Santini etal., 2009).
Techniques based on nucleic acids enable specific molecular detec-
tion through hybridization between a DNA molecule and its
complementary strand (Junhui etal., 1997; Wang etal., 1997;
Wang, 1998). Although effective, these techniques may present
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some limitations, such as the need for sample enrichment and
purification prior to analysis, prolonged experi ion time,
false-positive results due to cross-reactions, and high cost (Caygill
ctal., 2010 Singh etal., 2014).

In order to reduce or overcome these restrictions, new detection
methods are required, and biosensors are considered promising
tools for clinical diagnosis (Abdel-Hamid et al,, 1999; Deisingh
and Thompson, 2004). In this context, AMPs can be an excel-
lent alternative for the development of biosensors, since their
potential use for specific detection of pathogenic bacteria has been
demonstrated (Kulagina etal., 2005),

STRATEGIES FOR THE DEVELOPMENT OF AMP-BASED
BIDSENSORS
Advances in nanotechnology have contributed to the improvement
of biotechnological research associated with the rapid progres-
sion of biodetection devices { Jianrong et al., 2004; Fournier-Wirth
and Coste, 20105 Yeom etal, 2011). Nanostructures have been
extensively used in the biosensor development due to their unique
physicochemical characteristics such as quantum size effect, ele-
vated ratio between surface area and volume, and analytical signal
amplification capacity (Jianrong etal, 2004; Li etal., 2010). The
utilization of AMPs as recognition elements in biosensors is a rela-
tively new concept, but their development is of great relevance due
to numerous potential areas for application (Etayash etal, 2014).
Biosensors are chemical devices comprising two basic func-
tional units {Figure 2). The first one is a biomolecule responsible
for recognition of the target substance through specific inter-
molecular binding or by means of catalytic reactions (D'Crrazio,
2003), The second is the transducer that converts the hio-
chemical response into a measurable electric signal, which is
mainly proportional to analyte concentration (Higgins and Lowe,
1987; Hulanicki etal,, 1991; Thévenot etal,, 2001). In addition,
diverse transducers can be used for conversion of the biochemi-
cal response into a quantifiable analytical signal, being classified
according to their physical principles as electrochemical, electri-
cal, optical, piezoelectric, calorimetric, acoustic, and magnetic

(Hulanicki etal,, 1991; Sethi, 1994; Marco and Barcelo, 1996,
Thévenot etal,, 2001).

Electrochemical impedance spectroscopy (EIS) comprises the
current main strategy used for the development of biodevices
based on AMPs, as shown in Table 1. EIS is an effective method
for the investigation of modified surfaces and monitoring of inter-
facial processes, allowing the characterization of electrochemical
systems (Stoynov and Savova-Stoynova, 1986; Bard and Faulkner,
20007 Lasia, 2002), In the EIS technique, a signal of perturba-
tion of low amplitude, in the form of sinusoidal potential and
different frequency values, is applied to the transducer, form-
ing sinusoidal alternating current (Macdonald, 1990, 1992; Katz
and Willner, 2003; Chang and Park, 2010). EIS is a valuable
ol for interfacial phenomena analyses occurring between elec-
trode and solution, Dielectric analyses allows for the evaluation
of electron charge-transfer parameters, double-layer, electrical
layer, and modeling the experimental data to equivalent circuits
(Stovnov and Savova-Stoynova, 1986; Macdonald, 1990; Bou,
2001; Oliveira et al, 2011). E15 isa technique of great relevance due
to numerous technological applications such as the development
of biosensors, studies of dielectric materials, corrosion processes,
biofuel cells and rechargeable batteries (Macdonald, 1992; Guan
etal, 2004). EIS is a new experimental approach for under-
standing AMP mechanisms of action through lipid membrane
properties by monitoring changes such as thickness, ion per-
meability and homogeneity after peptide exposure (Chang etal,
2008; Oliveira etal., 2011; Nascimento et al., 2012; Sugihara etal.,
2012).

Several biological elements can be used for the manufacturing
of biosensitive systems, such as cell receptors, enzymes, antibodies,
antigens, nucleic acids, aptamers, lectins, and peptides (Byfield
and Abuknesha, 1994; Guan etal., 2004; Caygill etal.,, 2010), In
particular, AMPs are outstanding molecules due to their wide
biotechnalogical applications (Dawson and Liu, 2008; Meng et al.,
201 Seo etal,, 2012). In addition, AMPs are promising molecules
for the development of biosensors due to the possibility of rec-
ognizing a wide variety of pathogenic agents, including bacteria,

D sicNaL 3P

detection of the analyte (A) is performed through a biological component
(B) associated to a transducer (C). This is responsible for converting the

)
. Ra Ro+ Ry 7
AMPLIFICATION
AND PROCESSING RESPONSE
(A) (B) (C) (D) () )
FIGURE 2| of an i i The biochemical response arising from the bi ion into an

signal (D) which will be amplified and processed by a computer software
(E) which will describe, through graphs (F), the bioactivity of the system.

www.frontiersin.org

August 2014 | Volume 5 | Article 443 | 3

136



Silva etal.

Biosensors based on AMPs for diagnosis

Table 1 | Antimicrobial peptides, their immobilization substrates and molecular targets with the resp di limits obtained
different techniques.
AMPs Substrate immobilization  Target recognition Detection limit Technique Reference
Magainin | Gold surface - lipoic acid Escherichia coli 10° CFU-mL~! Electrochemical impedance Li etal. (2014)
N-hydroxysuccinimide — 0157:H7
ferrocene
Magainin | Glass microbeads — Non-pathogenic 10 cells-mL~" Fluorescence microscopy Yoo etal. (2014)
N-[y-maleimidobutyryloxy] Escherichia coli
succinimide ester (GMBS) —
cysteine
Magainin | Gold surface — cysteine Salmonella 108 CFU-mL™! Electrical impedance Mannoor etal. (2010)
typhimurium
Leucocin A Gold surface - cysteamine Listeria 108 CFU-mL~" Electrical impedance Etayash etal. (2014)
monocytogenes
Bactenecin  Glass slide — Brucella melitensis 5 x 104 cells- mL~" Fluorescence spectroscopy Kulagina etal. (2007)
3-mercaptopropy! Vaccinia virus <5 x 10° PFU-mL~"
triethoxysilane (MPTES) - Venezuelan equine <5 x 10° PFU-mL~"
GMBS encephalitis virus
Coxiella burnetti 5 x 10° cells - mL~"
G10KHc Gold surface - cysteine Pseudomonas 10° CFU-mL™" Electrical impedance Lillehoj etal. (2014)
aeruginosa
C16G2cys  Gold surface — cysteine Streptococcus 10° CFU-mL™" Electrical impedance Lillehoj etal. (2014)
mutans
Cecoprin A Glass slide — poly(dimethyl) Botulinum toxin A 1ng-mL~" Fluorescence spectroscopy Kulagina etal. (2006)
siloxane (PDMS)
Melittin Glass shde - PDMS Botulinum texin B 10ng-mL—? Fluorescence spectroscopy Kulagina atal. (201

*CFUL colony forming units: PFU, mague forrming units.

fungi, toxins, and viruses with lipoprotein envelope ( Zasloft, 2002;
De Smet and Contreras, 2005; Kulagina etal., 2007).

The basic principle that enables the use of AMPs in biosen-
sors is its ability to selectively interact with the cell membrane
components of pathogens (Kulagina ct al., 2005). The (bio] inter-
action is mainly driven by electrostatic forces, hydrogen bonds,
and hydrophobic interactions {Seelig, 2004). Biological recogni-
tion thermodynamics depends on lipid membrane composition
and peptide properties such as hydrophobicity, amphipathic-
ity, molecular charge, and degree of secondary structure angle
(Mozsolits et al., 2001; Papo and Shai, 2003; Fernandesetal,, 2012
Oliveira etal,, 2013). Therefore, AMP specificity is based on the
different molecular affinities, allowing their employment in diag-
nostic tests (Kulagina etal, 2005 Etayash etal, 2014; Li etal,
2014).

Interdigitated electrodes are an excellent alternative for biosen-
sor development. Mannoor ¢tal. (2010) reported the develop-
ment of an nterdigitated capacitive biosensor for detection of
Escherichia coli and Salmonella typhimurium, In this study, maga-
inin [ was immobilized on gold microelectrodes via its C-terminal
cysteine residue, and the binding capacity to bacterial cells was
evaluated by EIS. The changes in the dielectric properties of the
modified electrode surface allowed the determination of selectivity

for pathogenic Gram-negative bacteria E. coli and Salmonella
typhimuritm in relation to non-pathogenic E. coli and the Gram-
positive species Listeria monocytogenes {Mannoor etal., 2010).

Recently, Li etal. (2014) developed an impedimetric biosensor
with magainin I conjugated to a structured film of ferrocene for
bacterial detection. The biosensor showed a preferential selectivity
for E. coli O157: H followed by non-pathogenic E. coli K12, Bacil-
fus subtilis and Staphylococcus epidermidis, In addition, a detection
limit was observed for E. coli 0157: H7 of 10° CFU mL~".

A microelectromechanical sensor using two synthetic peptides
(C16G2eys or G10KHc) was developed for the detection of Strepto-
coceus mutans and Pseudomonas aeruginosa (Lillchoj etal,, 2014 )1t
is important to note that C16G2cys and GIOKHe have a cysteine
amino acid residue in the C-terminus, and the -SH group of the
cysteine can be used to promote binding on the gold surface,
resulting in the vertical orientation of the recognition molecules.

Among the optical properties explored for the construction of
biosensors, one of the most prevalent is fluorescence, evaluated
by a significant number of techniques that allow the analysis of
the systems conjugated with fluorophores and molecular targets
quantification {Gauglitz, 2005; Altschuh et al., 2006; Lazcka etal.,
2007; Fan etal., 2008), Fluorescence is a phenomenon of photon
emissions, resulting from the passage of a valence electron in

and Char
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an orbital of ground state to an orbital of higher energy to the
absorption of radiation of appropriate wavelength. Upon return-
ing to the state of origin, photons are liberated with bottom
energy to absorbed light. Fluorescence spectroscopy allows for
the quantification of the analyte with sensibility, low cost, and
easy implementation (Eaton, 1990; Lazcka etal, 2007). Thus, the
molecular recognition is assessed through variations in fAuores-
cence properties after the interaction of the bioreceptor with the
specific target (McFarland and Finney, 2001; Altschuh et al., 2006).

In this context, magainin | was immobilized on glass shides
modified with 3-mercaptopropyl triethoxysilane (MPTES) and
N-(y-maleimidobutyryloxy) succinimide ester (GMBS) through
direct covalent binding or by avidin—biotin coupling, being used
as a recognition molecule for E coli O157: H7 and Salmonella
typhimuriwm (Kulagina etal., 2005). The immobilization method
interferes with biosensor sensitivity, and the direct binding of
magainin | reduces non-specific interactions, resulting in detec-
tion limits of 1.6 % 10" and 6.5 x 10* cells mL™! for E coli and
Salmonella typhimuriun labeled with Cy5, respectively. Through
the indirect method values of 6.8 x 107 and 5.6 x 107 cells
mL~! were obtained (Kulagina etal., 2005). M , cecropin

and large applicability potential, since AMPs are highly stable
under unsuitable conditions and can be continuously exposed to
natural surroundings {Casteels etal., 1989; Mannoor etal,, 2010;
Laverty etal., 2011; Hassan etal,, 2012; Dawgul etal., 2014), AMPs
are capable of interacting with invariant components of the target
surfaces (Kulagina etal.,, 2006), providing each peptide with the
possibility of recognizing a variety of pathogens {Zasloff, 2002;
De Smet and Contreras, 2005; Kulagina etal., 2007), Despite the
importance of bacterial diagnosis, diverse studies have undertaken
to develop detection systems for other microorganisms and tox-
ins (Zasloff, 2002; De Smet and Contreras, 2005; Kulagina etal,
2007 ).

Therefore, AMPs can be used in nanostructured platforms for
the detection of pathogenic agents due to their singular properties,
ease of acquisition, and relevant biological activity (Kulaging et al,
2005; Yonekita etal, 2013). AMPs are an excellent alternative for
obtaining new, sensitive, inexpensive, portable, versatile, and fast
methods of diagnostics for analyte identification and quantifica-
tion (Caygill etal, 2010; Yoo etal,, 2014). Thus, nanobiosensors
based on AMPs can be used in basic and applied research, clinical

A, parasin, magainin I, and polymyxin B and E, immobilized
on a glass slide modified with MPTES and GMBS, were also
used in screening fluorescent assays for detection of E. coli
O157:H7 and Salmenella typhimurivm (Kulagina etal., 2006},
The assay in “sandwich” format, with lhc emplnymem of Cy3-
labeled anti-E. coli or anti-Sal il ated diffi
AMP affinities for pathogenic species tku]agma etal,, 2006). In
another study, cecropin (A, B, and P}, parasin, magainin I,
polymyxin (B and E), melittin, and bactenecin were evaluated
for the biodetection of viral particles and bacterial cells using Cy3
(Kulagina et al., 2007},

Cecropin P1 (CP1), SMAP-29, and PGQ were used as alter-
native molecules for detection of E. coli O157:H7 in substitution
of the anti-E. coli 0157:H7 antibody (Arcidiacono etal., 2008).
Through screening in solution and quantification of fluorescence,
it was verified that the detection limits for Cy5 CP1, Cy5 SMAP,and
Cy5 PGQ were 107, 10° €10° CFU mL™, respectively, in compari-
son to 10° CFU mL™" for Cy5 anti-E, coli 0157 antibody, Because
of the high sensitivity of the CP1 and specificity of the anti-E. coli
0157:H7 antibody, a prototype i -magnetic bead biosensor
was developed, resulting in a 10-fold improvement in sensitivity
(Arcidiacono etal., 2008),

Glass microspheres (GMs) based on microfluidic chip were
used for magainin [ immebilization as a new method for
E. coli biodetection (Yoo etal, 2014), GMs provided greater
detection efficiency through the increase of superficial area of
adsorption relative to the vol bling a greater |
of bonds between microorganism-AMPs, The biodevice pre-
sented a good detection efficiency of 87% in a limit of 10° cells
mL ™! obtained by image analysis under fluorescence microscopy
(Yoo ctal., 2014).

The most common application of AMP-based biosensors is
the identification of diverse bacteria such as E coli, Salmonella
typlhimuriwm, L. monocytogenes, Streptococcus mutans, P aerug-
inosa, and others (Mannoor etal,, 2010; Li etal,, 2014). In this
scenario, AMPs stand out for presenting differential characteristics

lysis, © ial applications, microbiological quality con-
trol, and environmental monitoring (Higgins and Lowe, 1987;
[Y'Orazio, 2003; Mehrvar and Abdi, 2004),

CONCLUSION

Antimicrobial peptides are considered promising molecules in
the development of biodetection devices. Nanotechnology has
enabled the construction of biosensors based on AMPs with
more specificity and sensitivity for detection of pathogenic agents.
Biosensors based on AMPs are a useful tool since it is possible to
investigate a wide variety of molecular targets in real time, provid-
ing quantitative or semi-quantitative analytical information that is
both specific and selective. In spite of AMP-based h:oscnsors hr:mg
prototypes and their remaining chall i
such as reproducibility, validation and proper standardization,
they may be considered valuable alternatives for obtaining new
diagnostic methods.
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Dielectric characterization has been applied as a o

and polarizatior

transport mechanisms in al

ool for of 1

n soft materials. In this work, we have explored the study of charge

neomycin-loaded liposomes. For comparison,

drug release kinetic was evaluated by using UV-Vis spectrophotometry and electrical impedance
spectroscopy (EIS) at different external direet current (DC) polartzation (100 mV and 1 V). The
charge transfer resistance (Ret) was proportional to DC electrical stimulation and inversely to the
amount of released neomycin. Optical and electrical measurements confirmed the dependence
of neomycin release under influence of electrical potentials. The kinetic profile of these systems
was described by zero-order model. In addition, the Korsmeyer-Peppas model also suggested a
diffusion mechanism based on super case [l transport (non-Fickian), These results encouraged the
use of EIS as a “dark"” spectroscopy technigue, since EIS is effective for studies of release Kinetics
controlled by DC external electrical excitation,

Keywords: controlled release, hydrogel, al

Introduction

Hydrogels are semi-solid materials soluble in polar
solvent with potential application in the development
of new controlled release systems.! Therapeutic use of
hydrogels is associated with diverse applications such as
ophthalmic ointments,” wound healing for venous ulcers’
and treatment for skin infections.® A variety of synthetic
and natural molecules, extracted from animals, plants or
algue serve for gel preparation.”

Alginate (Alg), an anionic polysaccharide isolated
from brown seaweed with linear structure containing
homopolymeric blocks of guluronate and mannuronate
residues, has been extensively used in the pharmaceutical
industry for production of natural ointments, Alg is an
electro-responsive polymer due to the presence of ionizable
groups (-COOH) and counterions (Na® and Ca*), with an
important role during ion exchange process,™

5 it has

The advantages of Alg, viz., high solubility in polar
solvents, biodegradability and non-toxicity” contribute

Fe-mail; csrandrade @ gmail.com

liposomes, impedance spectroscopy

to development of new promising controlled release
systems for antibacterial applications." In addition, the
association between liposomes (Lipo) and Alg hydrogel
improves the controlled release of resulting systems.''
Lipo are nanometric spherical lipid vesicles with different
properties, viz., varying size, number of lipid Iayers,
lipid constitution, biocompatibility and different routes
of administration."

Neomycin (Neo) is a well-known antibiotic with

effective action against Gram-negative bacteria, such as
Kiebsiella prnewmoniae, Escherichia coli and Psendomeonas
aeruginosa." " The system composed by Neo-loaded Lipo
could be considered as an ideal model for development of
topical formulations,

In general, drug release Kinetic profile is evaluated by
different methods such as UV-Vis spectrophotometry,”
fluorescence spectrometry’™ and high performance liquid
chromatography.”” On the other hand, electrochemical
impedance spectroscopy (EIS) is an alternative and
effective method applied in the study of drug release and
hydrogel swelling behavior. EIS is also applied in the
study of dielectric behavior and relaxation processes in
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soft materials, such as polymers."™" Furthermore, the
analysis of the allernating current (AC) response of the
materials using equivalent electric circuit models allows
the evaluation of diverse parameters such as charge transfer
resistance (Ret), double electric layer, bulk resistance and
others.™

In this study, we analyzed NeoLipoAlg systems at zero
direct current (DC) external excitation and under influence
of two external applied potentials (100 mV and 1 V).
Neo release kinetic profiles from LipoAlg system under
influence of electrical potentials were monitored using
the alternative viewpoint of the EIS. For comparison, the
amount of the drug rel d was also e d using an
optical conventional technique.

1

Experimental
Materials

Neomycin trisulfate salt hydrate, L-o-phosphatidyl-
choline (PC), cholesterol (CHOL), sodium alginate,
chloroform and methanol were purchased from Sigma
Aldrich. Deionized (DI} water was obtained from a Sinergy
Millipore System.

Preparation of NeoLipoAlg system

Liposomal colloidal solution was synthesized
using a mixture of PC:CHOL (7:1 m/m) dissolved in
chloroform:methanol (9:1 v/v) solution. Subsequently,
the solvent mixture was removed under reduced pressure
during 5 min at 37 £ 1 °C at 80 rpm. After that, the
resulting dried thin lipid film was hydrated with 5 mL of
10 mmol L' Neo aqueous solution. Resulting sample was
sonicated for 5 min at 15 kHz (UNIQUE DESS500) in order
to obtain large unilamellar vesicles (LUV). Finally, 1 mL
NeoLipo solution was added to 300 mg of Alg to obtain a
homogeneous mixture of hydrogel (NeoLipoAlg system).

Particle size and zeta potential measurements

Size distribution and zeta potential of NeoLipo samples
were determined by photon correlation spectroscopy
(Zetasizer Nano Z590, Malvern Instruments) with a laser
wavelength of 633 nm at a fixed angle of 907 a1 25 °C. All
measurements were performed in triplicate,

Calculation of drug entrapment efficiency

Drug entrapment efficiency (%EE) of the liposomes
was evaluated after ultracentrifugation at 8,792 g for 1 h.

J. Braz. Chem. Soc.
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Subsequently, the supernatant was diluted with DI water
(1:10 viv). The drug content was evaluated by UV-Vis
spectroscopy at A = 282 nm and calculated as follows:

VAEE=WXIO{] 50
(NeoLipo)

NeoLipo and Neoun] represent the amount of the drug
encapsulated and non-encapsulated in the liposomes,
respectively.

UV-Vis measurements

Neo calibration curve was performed using eight
different concentrations (1.0 to 10 mmol L) dissolved
in DI water. Subsequently, the samples were analyzed
by UV-Vis spectrophotometer (FEMTO 800) at fixed
wavelength (A = 282 nm).

The experiments were performed using two parallel
stainless steel electrodes (area of 39 mm x 19 mm)
connected to an external high-voltage source measurement
unit {Model 237, Keithley). Experiments were performed
at zero DC excitation and under influence of two external
DC voltage (100 mV and 1 V). Aliquots of 2 mL were
collected during 1 h with intervals of 5 min and, after
each removal, 2 mL of fresh DI water were replenished
carefully 1o keep the total volume. The amount of drug
released was calculated according to the following
equation:

Neo,,, = NeoLipoAlg,,. — LipoAlg,,. 2)

Neo absorbance (Neo,, ) corresponds to the difference
between optical absorption of NeoLipoAlg and LipoAlg.
The calculation of difference excludes the interference of
hydrogel absorption on measurement of UV-Vis absorption.

Drug release kinetic models

Five mathematical models (Table 1) were applied to
analyze drug release mechanism, as follows: zero-order,
first-order, Higuchi, Korsmeyer-Peppas and Baker-
Lonsdale. These models are applied to systems which
present a porous polymers composition, loaded hydrophilic
drugs and pharmaceutical forms in general including
spherical geometry.”

The values for the parameters present for each equation
were determined by linear or non-linear least squares
fitting methods. A regression analysis was performed
and the best fittings were calculated based on correlation
factors as ',
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Table 1. Muthematical models used 1o unalyze drug release mechanisms
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Madel Equation Graph presentation

Fero-order Q=0Q,+k cumulative amount of drug relessed va. time
First-order log C=log C -kt /2303 log cumulative percentage of drug remaining va. time
Higuchi Q=kNt+C cumulative percentage drug release vs. square root of time
Korsmeyer-Peppas MM, =k Iog cumulative percentage drug release v, log time
Buker-Lonsidale M — (1 - MM - MUM, =kt [32[1 = (1 — MJML 1] — MJM, = ki] with respeet 1o the time

Q: drug released fraction at time t Q: initial amount of drag in the solution; k: release rate constant: C: initial concentration of drug: n: exponent that

determines release mechanism: M,/ M_: fraction of drug released at time 1,

Morphological analysis under influence of electrical
potentials

A homemade apparatus composed of a Petri plate, two
parallel stainless steel electrodes (area of 59 mm x 19 mm)
and a power supply for electro-stimulation was used to
stimulate the drug release. The morphology and behavior of
gel at unstimulated condition and under influence of external
electric potentials (100 mV and 1 V) were evaluated using
an optical microscope (CKX31, Olympus), The images were
captured using a high-resolution digital camera (CCD)and
analyzed by Image) software (NIH Image).

Dielectric impedance measurements

Dielectric measurements were performed using two
parallel stainless steel electrodes (arca of 59 x 19 mm)
intor a beaker containing 50 mL DI water placed inside a
Faraday cage. Analyses were carried out at neutral and
stimulated (100 mV and | V) conditions using an external
high-voltage source measurement unit (Model 237,
Keithley).

The experiments were carmied out using a PGSTAT 128N
Autolab potenti fgal (Metrohm). The impedance
spectra were recorded in a frequency range from 0.1 w 107
Hz with AC voltage of 10 mV. In addition, the standard
deviation is approximately 5% for all measurements. The
collected data were recorded during 1 h with interval of
10 min. Results are shown in terms of cumulative percentage
release as a function of time, as follows:

A N
Cumulative percentage release = N—' % 100% (3)
d

where N, is the ¢ of Neo released from
LipoAlg and N, is the total amount of Neo loaded into LipoAlg.

Statistical and data analysis

Statistical and data analysis were carried out using
Prism software (version 5, GraphPad). The paired r-test

(one-tailed) was used considering p values less than 0.05
as statistically significant. The graphical representation was
obtained using OriginPro software (version 8, OriginLab).

Results and Discussion
Particle size and zeta potential analysis

Three independent samples of Lipo and NeoLipo
systems were analysed. Dynamic light scattering
measurements indicated significant differences in the
diameters of Lipo (125.80 + 4,32 nm) and NeoLipo
(132,10 £ 5.25 nm) samples. Zeta potential values also
showed differences (p =0.012) in the electrical double layer
of Lipo (-1.59 £ 0.12 mV) compared to NeoLipo system
{—1.06 = 0.02 mV). The differences observed for zeta values
could be attributed to the presence of non-encapsulated
drug™® or electrostatic interactions with liposomes,™ since
Neo has a positive charge.

Drug entrapment efficiency and kinetics profile determination

The maximum absorbance (A, = 282 nm) was used
to evaluate %EE. The value of r? in the calibration curve
is nearly 1 (12 = (.999). Results demonstrated a drug
entrapment efficiency of 92.5%. The polymer dissolution
is involved with two transport processes as solvent
diffusion and chain disentanglement.™ The excess of
solvent results in increase of dissolution degree associated
with subsequent swelling of hydrogel. Moreover, drug
release can be improved during electrical stimulation of
the hydrogel.”*+

In the order to elucidate the release mechanism, the
data were fitted considering the correlation coefficient
() and the release rate constant (k) for unstimulated and
estimulated conditions (Table 2).

As observed in Table 2, ¢ for zero-order for all three
conditions (unstimulated, 100 mV and 1 V) ranged from
0.9957, 0.9928 and 0.9937, respectively, demonstrating
that drug release followed zero-order kinetics. It is
noteworthy to mention that this model is applied o several
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Table 2. Simulated results for the release profile sccording o mathematical models

Potential / V

Model 0 0.l 1

k r r k r
Zero-order L7 0.9957 0.9928 1,55 0.9937
First-order ENEERTIE 0.9728 587 = 107 049196 651 % 107 09174
Higuchi R.72 {1.BR0O2 (L.E693 12,73 (LET83
Korsmeyer-Peppas 106 0.9966 0.9890 L16 .9967
Baker-Lonsdule 1.6 10" (18ROS5 3Ex 107 05449 4.2 % 10" (18437
k ase rate constant: 't correlation coefficient.
pharmaceutical forms involving hydrophilic drugs and a electrically lated systems compared to unstimulated

constant release from polymer matrices independent of
time."** However, the electrical stimulation suggested an
influence in the polymer, demonstrating a higher amount of
drug release in 100 mV and 1 V compared to unstimulated
condition,

The correlation coefficient () for Korsmeyer-Peppas
equation also presented good correlation for all three
conditions (0.9728, 0.9890, and 0.9967, respectively).
Considering our drug delivery system, which has spherical
geometry, a limiting n value of 0.45 corresponds to a
Fickian diffusion of the drug. The n values from 0.45
to 0.85 indicate a diffusion-dependent drug mechanism
and considering the erosion of the polymer matrix. The
n values > 085 are associated with previous description
and may indicate that the drug-release is controlled by
multiple process. The n value higher than |, which may be
regarded as super case 11 transport (non-Fickian model)™
was observed for all NeoLipoAlg conditions (n = 1.07).
This mechanism involves the superposition of swelling,
relaxation and dissolution of the polymer. The log%
cumul

ive release under electrical potentials was higher
than unsti d condition (Suppl y Information
Figure S1d). The statistical differences were observed for

Nealipoalg unstimulated

MeoLipatlg 100 my

condition (p < 0,0001),

A recent report demonstrated the relationship between
drug release and external applied potentials.” On the other
hand, no significant differences were observed between the
responses of the NeoLipoAlg under electrical potentials
(p = 0.4991). The similarity in release profiles between
stimulated conditions suggests that 100 mV is sufficient
to increase the amount of drug released at NeoLipoAlg
system. Other models have no better correlation coelficients
than the models discussed above,

Morphological analysis under influence of electrical
potentials

Optical and electrical experiments were performed to
evaluate gel morphology and behavior at unstimulated and
under electrical stimulated conditions. The gel motion
was proportional to the applied potential (Figures | and
2). NeoLipoAlg system (Figure 1) revealed strong motion
in comparison with neat Alg (Figure 2). The presence
of amine groups in the Neo molecule promote a better
ion exchange contributing to the increase of electrical
conductivity.™

Figure 1. Digital images of NeoLipoAlg system before (a-c) and after editing (d-0) with Image) software, The edited images represent the gel at three

different i as follow:
lighter areas (yellow ) represen

1 condition (a and d) and under mfluence of electric potential st 10 mV (b and e and 1 V (¢ and £). The
face regions while the darker areas (purple) represent the deepest regions of the gel. The electrical stimulation induced

u discrete motion in the gel mesh, 1t is possible 1o observe this phenomenon in highlighted areas (blue cyan rectangles),
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Alg unstimulated

Figure 2. Digital imuages of pure alginate before (a-¢) and after editing (d-N with Image) software. The edited images represent the gel at three different

fitions, as follows: unstimulated condition {a and d) and under mfluence of electric patential at 10 mV (b and ¢) and 1 V (c and f). The lighter arcas
{yellow) represent surface regions while the darker areas {purple) represent the deepest regions of the gel, The electrical stimulation induced a discrete
motion in the gel mesh. It is possible 1o observe this phenomenon in highlighted areas (blue cyan rectangles)

Electrochemical impedance spectroscopy analysis Tl ot sty e
1w omin
o0 min
The Nyquist plot (—Z" vs. Z) of the three NeoLipoAlg my LW
conditions are shown in Figure 3. In general, the plots L -
present two well-defined regions: a semicircle at high 3 . e
frequencies and non-vertical spike at lower frequencies. The b
semicircle formation is associated with the bulk effect of i
electrolytes whereas a non-vertical spike can be attributed 5
to the polarization of the electrode-electrolyte interface.
o L] o »

Since Alg and Neo are highly conductive, the semicircle
formation was not fully formed. The bulk resistance was
obtained from the intersection of the high frequency
impedance semicircle with the real axis (Z').%"

We observed that a reduction in the real part of the
impedance varies inversely with values of external DC
polarization. Real values of impedance (Z7) are lower due
to the higher rate of Neo release (Z7 1V <Z' 100 mV < Z’
unstimulated condition), It was observed that gradual
decrease in the magnitude of impedance with ing 2
time resulted in a reduction of characteristic semicircle
in the Nyquist diagram, The bulk electrical response was
dependent on the amount of dispersed analytes.”

Ik

Equivalent circuit

Detailed information about impedimetric spectra can
be obtained using equivalent circuit. Impedimetric results
were fitted using a medified Randles circuit (Figure 4),
which consists of ohmic resistance of the solution (Rs)
assigned to the ion migration in the solution (bulk
resistance). Ret is associated with resistance for electrie
current transportation in the electrode/solution interface.
The capacitance of the double layer (Cdl) represents the i N s e N T e R )
ability to store charge in the electrode and constant phase urﬂ;::u];n;w{q{hi ",Df“\, e 1 le;'-mgmum Yeers reciorded every
element (Cpe) introducing additional mechanisms that 10 min during a maximum period of 1h,

<2
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contributes with a depressed semicircle response such
as diffusion.™*

Figure 4. Equivalent circuit adopted w fit the impedance data.

Fitted curves exhibited an excellent agreement with
experimental impedance plots. Parameters calculated from
the fitting are shown in Table S1. As explained before, a
notable Ret decrease was observed for all experiments and
the impedimetric response of NeoLipoAlg at 100 mV and
I V was more pronounced than at unstimulated condition.
In addition, the obtained response can be explained by
different conditions of the interaction between the polymer
and walter resulting in degradation, passive diffusion and
electric induction of the drug.**

The impedimetric response of NeoLipoAlg at
unstimulated condition in a period of 1 h has no statistical
significance if compared to an external excitation of
100 mV (p=0.0966), Significant Rct values (p=0.01401)
are observed at high potential values (1 V). The Ret curve
showed a similar behavior during the first 20 min for all
analyzed systems (Figure 5).

Resistance | ki
e

0 5 10 5 20 35 30 35 40 45 KO 55 & &5
tirre / min.

Figure 5, Represemiation of the resistance values vy, time for NeoLipoAlg
systems at unstimulated condition, 100 mV and 1 V conditions.

NeoLipoAlg resistances at 100 mV and 1 V were
significantly reduced (p = 0.0032 for both conditions)
compared to the unstimulated condition, which means that
the resistivity decreases while the capacitance increases.

Conclusions

The electro-responsive property of the gel contributed
to its induced movement and drug controlled release.

J. Braz. Chem. Soc.
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The drug release Kinetic profile was characterized as
a superposition of both Fickian diffusion and case-11
transport. The degree of drug release was directly dependent
on the electro-stimulation. Our results suggest that EIS
can be an additional tool to monitor the drug release from
polymers in agueous solution. The solubility, swelling,
electro-responsiveness and diffusion of the drug through
the hydrogel matrix contributed to a gradual drug release
with potential use for in vive applications.

Supplementary Information

Supplementary data are available free of charge at
http:/fjbes.shg.org.br as PDF file.
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The conventional methodologies used for the detection of human papillomavirus (HPV) present actually robust and reproducible
advantages. However, at the same time, they involve complex protocols that sometimes are difficult to popularize. Over the
first half of XX century, the adequate treatment of complex and delicate processes from a simple instrumental base seemed a
fundamental and intrinsic contradiction. However, interdisciplinary trends have allowed the manipulation of tissues, proteins,
and nucleic acids tk h innovative increasingly smaller devices, The proper diagnosis of HPV has seen great advances since
biosensor researchers are employing its virus strains as models to study the interactions between the biorecognition element and the

fucer. Additionally, all recent imp ts and trends that material sciences, biotechnology, and data processing scientists
excel for biosensors can be applied for the HPV detection platforms. In this review, we highlight the recent trends on materials,
nanomaterials, and transducers for the specific detection and differentiation of HPV strains. The most influential methods for

the detection and identification of these papillomaviruses include optical, electrochemical, and piezoelectric transducers; we will

1 Addis

visit their sensibility and Iy, we b

Lot
B

the factors that contributed to the increasing importance of these

)

biodevices as potential substitutes to conventional diagnostic methods.

1. Introduction

Perplexing as it may seem, the cancer research community
has significantly underappreciated the enormous amount of
cancer cases caused by viral infections [1], mostly because
it is known that just a small proportion of humans infected
with any of the oncogenic viruses will develop tumors. In
the last century, at least seven human viruses have been
pointed as the cause for 10-15% of worldwide human cancers
cases [2]. Cancers are serious public health concerns in the
developed countries and, for sure, most of aggressive cases
could be avoided in first place by preventing the initial
infection, Behavioral changes and vaccination, as well as the
early screening of precancerous lesions, have shown to be
plausible palliatives to prevent the disease.

At first glance, human papillomavirus (HPV) viruses
may sound like an evolutionary machinery programmed to
cause cancer; however, from the 150 HPV genotypes that

have been already identified, only about a dozen are high-
risk or oncogenic types [3, 4], A routine practice in the
medical community consists in the association of major
risk factors to cancer incidences, Tobacco and alcohol con-
sumption are regularly associated to oropharyngeal cancer
as much as sexual behavior risk is assigned to anogenital
cancer, However, the astonishing proportion of confirmed
presence of viruses on healthy individuals that have never
had those risk factors is overwhelming [5]. Although most
patients infected by HPV can spontaneously eliminate the
virus by their own immune system [6], some individuals can
remain asymptomatic by maintaining the virus in latent form
and some other immunocompromised patients may present
recurrent infections [7]. Several factors such as the lesion
type, size, spread, and localization will establish the risk level
of the infection and will help to endorse the correct treatment.

Conventional treatments have different effectiveness lev-
els and are selected according to the patient tolerance. Some
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of the leading conventional methods include chemotherapy
[8, 9], immunotherapy [10], surgery [11], or the collec-
tive application of these techniques [12, 13]. Additionally,
nanoparticle based delivery of anticancer drugs and thera-
peutic vaccines have increased the treatment efficacy while
simultaneously decreasing the side effects of the traditional
therapeutics [14]. The occurrence of visible epidermal mani-
festations as warts or condylomas is one of the symptoms of
HPV infection; however, since only 1% of infected patients
present the symptomatology, the diagnosis is difficult [15, 16].
The identification of the disease in these asymptomatic cases
requires specialized equipment to carefully search for internal
lesions at the mucous membranes. In cases of proven cervical
injury, a routine cytological analysis known as Papanicolaou
test is performed over a local biopsy for histopathological
analysis [17, 18], Beyond visual and cytological identification,
molecular diagnosis is taking over as an essential method for
the accurate differentiation between HPV strains, which are
categorized with respect to their potential for low, intermedi-
ate, or high oncogenic risk.

Since all HPV strains are related, researchers have battled
to understand and find the characteristics that differentiate
every discovered strain, Often the distinction relies on the
peculiar metabolism that a particular strain endures. The
most common ways to differentiate the HPV involve the
analysis of the protein expression ratio that provides a
molecular fingerprint of the oncogenic potential within a
histopathological sample [19, 20]. Considering the fact that
some HPV strains are more related between them than to
the others, DNA analyses are often required for the accurate
identification of the strain. DNA analyses are quite hetero-
geneous and are based on the complementarity principle of
the DNA strands. For instance, we can identify the target
amplification of a precise fragment of nucleic material by the
polymerase chain reaction (PCR) and by signal amplification
of an oligonucleotide hybridization assay [21, 22]. Although
PCR associated techniques present high rates of sensitivity
and specificity, most of these techniques are mainly used by
research centers and/or specific health services. Some of the
reasons include the time consuming and complex protocols
that usually require specialized skills for the correct operation
of the instruments and fulfillment of the methods [23].

Fortunately, the research on cancer has reached a maturity
level of awareness that allows the population to realize that
viruses are in fact the cause of a great proportion of cancers.
‘The alarming discovery that certain high-risk strains of HPV
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reached a milestone, where the precise identification of HFV
types has become extremely important. They propose to
follow the ecological competitive exclusion principle to create
an artificial substitution of high-risk HPV types for those of
reduced risk [3]. In addition, the detailed identification of all
different strains within a sample is of great importance to epi-
demiological studies and involves major and interesting new
obstacles to overcome, for example, the correct identification
of HPV strains that are known to be genetically close related
like HPV6 and HPVIL

Because of the large amount of different HPV types,
it is reasonable to think that the current competence of
vaccine design technology is insufficient to provide enough
protection. Despite the fact that the research on individual
strains proceeds slowly, the research on biosensors has not
delayed its development. Nowadays, biosensor researchers
have more tools to design better techniques to apply and
help to control viral epidemics. Live vectors characterization,
peptide/protein expression and interaction, DNA vaccine
design, and whole cell-based treatment approaches [62] are
some of the explored topics that are applied on viral sensing
and detection. In the case of genosensors, as much as the
genomic databases improve, cancers will be easier to detect
and diagnose.

2. Biosensors for HPV as Alternative
Diagnostic Tools

Ower the years, the progress of biotechnological research has
contributed to the development of biologic sensor devices
[63, 64]. Biosensors are portable analytical devices consti-
tuted by at least one biological molecule, The strategies to
obtain these biosensors combine the specificity of the bio-
logical probe with the analytical capacity of the transduction
methods [65, 66]. In addition, materials at the nanometer
scale as nanoparticles [67], nanotubes [28], nanofibers [68],
and nanocomposites [69] have been used to achieve the
nanostructuration of these devices, The diversity of struc-
tures provides tailored interfacial modification alternatives
with the purpose of amplifying the analytical signal and
increasing the sensibility of the biosensor [63]. The challenge
to construct these nanometrical systems relies in the need
to preserve the biological activity of the probe as well as
the transducing activity of the nanostructure [70]. For these

I a detailed study of the physical-chemical properties

caused assured 100% of invasive cervical cancer has instigate a
global awareness about cervical cancer prevention and, most
essentially, the development of other cancers prophylactic
vaccines [24]. Regular vaccines use viral vectors to promote
immune response, and, more recently, DNA vaccines have
been developed to control tumor-expressed antigens [25].
The employed plasmid vectors are safe and present low
immunogenicity, so they can be constantly administered.
Further researches have been demonstrated to increase their
efficiency by designing nanometrical delivery systems as
nanoparticles, micelles, and fibers [26].

After HPV16 and HPV18, 10 more HPV strains are known
to cause cervical carcinomas |61]. Some rescarchers have

of both constituents should be performed.

The device requires the efficient immobilization of anti-
bodies, peptides, aptamers, or nucleic acids over the sur-
face of a transducer, which are responsible for the analyte
recognition and will execute a measurable response signal
proportional to the analyte concentration [71-74]. Besides
covalent functionalization of nanoparticles (known for allow-
ing a strong and controlled immobilization of the probe over
the surface of the sensor), most immobilization strategies
involve simple methods. In general, mixtures or emulsions
of two or more materials previously known for their indi-
vidual properties are performed, for example, nanoparticles
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the oligonucleatide probe and the HPV target DNA will be transduced into a measurable signal, which will be amplified and processed by
computer software, The main types of signal transduction methods used in biosensors for HPV are optical, electrochemical, and piezoelectric.

In addition, the signal c can be acc

of biodegradable polymers as poly(lactic acid), poly(D,L-
glycolide), and chitosan, among others, which are conjugated
with biorecognition drugs as therapeutic cancer vaccine
formulations [75, 76]. As another example of versatility, we
find magnetic nanoparticles. These nanomaterials have been
conjugated with an enormous amount of fluorescent dyes,
polymeric matrixes, and biologic macromolecules, among
others, to provide the magnetic property to innumercus in
situ HPV biosensor applications [77, 78]

The incursion of nanotechnology into biology has been
catalyzed by the positive and important role that analytical
methodologies and automation have over the equipment
efficiency and effectivity, thus allowing the rapid progression
of sensor syst 163, 79]. N days, we are presented with
innumerous types of transducers that can be used for the
construction of biosensors, and according to the physical
principle of transduction, we find it easy to classify them into
electrochemical, optical, piezoelectric, and magnetic [72, 73,
80, 81]. Along with a representation of a generic biosensor
constructed for HPV detection, we show in Figure 1 the main
signal transduction methods currently used.

plished through SPR, EIS, and QCM techniques [31, 70, 103].

Compared to the conventional identification techniques,
the biosensors dedicated to the molecular diagnosis and
detection of HPV strains prove themselves less complicated
and exempt from prolonged experimentation processes and
purification requirements [35, 38, 68]. The interest towards
biosensors is growing due to the broad potential that these
devices provide in terms of high sensitivity, simplicity, low
cost, and small sample volume requirement. The amount of
recent publications in biosensors is the proof of the interest
that researchers have in the development of effective and
stable sensor platforms for application in clinical analysis
[82, 83]. In this review, we will provide an overview of the
trends and advances in the field of biosensors developed for
the diagnosis and detection of HPV, We will compare the
detection limits obtained for each transduction technique
and the convenience of their use.

2.1. Electrochemical Biosensors, The improvement on elec-
trochemical biosensors walks along with the advances of
analytical chemistry, a science dedicated to measure the
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structure, composition, distribution, and interaction of mat-
ter. The purpose of the electrochemical research is to design
sensitive, selective, and specific detection strategies, measur-
ing principles and analytical methodologies. In addition, the
automation processes provided better construction strategies
for obtaining biosensors with increased analytical perfor-
mance [63, 64, 84]. Since Clark and Lyons first developed
an electrochemical biosensor for glucose in 1962, this trans-
duction method represents the main class of biosensors
reported in the literature and they are by far the most
commercially successful [74, 80, 85, 86]. In fact, Vernon
et al. developed a bioelectronic detection platform for the
detection of multiple HPV types. The design of the model
system is structured on gold electrodes where self-assembled
monolayers of immobilized oligonucleotides that are specific
for HPV genotypes are formed [27].

The electrochemical biosensor is a device composed of
a biological recognition element that is associated with an
electrochemical transducer capable of providing selective
quantitative or semiquantitative analytical information [72,
7], These biosensors require electroanalytical techniques
{such as potentiometry, amperometry, voltammetry, conduc-
tometry, and impedometry) [73, 88] to measure the trans-
duced output signal and to characterize the electrochemical
changes in the system caused by the molecular recognition
'P[DCESS.

As we have already stated, electrochemical biosensors
are the most utilized devices for screening and diagnosing
clinical analysis [65, 74]. In this sense, we show in Table 1
the trends on electrochemical techniques for biodetection
of HPV [35, 38, 68]. The electrochemical biosensors are
promising diagnostic techniques for HPV, because of their
tendency to miniaturization and due to their fast response,
simplicity, and low cost instrumentation [88]. Although the
regeneration of the sensor platform might minimize the
cost of the analysis, only a few publications report reusable
electrochemical biosensors [28, 32].

The actual interest on multiplex assays [31], which refers
to the fulfilment of a full range of laboratory tests in the
form of a centimeter square microarray, is evident. Also
the incorporation of technological advances as microfluidic
channels is starting to venture willing to improve the already
stablished multiplex assays. The most frequent platform to
immobilize the oligonucleotides is a gold electrode, achieving
the interaction through thiol-gold covalent bonding, The pro-
cess can be performed in the presence of a secondary reporter
probe (which will serve as a label during the measurement
process) as tetramethylbenzidine (TMB), horseradish perox-
idase, methylene blue, or hematoxylin providing an amplified
electrochemical response combined with greater specificity
[29, 31, 32, 36].

Besides the already mentioned gold electrodes, in the
last five years, label-free electrochemical microarrays have
been used extensively for the detection of different HPV16
antibodies [34, 35, 37, 39]. These label-free platforms are
developed through the immobilization of the biorecog-
nition probe atop of an interdigitated gold or platinum
electrode, The signal transducers are widely diverse, pen-
cil graphite surfaces [30, 33], carbon surfaces modified
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with linear polysaccharides [35], plain glassy carbon sur-
face [34], or poly(methylmethacrylate) substrate recovered
with a thin gold flm [38]. Additionally, more sophisti-
cated nanostructured ones as graphene/gold nanoparticles
(AuNPs), nanorod/poly(thionine), or polyaniline-multiwall
carbon nanotube (MWCNT) film [39, 68] have been used
to construct biosensors committed to detect and differentiate
HPV strains. These platforms facilitate the study of the output
signal by cyclic voltammetry (CV), square wave voltamme-
try (SWV) [33, 35], differential pulse voltammetry (DPV)
[30, 68], and electrochemical impedance spectroscopy (EIS)
[68].

After analyzing the most recent developed electrochemi-
cal biosensors for the identification of HPV, we noticed that
the sensor platform constructed by Wang et al. holds the
lowest detection limit reported in the literature for the DNA
of HPV16. Interestingly, the transducer of the platform was
designed from single walled carbon nanotube arrays coated
with gold nanoparticles, atop of which the self-assembly of
single-stranded DNA probe was promoted. Electrochemical
impedance was used to verify the high sensitivity, great
stability, and good regeneration ability of the biosensor
with a detection limit up to one attomole of HPV16 DNA
[89].

From the presented alternatives, we highlight the use
of nanomaterials, particularly carbon nanotubes and gold
nanoparticles, as strategic components to improve the ana-
Iytical performance of electrochemical biosensors [38, 39,
68, 89]. The cited nanomaterials exhibit not only combined
dielectric and optical properties but also a high surface-
to-volume ratio, biocompatibility, and high conductivity,
allowing direct charge transfer between the biomolecule and
the electrode surface [90-92]. Thus, it is possible to obtain
biosensors with higher sensibility and ultralow detection
limit.

In addition, there is a notable interest on the development
of ultrasensitive methods for the detection of particular
papillomavirus strains, especially the high-risk associated
HPV types 16, 18, and 45 [31, 32, 68]. In spite of these
electrochemical biosensors being prototypes and requiring
additional studies of reproducibility, stability, and validation,
they show potential to become valuable alternatives or even
the new conventional diagnostic methods [93].

2.2, Optical Biosensors. Visual differentiation techniques are
widely spread over important areas of modern life like food
safety, security, and environmental monitoring, in medicine
and, of course, in HPV detection [66]. Several of the first
methods to detect diseases and pathological infections were
optical based methods. The Papanicolaou test, a worldwide
famous cervical cytology exam performed to detect HPV,
was developed to exploit optical techniques as microscopy.
In recent decades, other optical alternatives in the form of
optical biosensor, also named optrodes, have grown robust
because of the facility to differentiate the positive and negative
samples by color changes produced by differential staining
and fluorescence labeling [94, 95]. In Table 2, we present the
comparison of some features used on recent publications for

151



152

Journal of Sensors

aponzaga aydesd ouad ay uo parep R
l¢c] —  sanumng d_ww.‘w_ 95 piAuzt ams [euSis gy jo 1wwaamseaw Aq paypms s aqoid AgHaoeyms syl jousg 0 1D
PR 108w AdH pur aqoad 2y uaamiaq uonezipLIgAy AL AdH
99 £F AdH
o W‘cﬂcz AHH 40y MEnsqns suadowons v se pasn sem saqoad 97 st AdH pue ‘93 & i
- i WU g 4 ; WL 24, *9qoad 1opiodar Aepuodss pafpqel-duH 81 AdH ‘A28 91 AdH PO/ o)
lz€] Ak W wm Bl %m: AD © pue acoud paz| ot 20RgINs B Uaamag [rpodiq paeunosa-joakd oHe _,m_ AdH
mMMHM hﬂ_ pazIpLIGAl 19818 L) LIIM PILLIED SEM LOTNAP AL auajhyiaodijofaaegms plon 9l AdH
a0y wd pzz
94 €k AdH KS0% Ty SIS SR
A ; R
wugs  opdon WS IR MIPRIROROBNGRIRY 10 s3qo1d 07 SF AGHPU®  SF AdH
el - ML oty dgoraan A UL o8 o sited 1091 2400y o) ) pongyeoegans plony pue ot AdH
aE oG 1araodas pajaqge] (-dyH) -asepixosad ysipeiasioy 3 ;
e Huneiodioowm Ag parajap sem i
‘sjeudis uon I
A o agosd
[og] = saynuw ¢ adag Add yinoays paaatap Apranp sem auad o of AdH 91 AdH
eipifids ayy pue agoad aamdes ayy usamiag uonEzipLagAy ayg 98 91 AdH/22epns 2ydesd ouag
sajdues e woly g pasei o e
o WM O00I . magpuds 2 pue aqoad a3 uaamiag uonEzIpLIgAY apnoapnuodine
fse] UL o pugpgy  WNUEIEL Add 3012 pUE 210j2q (AIN) MQ UYWL JO 91 AdppuRIsks-Tpepms o 1 AdH
s[eudis uoNINpPal A U0 Paseq SEM JUDURINSTEIN [,
. . ; aqoad /g
’ (reowony) (wotda1 23 '91-AdH 01 2y1ads) 198w AdH : ;
z s15a sanoy o) we g Y, saprtedounu piof jsieie g
[sz] ? iz Wrieinel el si ap pue aqoad amides 2 usamiag uonezpLgAH o wnuhc.m_._ Soqres vmﬂai__“_wﬁw 9L AdH
“aqoad [eudis pajage) suatona)
pue aflaer 2y jo uorda uaseipe ue usamag i
[£z] — 2.““:._ — — AD punaas agy pue Jadie ay) pue aqosd smides Ezu_wmw_u__mwuuwnum.ﬂa ?qumw i
BEXE A UAIMIFC 151 A, USHDIP (BB s e ) P 1z
20§ IN330 JSTLE SIUAAD UONEZIPLIGAY 0M],
saouaapy Alpiqesnay #H E wi anbjuyaag, porpow Fuisuag wiopepd Josuag  adAl AdH
il UDNIAC] WA UonINR( Y i i s

UONINIP AdH 401 parpdde sanbruypa) Earwpondalg o a1y,



153

Journal of Sensors

sawgde apndad 17-91

_ AU 08 AMS Apoqnue 91-AdH PUR IT-91AJH  AdH/ansoduod agniowueu uoqres
lsel SUMMRUEL ) a o wd o6 pue A9 sawmde apndad uafipue ayp uaamiaq uondeIAu] polfEmnnw-auuedjod aonpms M AdH
e g
1506 (qyw) Apogquur
ruo]ouow ouaydonpouse
[8€] - moy | - E Ew_ﬂu ‘91 AdH PUE £06 VUl U2AA13] UDIIEIU] ! .w_,h E__EH_: _u._wm _‘“zﬁ_mm.na 9l AdH
apphoeawdpawijog
“aojRatpU
WO X [eapuayronaaf i) se pasn sem (| S{uagdjmg]) aqoad
(€] —  sanungg ol A9 e 01 w_m_o APLIO[PIP WINTUALINI AUOIIUEUA-O1'] 9l AdH/Auuonpijod posouru 91 AdH
ow , grxy NP PUESH “VNA AdH it uopezipLighy ag) oy pausiisap oy jauaydeijaoegns uogues dssein
asam saqoad Asepprine om) ‘aqoad aamdes ay sapisag
“waay paziprigdy
log] _ smoy 7 ..E:_:av WugE Add st pue sqosd Vil onpaue e g s | . y munEa. (auad 1)
platirs PHEAD 10 UOTIOTINUL A U0 paseq pauniopad sem Apmis agp AdH [O1RUT[R/2ELMS P05 AdH
oxd adae) poe
et agqoid yajgadae ays op paypene auoumbelyjure Syapsnu ._n.“_ T n%nﬂ.ﬁa ﬂ“#ﬂq
[s£] — SANUTL 5] Wug AMS Pqe] A jo euds eanwayponsags 3y fupmsea g bl gl ! 91 AdH
o1 I 700 -supunbeiygiueuRsoy AdR)INS
PAPIIS SEM VNG 91 AdH 24 YIM HORFZPLIGAY ay L uogmn
11
apndad swadnue(auoumborpydeu
: poguue 91-AdH - ipadxog e
[rel o YT o L AMS pue 7 apudad stuafinue usasaq uonpeaau]  -z-Axoupdy-g-oo-auoumborpyden 9L AdH
-p[-Axoapdy-chipod sawdjodos
pajedniunafaoeing uogres Asseny
Aty adues I .
saauAIAY  Alpqusnay b b Tt anbyuyaag poija Fujsuag wnopeyd josuas  adhy AdH

"panunuaTy -] ATY],



154

Journal of Sensors

. ; Adoasoronu . (W sz)
[15] - ST — AAnEN[END) auassatonyy uOREZEUONAMY LML (e doren g 91 AdH
. Aedoasonzads *ao vcnnmu_u_.te.mohsz 2 (ISR
[0g] - oy | v ARIENT) P L tadns pausangFegywu 2) 91 AdH
Yt pajaqe| saprioapnuediio 0 D
05
loF] - w00y & = et WASADd uonezIpugéy aqead-yNg dnpppon  AdHT n—%..
; . ; ; . ‘Hununadioog “{aaepieay
[8¥] s131 € synuna g B 00708 uiyB o UdS Apoguue sades a0)dis BRI 91 AdH
[ev] L sanoy 91 WuET-0 TWuosT S ikl “unpEziiqow; Apoqruy Bl 81 '915AdH
i Jo wonsagap Eando " Hipoqr U0 [EISAID IO
‘§183] “urpeal saf Spuodas il ‘UIPLAR-TT01G BlA S
[ot] 09 Mo oguongnILE e o satdon puuserd o1-o1 woneoyydure Y prapqow sapnospnuodiio  diy oo ?ﬁﬁ@é&%
[edaye] 10y T (g § pajaqe] Apuaisalon]| .
sa1dh . . ‘LA 40
[st] - snaegg 0 VNG sadooynaersz T oAbt parwndo saqosd waxsaiony  uopegidwe VNG 119 SAQH
& D ey i pajage| muE_S_u::DmFO
‘adp aauazsaton)
[#¥] = sapnu (g - Lo R — ﬂuauuﬁ“ﬁ_ﬂ 01 ipraeidans jo impues VNG mwo?auun“_u_”m SU9TSAdH
= TR sapnoapnuodiyo pajaqe unolg -
% o o ; . T ey ; sumosdooue o) punog  dig Josuas (uapamg .
[e¥] W 10 WHRID AIURLOSH UOSE]] apuoapnuofipo pawphunorg gy pawod mpay 51 91 SAdH
PAPIA UOTIIRINND =2 N k308 “Burad wopues id
[2¥] —  yNaouwmmma  sadsadod Adoa yNe 1 SIS Aq dL0p- |-unaSixosip o819 SAdH
2TWOIE HSL a Terdoqosiy ms up
[132 Jaye SIn0q 9 YNQ 0051 qum pajRqe| sapnoapnuodio
‘papaau - “uonEYIpoLE SE/EENE
(1] . HefEt YN 2od sordion sandon NG -0 TNOSTHSIMDA Eu:wauawé..w....z = “apdues i 191
ou 'nonezpLigdy = s Y sapnoapnuody [ex@ojoisg s up - '11/9 SAdH
a0 VNG 0sal PARge] Ajuassaion| UIAMIAY SOTTEY
.Eshﬂ - Mzn 12101 341 J0 1 4:_” £
[ov] — WO §o vonereda, sapdos o) dn suonsajur paxiu iy oaEsRionL o payui] a4p sayouanb v pue -Goptijos snoanby ..um LR
pue vopaeaa YN 00,01 Sunpramu sapdwes jo Pua € Ay 01 payul] Apuajeaco 81'91 SAdH
YN 1ge T g7 UOHAAAP LAY adp apiodas yuassatony|
saouaiay  Anpgesnay EUUIRUIREIE ) co:w”,“..__ nunj uonsaagg anbyuyaag potiaw Fuisuag wisopeyd 1osuag adi AdH

uonaap AdH 101 parpdde sanbruygaa jeondg o7 aavy



155

Journal of Sensors

(L) Japsuen ASIau axuruosal juansasong) pue (oS T) Adeasoasi [eaojuos FUpuues s HS14) UOTeApLGAL s i UR0Saon]] (1) BONoTal ujrys aseruAjeg |

‘(U sT)

= _ ifewd ggo vitraGid e ‘ol punesiyoeg sapaedoury ajs ‘plof ; 81

[¥s] ~<00 THPWESO0 o pus pond s paygaqe apnoapnueipo D g1 sadm
“anpoad Yo pazpgourig

; . ) ; ) ‘Adoosoaisads PR “(w ) A

€8] = S O NURLO-0 foud g1-¢1 —— Apuaasazony sapoapnuodio saprsedouey e 8191 SAJH
UM IEMPIES UIPIAR-UNO0N

‘uoneiedard apdwes I (8191 SAdH)

pue uoneydue ‘woreaydi “HonEZEUOpIUn (un057) arwmyos

[zs] - U p1-wd € ‘wd osi 3 5 - . sapumdouru exps

30 SINOL £ JayE 2w VNG Aveoasny  gampues mpiaedans-unong s At 10133fas

HOLRANALT 10] Samoy ¢ s 14 st gy

saouay  Aupqesnay EUUIRTVEREIET | nozuuw..wﬂ T UonAtac] anbuunpar powiam Fuisuag wopepd Iosuag adir AdH

“PANULUOT) T ATHV



Journal of Sensors

the identification and detection of HPV strains by optical
transducers. When applied to conventional methods, fluores-
cent and color labels provide an upgrade in the analysis of
tissue samples, allowing fast and automatized diagnosis based
on the differential staining of cancerous cells. A technique
frequently employed to diagnose HPV is the fluorescent
in situ_hybridization (FISH); this technique provides the
possibility to examine the tissue sample at the same time that
the fluorescent label probe signals the specific DNA region for
which it was designed.

When PCR assays reached HPV diagnosis [96], the use
of fluorescent molecules impelled not only the detection but
the quantitation of oncogenic HPV strains by real-time PCR
(RT-PCR) [40]. Mostly, fluorescent nanoparticles provide a
labeled transduction methodology that has proven to be very
useful for the identification of HPV viral genome after PCR
amplification [44]. To date, RT-PCR is the only technique
capable of identifying closely related HPV strains. The group
of Poljack has demonstrated a beautiful use of fluorescence
resonance energy transfer (FRET) coupled with RT-PCR to
achieve the identification of 19 different HPV strains that
are important because of their oncogenic risk [45]. They
successfully identified several HPV strains mixed in the
same sample, with a presence as low as 25-43 DNA strands
per strain. Despite the advances on terms of specificity and
sensibility, PCR based methodologies are being rapidly chal-
lenge by optrode methodologies. Some of these alternative
biosensors provide a significant reduction in di is lime

the substrate is properly functionalized, the methodology
can perform several diagnoses and regeneration cycles in a
row, resulting in a reduction of time when compared to PCR
based methodologies. As an immunologic methodology, SPR
achieved the detection limit of 10 g of HPV16 expressed
protein per mL.

The use of fluorescent nanoparticles as transducers
requires the synergy between the nanostructure and one or
several distinct biological materials as enzymes, nucleic acids,
or antibodies to the capsid of the target virus. Some of the
most important characteristics of nanoparticles are its surface
and then the transduction method that the nature of the
nanoparticle involves. In the case of fluorescent nanoparti-
cles, quantum dots (QD) are semiconductor nanoparticles
with exceptional optical properties such as fluorescent emis-
sion controlled by the size of the nanoparticle. Some quantum
dots are assembled as core-shell structures where magnetic
core plays an important role in recovering the particles
from the sample. Nanoparticles are generally exploited by
bioconjugation, that is, by the intelligent mixing of the
nanostructure with some biological molecules as DNA or
RNA oligonucleotides; this conjugation is made to favor the
binding of small oligonucleotides that are complementary
to HPV DNA. These kinds of bioconjugated systems have
demonstrated to differentiate between HPV16 and HPVIS
strains mixed in the same sample [101]. Usually utilized
as reporters or signal enhancers [52, 54], nanoparticles are

besides an increased portability and facility of use out of
controlled laboratory environment. Although eptredes do not
hold the lowest detection limit, when they are combined
with spectroscopic techniques, they represent one of the
methodologies with the highest sensibility. For instance, Li
and col. [54] developed a glass chip with immobilized HPVs
6, 11, 16, and 18 oligonucleotides. The hybridized target DNA
was labeled with gold and silver nanoparticles besides a
fluorescent molecule, Their strategy attained a 0.05 pmol/uL
detection limit.

The most common analytical techniques used to measure
the transduced signal of aptical hiosensors include absorp-
tion, fluorescence, phosphorescence, Raman, refraction, and
dispersion spectroscopies; also, there is surface plasmon
resonance (SPR) [97]. Biosensors that make use of the
surface plasmonic waves of metallic substrates to detect the
interaction between the target analyte and the biorecognition
element are actually monitoring the change in the refractive
index (RI) at the analyte-sensor interface. The RI changes
produce a variation in the propagation constant of the
surface plasmon wave that will produce the reading [98].
One of the signatures of SPR is its convenience as a label-
free sensing principle, avoiding the use of radioactive and
fluorescence markers. Since SPR measures the mass of the
material binding to the sensor surface [99], the technique
is not suitable for studying small analytes <2 kDa; however,
SPR has been proposed as an optimal transducer to identify
HPV strains among other viruses [100] based on size and
mass differences or as an immunologic methodology. In
addition, the proper functionalization of the SPR substrate
provides high specificity towards selected HPV strains, Once

il i based on their combination with another technique.
In this manner, silica nanoparticles (SINPs) are commonly
mixed with fluorescent molecules to achieve the prescreening
of many HPV genotypes [51]. Nanoparticles can also be
covalently linked to oligonucleotides as Yu-Hong and col.
described [50]. In their method to detect HPV16, they func-
tionalize QD and magnetic nanoparticles to DNA probes.
When both probes attach to a HPV16 DNA specific region,
then the labeled DNA responds to an applied magnetic
field and, at the same time, presents luminescence from
the QD. Even though these kinds of qualitative diagnostic
methods are developed to serve a single sample, they are
advantageous because they are portable and feature simplified
handling.

Fluorescence is an important luminescent property of
certain molecules. When fluorescent systems are engineered
to recognize a certain HPV strain, not only does the fluores-
cence of the molecule provide in situ evidence of the existence
of the expected strain but also its quantification can be
easily achieved. An exact amount of energy must be supplied
to the molecule so that it can get into the excited state,
from which the luminescence will occur. Electromagnetic
radiation is the most common way to provide this energy,
but there are other quite rare and convenient ways to supply
this energy as by heat, by frictional force, and by electron
impact or crystallization [102]; all these alternatives are still
to be exploited for the specific detection of HPV. For the
most part, optical transducers and optical biosensors are
gaining research interest; actually, Qiagen NV, a molecular
diagnostics company, has developed and commercialized the
first molecular diagnostic to screen for high-risk HPV strains
designed for low-resource clinical settings [103].
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TasLE 3: Piezoelectric biosensors for HPV detection.
HPV type  Sensor platform Techniques Application Sensibility Detection limit ~ References
) e . 25 uM of
HPVs 6, 11, I-{PV probes with a QoM Qualitative re:su.lts I_'mm QUM versus predigested _AF=48+5Hz 1551
16, 18 disulfide group dot-blot hybridization b
CR products

Biotinylated HFV
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Detection of single strand-PCR
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metal clamping tric sensor
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HPV 16 self-assembling QCM-D  proteins) from cancer cell lines by Bayesian classifier dependent [60]

HPY

* Loop-mediated isothermal amplification (LAMP).

2.3, Piezoelectric Biosensors. The recent success in the molec-
ular diagnosis of HPV by electrochemical and optical trans-
ducers based on the sequence-specific detection of nucleic
acids (DNA or RNA) encouraged the development of diag-
nostic tools based in other novel transducer methods as
the piezoelectric biosensors. Biosensors are important alter-
natives to the conventional molecular biology techniques
like the blotting methods, because they hold associated
advantages in terms ol cost, run time, and real-time moni-
toring [104]. Piezoelectric biosensors exploit a secondary but
not less important aspect of the electrochemical biosensor,
the gravimetric analysis of the biosensor surface. In each
electrochemical reaction, mass changes occur as material is
deposited or lost from the surface of the transducer, and
the monitoring of these changes simultaneously with the
electrochemical response provides the piezoelectric biosen-
sor with clear advantages over the electrochemical biosensor
alone. These gravimetric transducers have shown to be able to
achieve good sensitivity and specificity for the target molecule
(105, 106].

The quartz crystal microbalance (QCM) sensors consist
of cavity resonators constructed over a piezoelectric crystal
substrate, which will accumulate electrical charge in response
to the applied mechanical stress. The most common method
to immobilize the hiocompatible layer is achieved by the
physical adsorption of the biological probe over the quartz
balance; this kind of nonspecific interaction results in the
strong collective action of a large number of relative weak
bonding interactions. However, the recent trend for the
use of QUM biosensors for the detection of HPV viruses
prefers a more specific strategy of immobilization involving
biotinylated HPV probes. In Table 3, we present the com-
parison of some features used in recent publications for the
identification and detection of HFV strains by piezoelectric
transducers.

The specificity of the biotin/streptavidin bonding is used
in conventional assays as the enzyme-linked immunosorbent
assay (ELISA). The binding mechanism between biotin and
streptavidin results in long-term stable anchoring [107].
Dell'Atti et al. developed a biosensor based on such pro-
cesses of immobilization for the recognition of HPV 16 and
18 types. Their methodology allowed monitoring real-time
hybridization by frequency changes, which resulted in HFV
type differentiation. They achieve the identification within a
50 nM detection limit of PCR-amplified short DNA strands.
Furthermore, the stability of the probe-surface interaction
allowed the regeneration of the system up to fifteen times
without losing sensitivity [56]. Moreover, this technique
presented some advantages over conventional molecular
techniques that require many steps to achieve the same result
[108, 109].

Fu et al. have constructed one of the first HFV genosen-
sors based on QCM piezoelectric. This group aimed at the
detection and identification of HPV types 6, 11, 16, and
18 from pathologic biopsy samples. The strategy involved
the adsorption of HPV oligonucleotides functionalized with
disulfide groups atop the surface of a QUM disc. The system
presented high sensibility (up to 95%), which is comparable
to the result obtained by the combination of PCR and dot-
blot technique [55, 110]. This label-free technique offers some
benefits like rapidness, convenience, low cost, and feasible
multiple sensors building on several QCM plates [103].

One important aspect that is relevant for the correct use
of DNA based QCM piezoelectrics is temperature. Main-
taining a constant temperature during the formation of the
biocompatible layer has been shown to influence its eventual
thickness, As a result, the frequency pattern of the samples
is modified as well [111]. Consequently, the complementary
principle of nucleic acids allows real-time monitoring of
the hybridization processes that result from the change in
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oscillation frequency of the QCM system after the double
strand is formed [57, 112, 113]. Chen et al. [57] demonstrated
that by maintaining the PCR products (amplicon) at low
temperatures (~4"C) they could avoid the self-hybridization
of DNA, resulting in a diagnosis with increased sensibility
and accuracy.

Because of the deep impact that temperature has over the
stability of the resonance frequency, techniques that depend
on thermal cycling are severely limited. For this reason,
alternatives that provide the amplification of a genomic
region at constant temperature have been of great advan-
tage. Loop-mediated isothermal amplification (LAMP) has
adhered to QCM piezoelectrics with tremendous success.
LAMP provides genomic amplification with high sensitivity,
specificity, and rapidity [114]. Recently, Prakrankamanant et
al. developed a prototype system to monitor the differences in
the resonance frequency by QCM-LAMP to detect the high-
risk strain HPV 58, The amplicon obtained by LAMP was
biotinylated and then anchored to the avidin-coated surface
of the sensor platform. Differently from conventional LAMP,
the incorporation of QCM real-time monitoring system
allowed a rapid and quantitative detection of HPV [58].

The same research groups aimed to increase the scope
of their biosensor by immobilizing biotinylated probes for
11 high-risk types of HPV. This technique showed good
accuracy for all probes with sensitivity up to 10* copies/uL;
their results are showed to be comparable to coupled PCR
amplification and electrophoresis based analysis. Although
the operational time of QCM-LAMP is similar to the conven-
tional PCR/electrophoresis technique, the QCM prototype
stands out since no labeling is required and because the
constant system temperature is close to 4°C. For certain, this
new tool represents a milestone for piezoelectric biosensors
and opens the path to complement the exploration of the
interactions occurring on top of the electrochemical biosen-
sor [59].

As an alternative to the previously described DNA
biosensors, Moabley et al. used a different approach for
the QCM piezoelectric technique; it is by the dissipation
frequency monitoring (QCM-D) instead of the resonance
frequency. Commonly applied in the fields of biophysics, bie-
materials, cell adhesion, and drug discovery, this interfacial
acoustic technique is a special type of QUM that serves to
analyze the thickness of a film in a liquid environment [60].
In their study, they attained to distinguish between HPV-
positive and HPV-negative cells based on antigen protein
expression from a prelysed cancer cell line. Furthermore,
their theoretical guidelines, based on linear discrimination,
were useful for the analysis of the output signals of other
immunosensor platforms and for the diagnosis of diseases,
However, these models still require standardization to vali-
date their results.

24. Magnetic Biosensors. Biosensors based on magnetic
materials have presented a distinctive alternative to identify
and diagnose diseases. The response signal occurs in a similar
fashion than in other transducers; at the surface of the mag-
netic material, there is a specific biological probe immobilized

1

and ready to interact with its counterpart found on a sample
suspected to contain biclogic traces of HPV. Not only have
these methodologies allowed the physical separation of the
substrates by magnetic field, but also there are some magnetic
transducers that are able to compete with the specificity and
sensibility threshold that optical transducers might detent in
terms of quantification of the transduced signal [115-117].

Throughout Section 2, we have given several examples
about how magnetic materials are employed in the form
of nanoparticles to provide, not only but mostly, their
magnetic characteristic in order to physically separate the
functionalized magnetic beads from the working solution.
However, over the last decade, magnetoresistive materi-
als have been explored in the form of multilayered films
{alternating layers of magnetic and nonmagnetic materials)
or granulated substrates (magnetic islands inserted into a
nonmagnetic material) to determine the advantages of their
use as transducer materials in biosensors. In simple words,
the magnetoresistance effect occurs when, under the presence
of a magnetic field, the magnetic material experiences a
change in its global electrical resistance.

These materials are very susceptible to magnetic fields;
for this reason, even a 10nm size magnetic nanoparticle
might create a measurable signature of its close proximity to
the magnetoresistive substrate [118], and actually this is the
sensing principle behind its known great sensibility.

In spite of the novelty of the methodology, there are
few reports about its use in the detection of HPV [119]. For
instance, Xu et al. developed a multilayered system for the
selective detection of HPV 16, 18, 33, and 45 subtypes, The
respective DNA probes were immobilized over the surface of
the biosensor to propitiate the capture, by hybridization, of
the complementary targeted DNA (if present on the sample);
the methodology of immobilization follows the trend used in
other transducers (Figure 2).

To immobilize the probe on the surface, the interaction
between amine and carboxylic acid groups is used, while
the target DNA is functionalized at the loose end with
biotin. To quantify the amount of hybridized target DNA,
the biosensor is then exposed to magnetic nanoparticles
that will bind to the biotin, because they were previously
functionalized with avidin. Finally, the close presence of the
magnetic nanoparticles interferes with the magnetoresistive
material, creating a response signal equivalent to the amount
of hybridized target DNA. This methodology was able to
reach 90% of accuracy and a sensitivity around 10 pM of
target DNA; in addition, the development of these biodevices
presents low cost, rapid detection, and reliability [120].

3. Conclusion

The proper diagnosis of HPV infection is essential for the
prevention of cervical cancer. The implementation of effective
therapeutic strategies requires the development of biosensors
for the detection and identification of HPV types. To this
date, optical, electrochemical, and piezoelectric materials are
the main transducers used to develop biosensors. Among
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FIGURE 2: Schematic representation of a magnetic genosensor for the detection of HPV, The DNA probe was immobilized on the transducer
surface (a). Then, biotinylated DNA target was hybridized (b). Magnetic particles modified with streptavidin were added on the genosensor
(c). Measuring the magnetic signal could characterize the bivactivity of biodevice (d). It is important to highlight that the magnetic signal

intensity is proportional to the number of biospecific interactions between the streptavidin molecules and the biotin groups.

the most sensitive techniques available to study the biorecog-
nition activity of the sensors, we highlight the fluorescent
spectroscopy, EIS, and QUM.

We notice a rapid growth in technological improvements
for the development of simple, cost-effective, and accurate
rapid diagnostic tests. The sensitivity and detection limit are
essential parameters for the evaluation of these biodetection
methodologies. However, other characteristics as the speci-
ficity, propensity to cross-binding interference, experimental
simplicity, and cost should be considered, For instance, it
was verified that the use of nanostructures (as carbon nan-
otubes and gold nanoparticles) enables the construction of
electrochemical biosensors with lower detection limits.
Notwithstanding, improvements in the design and manu-
facturing should be considered to achieve the commercial
incursion of these devices, since their reuse is limited.

The ability to fast regenerate the substrate after a diag-
nosed sample is of great importance and affects directly the
cost of the methodology. In this sense, QCM and nitrocellu-
lose substrates have managed to get more than 10 diagnoses
without losing sensibility; also, microfluidics are helping to
create in-flow diagnostics to first allow the sensing to oceur,
quickly wash the substrate, and then offer a new sample to
diagnose.

Thus, future researches should explore new strategies to
enhance the immobilization and to increase the stability of
bioreceptors. The development of methodologies that facil-
itate the use of biosensors out of controlled laboratory envi-
ronment is of great importance for the popularization of these
methodologies. Furthermore, evaluating the performance of
the biosensors b)' facing real 5a.mples, such as blood and
other body fluids, will verify the real potential of these new
molecular methods to confirm the clinical diagnosis of HPV.
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