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RESUMO

A sintese biogénica de nanoparticulas de prata empregando fungos vem se destacando como
uma alternativa promissora. Os fungos produzem grande quantidade de proteinas, enzimas e
metabolitos secundarios que atuam na sintese e formam um recobrimento ao redor das
nanoparticulas, o qual confere estabilidade e pode contribuir para a atividade contra
microrganismos patogénicos. O presente estudo teve como objetivo sintetizar nanoparticulas
de prata a partir do filtrado do fungo Trichoderma harzianum e analisar sua potencial aplicagéo
no controle do fungo fitopatogénico Sclerotinia sclerotiorum e os efeitos sobre plantas de soja.
Para tanto, a sintese das nanoparticulas foi realizada utilizando filtrados de T. harzianum com
e sem estimulo da atividade de enzimas hidroliticas pela parede celular de S. sclerotiorum. Em
seguida foi realizada a remocdo do recobrimento das nanoparticulas para comparar
nanoparticulas recobertas e nao-recobertas, obtendo quatro diferentes amostras, que foram
analisadas quanto aos parametros fisico-quimicos. Os ensaios SDS-PAGE, ensaios de atividade
de enzimas hidroliticas de T. harzianum e a analise FTIR foram realizados para investigar as
caracteristicas dos recobrimentos. Também foram realizados ensaios com linhagens celulares e
organismos ndo-alvo (germinacdo da soja, microrganismos de importancia agricola e
microbiota do solo envolvida no ciclo do nitrogénio) visando a avaliagdo da citotoxidade e
genotoxicidade das nanoparticulas. A atividade biologica das nanoparticulas para o controle de
S. sclerotiorum foi avaliada in vitro, utilizando meio de cultura suplementado com as
nanoparticulas. Para investigar os efeitos sobre a soja, foi realizado plantio em solo previamente
exposto as nanoparticulas e apds o crescimento foram avaliados pardmetros relacionados a
morfologia, trocas gasosas e estresse oxidativo. A sintese e a remocao do recobrimento foram
bem-sucedidas, sendo confirmadas por UV-Visivel e FTIR. Foram observadas alteracdes nos
parametros fisico-quimicos, principalmente ao comparar nanoparticulas recobertas e ndo-
recobertas, tendo ocorrido um aumento no diametro destas Gltimas, que pode indicar agregacdo
e perda da estabilidade. Pelo ensaio SDS-PAGE, bandas de proteina em comum foram
identificadas para os filtrados e seus respectivos recobrimentos, confirmando que as proteinas
do filtrado permanecem envolvendo as nanoparticulas. Também foi observada atividade
especifica de enzimas hidroliticas de T. harzianum nos filtrados, recobrimentos e nanoparticulas
recobertas. Quanto a citotoxidade e genotoxidade, as nanoparticulas recobertas apresentaram
menores efeitos para as linhagens celulares e organismos ndo-alvo em comparagdo com as nao-
recobertas. Em relacdo ao controle de S. sclerotiorum, as nanoparticulas recobertas sintetizadas
com estimulo mostraram maior potencial inibitério sobre o crescimento micelial, entretanto
ambas inibiram o desenvolvimento de novos esclerédios, enquanto as nanoparticulas nédo-
recobertas ndo apresentaram efetividade. Foram observadas algumas alteracdes nos parametros
morfologicos e fisioldgicos das plantas de soja expostas as nanoparticulas, porém estas podem
estar relacionadas a uma possivel resposta adaptativa. Os resultados indicam o potencial de
nanoparticulas de prata biogénicas para o controle de fitopatdgenos, com efeitos bastante
reduzidos sobre organismos ndo-alvo, de uma forma mais ambientalmente amigéavel em relacéo
a produtos convencionais, sendo promissores pois abrem caminho para novas investigagdes em
direcdo a aplicacdo desse tipo de nanomaterial no controle de fitopatdgenos que afetam a
producéo agricola.

Palavras-chave: Nanoparticulas de prata. Trichoderma harzianum. Sclerotinia sclerotiorum.



ABSTRACT

The biogenic synthesis of silver nanoparticles employing fungi has emerged as a promising
alternative. Fungi produce large amounts of proteins, enzymes and secondary metabolites
which act in the synthesis and form a capping around the nanoparticles, which provides stability
and can contribute to biological activity against pathogenic microorganisms. The aim of the
present study was to synthesize silver nanoparticles with the filtrate of the fungus Trichoderma
harzianum and analyze its potential application for the control of the phytopathogenic fungus
S. sclerotiorum and the effects on soybean plants. For this purpose, the synthesis of the
nanoparticles was performed using the filtrates of T. harzianum with and without stimulation
of the activity of hydrolytic enzymes by the cell wall of S. sclerotiorum. Then, the cappings of
the nanoparticles were removed in order to compare capped and uncapped nanoparticles,
obtaining four different samples, which were analyzed for physico-chemical parameters. SDS-
PAGE assay, hydrolytic enzymes activity assays and FTIR analysis were performed to
investigate the characteristics of the cappings. Assays with cell lines and non-target organisms
(soybean germination, microorganisms of agricultural importance and soil microbiota involved
in nitrogen cycle) were performed to evaluate the cytotoxicity and genotoxicity of the
nanoparticles. The biological activity of the nanoparticles for the control of S. sclerotiorum was
evaluated in vitro using culture medium supplemented with the nanoparticles. To investigate
the effects on soybean, planting was perfomed in soil previously exposed to the nanoparticles
and after growth the parameters related to morphology, gas exchages and oxidative stress were
evaluated. The synthesis and capping removal were successful, confirmed by UV-Visible and
FTIR. Changes in physico-chemical parameters were observed, mainly when comparing
capped and uncapped nanoparticles, with an increase in the diameter of the latter, which may
indicate aggregation and loss of stability. Through SDS-PAGE the same protein bands were
identified in the filtrates and respective cappings, confirming that the proteins from the filtrate
remain capping the nanoparticles. Specific activity of T. harzianum hydrolytic enzymes were
also observed in the filtrates, cappings and capped nanoparticles. In regard to the cytotoxicity
and genotoxicity, the capped nanoparticles showed minor effects on the cell lines and non-target
organisms in comparison with the uncapped ones. Regarding the control of S. sclerotiorum, the
capped nanoparticles synthesized with stimulation showed a greater inhibitory potential on the
mycelial growth, however both the capped ones inhibited the development of new sclerotia,
while the uncapped nanoparticles did not show effectiveness. Some alterations were observed
in morphological and physiological parameters of soybean plants exposed to the nanoparticles,
however it may be related to a possible adaptive response. The results indicate the potential of
the biogenic silver nanoparticles for the control of phytopathogens, with minor effects on non-
target organisms, in a more environmental friendly way in comparison with conventional
products, being promising since it opens a way for new investigations towards the application
of this kind of nanomaterial in the control of phytopathogens which affect agricultural
production.

Keywords: Silver nanoparticles. Trichoderma harzianum. Sclerotinia sclerotiorum.



LISTA DE ILUSTRACOES

Capitulo I — Sintese de nanoparticulas de prata mediada por fungos: uma reviséo

Figura 1 - Mechanisms of biogenic synthesis of silver nanoparticles. .............cccocevveeiivninnnn, 26
Figura 2 - Differences between capped and uncapped silver nanoparticles. ............cccceevennns 35
Figura 3 - Applications of silver nanoparticles synthesized using fungi. .........c..cccceceeveinennns 37

Capitulo 11 - Biossintese de nanoparticulas de prata empregando Trichoderma harzianum

com estimulacéo enzimatica para o controle de Sclerotinia sclerotiorum

Figura 1 - Physicochemical characterization of the AgNP-TS and AgNP-T nanoparticles. (A)
UV-Vis spectra of the nanoparticles and the corresponding filtrates, (B) Hydrodynamic
diameters obtained by the DLS technique, (C) Nanoparticle sizes and concentrations obtained
DY the NTA MELNOM. ....ceiiiice e sre e re e nrs 63

Figura 2 - Specific activities (U/mg) of the hydrolytic enzymes of Trichoderma harzianum
present in the nanoparticles and the corresponding filtrates. Statistically significant difference
(p <0.05) is indicated by * for comparison of Filt T (filtrate without stimulation) and Filt TS
(filtrate with stimulation) and + for comparison of AgNP-T and AgNP-TS. More symbols

indicate a higher statistical SIgNITICANCE. ..........ccceiiiiiiiece e 64

Figura 3 - Biological activities of the AGNP-TS and AgNP-T nanoparticles (3 x 10° NPs.mL™")
towards S. sclerotiorum and T. harzianum. (A) Control of mycelium growth and sclerotia, (B)
Mycelium diameter, (C) Effect on T. harzianum. Statistically significant difference (p < 0.05)
is indicated by * for comparison of the exposures to the control (CTR), with **indicating a

higher statistical SIGNITICANCE. .........cocoiiiiiiee e e e 65

Figura 4 - Cytotoxicity evaluation of the AgNP-TS and AgNP-T nanoparticles. (A)
Tetrazolium reduction test (MTT), (B) Image cytometry determination of cell viability,
necrosis, and apoptosis with statistically significant difference (p<0.05) indicated by * for
comparison of viability to the control (CTR) and + for comparison of apoptosis to the control
(CTR), (C) Trypan blue exclusion test with statistically significant difference (p <0.05)
indicated by * for comparison of alive cells to the control (CTR) and +for comparison of dead
CellS 10 the CONLIOL (CTR). woiiiieiie et e et eene e 68



Figura 5 - Evaluation of the cytotoxicity and genotoxicity of AgNP-TS and AgNP-T. (A)
Relative mitotic index using the Allium cepa assay, (B) Relative chromosomal alteration index
using the Allium cepa assay, (C) Relative DNA damage index using the comet assay.
Statistically significant difference (p <0.05) is indicated by * for comparison of the exposures

to the control (CTR), with **indicating a higher statistical significance. .............c.cccccooveennee. 69

Capitulo 11l — Influéncia do recobrimento de nanoparticulas biogénicas de prata na

toxicidade e no mecanismo de acao sobre Sclerotinia sclerotiorum

Figura 1 — Caracterizacdo fisico-quimica das nanoparticulas. A: Espectroscopia UV-Visivel
das nanoparticulas e seus respectivos filtrados. B e C: Didmetro hidrodindmico por DLS. D:
Acompanhamento da estabilidade por DLS. AgNP-TSC (recobertas, com estimulo); AQNP-TC
(recobertas, sem estimulo), AgNP-TS (ndo-recobertas, com estimulo) e AgNP-T (ndo-

recobertas, Sem eStIMUIO)........cooiiiiie e 80

Figura 2 — Microscopia de forca atomica (AFM) com distribuicdo de tamanho das
nanoparticulas recobertas AgNP-TSC (A) e AgNP-TC (B) e ndo-recobertas AgNP-TS (C) e
AQGNP-T (D), reSPECHIVAMENTE. ....c..iciiiiiieie ettt et sbe et e saeesaeeeesree s 82

Figura 3 — Espectros infravermelho por FTIR das nanoparticulas recobertas AgNP-TSC,
AgNP-TC e ndo-recobertas AGNP-TS € AgNP-T. ..o 83

Figura 4 — Analise SDS-PAGE das nanoparticulas e seus respectivos filtrados e recobrimentos,
sendo 1. Marcador de peso molecular Blueye Prestained ladder (Invitrogen) 11-245 kDa, 2.
Filtrado de T. harzianum sem estimulo. 3. Recobrimento sem estimulo. 4. AgNP-TC. 5. AgNP-
T. 6. Filtrado de T. harzianum com estimulo. 7. Recobrimento com estimulo. 8. AgNP-TSC. 9.
AGNP-TS. ettt 85

Figura 5 — Atividade especifica das enzimas hidroliticas de Trichoderma harzianum (U/mg):
N-Acetilglicosaminidase (NAGase), B-1,3-glucanase, Quitinase e Protease acida. Filt TSC=
filtrado com estimulo; Cap TSC= recobrimento com estimulo; TSC=nanoparticulas com
estimulo recobertas; TS=nanoparticulas com estimulo ndo-recobertas; Filt TC= filtrado sem
estimulo; Cap TC= recobrimento sem estimulo; TC= nanoparticulas sem estimulo recobertas;
T= nanoparticulas sem estimulo ndo-recobertas. Diferenga estatistica significativa (p <0,05) é
indicada por * para comparacao entre Filt TC e Filt TSC, £ para Cap TC e Cap TSC, # para TC
e TSC, e -- para T e TS. Maior quantidade de simbolos indica maior significancia estatistica.



Figura 6 — Atividade bioldgica das nanoparticulas AQNP-TSC, AgNP-TS, AgNP-TC e AgNP-
T (3 x 10° NPs.mL™) sobre S. sclerotiorum A: Didmetro micelial. B: Nimero de novos
esclerodios. C: Aspecto visual das culturas. Andlise estatistica: a. controle x AgNP; b. AgNP x

AgNP. Diferentes numeros indicam diferenca estatistica significativa, p<0,05. .........c.ccocu.... 88

Figura 7 — Avaliacdo da citotoxicidade das nanoparticulas AQNP-TSC, AgNP-TS, AgNP-TC
e AgNP-T. A: Ensaio de reducdo do tetrazolio (MTT) comparando AgNP-TSC e AgNP-TS; B:
Ensaio de reducdo do tetrazolio (MTT) comparando AgNP-TC e AgNP-T; C: Viabilidade
celular, necrose e apoptose por citometria de imagem; D: Ensaio de exclusdo do azul de tripan.

Andlise estatistica: Diferentes nimeros indicam diferenga estatistica significativa, p<0,05. .. 91

Figura 8 — Avaliacdo da genotoxicidade de AgNP-TSC, AgNP-TS, AgNP-TC e AgNP-T. A:
indice de alteracdes cromossdmicas pelo ensaio Allium cepa. B: indice de danos no DNA pelo
ensaio cometa. Analise estatistica: Diferentes numeros indicam diferenca estatistica

SIGNITICALIVA, P<O,05. ...eiiieieiiee e te e s e s te et eereenreeeeeneeaneenneas 92

Figura 9 — Avaliacdo dos efeitos das nanoparticulas AgNP-TSC, AgNP-TS, AgNP-TC e
AgNP-T sobre a germinacdo de sementes de soja. Andlise estatistica: a. controle x AgNP.

Diferentes numeros indicam diferenca estatistica significativa, p<0,05. .........cccccevvvvieieenenne. 93

Figura 10 — Analise molecular quantitativa de solos expostos as nanoparticulas AgNP-TSC,
AgNP-TC, AgNP-TS e AgNP-T apds 15, 90, 180 e 360 dias. Em A) resultados da quantificagdo

calculada por 222°t, Em B) resultados das propor¢des de cada gene analisado. ...................... 95

Capitulo 1V - Sintese biogénica de nanoparticulas de prata em maior escala, controle de

Sclerotinia sclerotiorum e avaliacéo dos efeitos sobre plantas de soja

Figura 1 — Caracterizacdo fisico-quimica das nanoparticulas sintetizadas em menor e maior
escala. A: Diametro hidrodinamico, indice de polidispersdo e potencial zeta. B: Tamanho e

concentragio M NPS.IML ™. ..o 116

Figura 2 - Efeitos inibitorios das nanoparticulas sobre o crescimento micelial e a formagéo de

novos esclerodios de S. sclerotiorum in vitro. A: controle; B: AGNP. ..o 116

Figura 3 — Parametros morfoldgicos das plantas de soja expostas as AgNPs. A: comprimento
de parte aérea e raiz; B: massa seca de parte aérea e raiz; C: area foliar; D: aspecto das plantas
controle; E: aspecto das plantas expostas as AgNPs. * indica diferenca significativa entre
plantas expostas as AgNPs e plantas controle, de acordo com teste t de Student (p < 0,05). As

barras sdo medias + desvio Padrao (N=10). ...ccccerieriierieiese e 118



Figura 4 — Efeitos das nanoparticulas sobre os pardmetros de trocas gasosas das plantas de soja.
A: taxa fotossintética liquida; B: condutancia estomética; C: eficiéncia intrinseca do uso da
agua. * indica diferenca significativa entre plantas expostas as AgNPs e plantas controle, de

acordo com teste t de Student (p < 0,05). As barras sdo médias + desvio padrdo (n = 10). .... 116

Figura 5 — Pigmentos fotossintéticos das plantas de soja cultivadas em solo exposto as
nanoparticulas. As barras sdo médias £ desvio padrdo (N=5). ..cccccevvvierienieniieieiene e 119

Figura 6 — Efeitos das nanoparticulas sobre marcadores de estresse oxidativo em raizes e folhas
de plantas de soja. A: Peroxido de hidrogénio (H202); B: malondialdeido (MDA); C: dienos
conjugados. * indica diferenca significativa entre plantas expostas as AgNPs plantas controle,
de acordo com teste t de Student (p < 0,05). As barras sdo médias + desvio padréo (n = 10).

Figura 7 — Efeitos das nanoparticulas sobre a expressao de genes envolvidos no processo de

lignificagdo e peroxidagao das raizes de SOJA. ........cuiereereriereisere e, 122



LISTA DE TABELAS

Capitulo I — Sintese de nanoparticulas de prata mediada por fungos: uma revisao
Tabela 1 - Optimization of the synthesis of silver nanoparticles by fungi. ..........ccccccceevennene. 27

Tabela 2 - Health applications of silver nanoparticles synthesized by fungi. ............ccccoveuee.ne. 38
Tabela 3 - Applications of silver nanoparticles synthesized by fungi in agriculture and pests

CONET O], e 43

Capitulo 111 - Influéncia do recobrimento de nanoparticulas biogénicas de prata na

toxicidade e no mecanismo de acao sobre Sclerotinia sclerotiorum

Tabela 1 — Valores de MIC para os microrganismos de importancia agricola expostos as
nanoparticulas AgNP-TSC, AgNP-TC, AgNP-TS e AgNP-T. ..coooiiiiieeceeceeceee e, 94

Capitulo IV — Sintese biogénica de nanoparticulas de prata em maior escala, controle de
Sclerotinia sclerotiorum e avaliagéo dos efeitos sobre plantas de soja

Tabela 1 — Rendimento da sintese de nanoparticulas em menor e maior escala. ................... 115



LISTA DE SIGLAS E ABREVIATURAS

AFM Microscopia de Forga Atdmica

AgNPs Nanoparticulas de prata

AgNP-T Nanoparticulas de prata ndo-recobertas, sem estimulo
AgNP-TC Nanoparticulas de prata recobertas, sem estimulo
AgNP-TS Nanoparticulas de prata ndo-recobertas, com estimulo
AgNP-TSC  Nanoparticulas de prata recobertas, com estimulo
Al Indice de alteraces

ANOVA One-way analysis of variance

ATP  Adenosine triphosphate

CTR Controle

DLS Dynamic Light Scattering

DMEM Dulbecco’s modified eagle medium

DMSO Dimethylsulphoxide

FAO Food and Agriculture Organization of the United Nations
Filt T Filtrate of Trichoderma harzianum without stimulation

Filt TS Filtrate of Trichoderma harzianum with stimulation
FTIR espectroscopia de infravermelho com transformada de Fourier
IRGA Analisador portatil de gases por infravermelho

MDA Malondialdeido

MGYP Malt Glucose Yeast Peptone

MI Mitotic Index

MIC Concentracao Inibitéria Minima

MTT Ensaio de reducdo do tetrazolio

NADH Nicotinamide Adenine Dinucleotide

NAGase N-acetylglucosaminidase

NTA Nanoparticles Tracking Analysis

PBS Phosphate Buffer Saline

PVP  Polivinilpirrolidona

gPCR Reacdo em cadeia de polimerase em tempo real

SB  Soma de bases

SDS Dodecil Sulfato de Sodio

TBARS Acido tiobarbitdirico



SUMARIO

1 INTRODUGAOD ..ottt sttt n st 16
2 OBUIETIVOS ...ttt n e 18
N R @ T o] 1< 1Y o CT=T o | PSR 18
2.2 ODJetivos BSPECITICOS ...iiuieiieie et ns 18
3 RESULTADOS ...ttt ne e e ne e 20

3.1 CAPITULO I — SINTESE DE NANOPARTICULAS DE PRATA MEDIADA POR
FUNGOS: UMA REVISAQ ..o e e et e e 21

3.2 CAPITULO Il - BIOSSINTESE DE NANOPARTICULAS DE PRATA
EMPREGANDO Trichoderma harzianum COM ESTIMULACAO ENZIMATICA PARA
O CONTROLE DE Sclerotinia SCIErOtIOrUM ........oooe e 55

3.3 CAPITULO Il - INFLUENCIA DO RECOBRIMENTO DE NANOPARTICULAS
BIOGENICAS DE PRATA NA TOXICIDADE E NO MECANISMO DE ACAO SOBRE

SClErOtiNIA SCIEIOtIOTUM <. e, 76

3.4 CAPITULO IV - SINTESE BIOGENICA DE NANOPARTICULAS DE PRATA
EM MAIOR ESCALA, CONTROLE DE Sclerotinia sclerotiorum E AVALIACAO DOS

EFEITOS SOBRE PLANTAS DE SOJA ..o oo e ee oo e s e esaeen e 108
4  CONSIDERACOES FINAIS.......oiieoieeeeeeeeee ettt 128
REFERENCIAS ..ottt et e e et e et e e e et e e e e e et e e e e et et e e e e er e e e e e e s ee e 129

ANEXO A - REVISAO DA LITERATURA PUBLICADA NA REVISTA CIENTIFICA
INTERNACIONAL FRONTIERS IN BIOENGINEERING AND BIOTECHNOLOGY,
APRESENTADA NO CAPITULO I DESTA TESE. ..o, 130

ANEXO B - ARTIGO PUBLICADO NA REVISTA CIENTIFICA INTERNACIONAL
SCIENTIFIC REPORTS, APRESENTADO NO CAPITULO Il DESTA TESE. .......... 131

ANEXO C - ORIENTACOES DO PROGRAMA DE POS-GRADUACAO EM
CIENCIAS FARMACEUTICAS DA UNIVERSIDADE DE SOROCABA ................... 132



16

1 INTRODUCAO

Com o crescimento da populacdo mundial aumentaram as preocupacfes quanto a
producdo de alimentos e 0 combate a pragas que atingem o setor agricola, intensificando o uso
de agrotoxicos, como por exemplo, os fungicidas quimicos (MAJEED et al., 2018). Essas
substancias, apesar de atingirem os fitopatdgenos, requerem o uso de altas doses em varias
aplicagdes, sendo liberadas no ambiente e causando impactos a salde e aos recursos naturais
(ZUBROD et al., 2019).

Em paralelo a esse cenario, a nanotecnologia vem se destacando com algumas
alternativas que visam solucionar problemas da agricultura e a0 mesmo tempo reduzir os
impactos ambientais (FRACETO et al., 2016; DUHAN et al., 2017; PRASAD et al., 2017).
Dentre 0s nanomateriais com maiores aplicacfes as nanoparticulas de prata apresentam efeitos
inibitdrios sobre o desenvolvimento de uma ampla variedade de microrganismos, podendo ser
aplicadas para o controle de pragas (BURDUSEL et al., 2018; LOO et al., 2018).

Em um estudo prévio de nosso grupo foram sintetizadas nanoparticulas de prata por via
biogénica utilizando o filtrado do fungo agente de controle biologico Trichoderma harzianum
e estas apresentaram potencial inibitorio sobre a germinacdo das estruturas de resisténcia
(esclerddios) do fungo fitopatogénico Sclerotinia sclerotiorum (GUILGER et al., 2017). T.
harzianum é utilizado no controle biolégico de fungos fitopatogénicos que atingem a
agricultura e como estimulante dos mecanismos de defesa e crescimento das plantas (SABA et
al., 2012). Aléem dessas aplicacdes, em alguns estudos, essa espécie foi empregada na sintese
de nanoparticulas de prata (AHLUWALIA et al., 2014; GUILGER et al., 2017, GHERBAWY
et al., 2013). S. sclerotiorum (Lib.) de Bary é um fungo fitopatogénico causador da doenca
mofo branco, responsavel por grandes perdas na producdo agricola do Brasil e do mundo, sendo
capaz de infectar mais de 450 espécies de plantas. Este fungo desenvolve esclerddios que
permanecem viaveis no solo por varios anos, iniciando um novo ciclo da doenga sempre que as
condigdes se tornam favoraveis (SMOLINSKA e KOWALSKA, 2018).

Diante do exposto, fazem-se necessarios estudos visando o desenvolvimento de
estratégias para o controle deste, e de outros fitopatdgenos, de uma forma mais efetiva e
ecologicamente amigavel, explorando o potencial de ciéncias atuais e promissoras como a
nanotecnologia. Desta forma, a presente tese traz alguns estudos que visam contribuir e agregar
conhecimento para esta questdo. Com base em nosso levantamento da literatura, apresentado

em forma de revisdo no capitulo I, ndo h& outros estudos avaliando a composi¢do do
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recobrimento de nanoparticulas biogénicas sintetizadas a partir de T. harzianum com o objetivo
de direciona-las para o controle de pragas agricolas.

A tese esté dividida em quatro capitulos que apresentam artigos cientificos publicados
ou a serem submetidos em revistas cientificas internacionais. O capitulo | traz uma revisao da
literatura sobre a sintese de nanoparticulas metélicas por fungos, os mecanismos envolvidos,
processos de otimizacdo e aplicagdes. O capitulo Il apresenta um estudo no qual nanoparticulas
de prata foram sintetizadas de forma direcionada para o controle do fungo fitopatogénico S.
sclerotiorum, por meio do estimulo da atividade de enzimas hidroliticas de T. harzianum em
contato com a parede celular do fitopatégeno. O capitulo 11l apresenta um artigo que da
continuidade ao estudo do capitulo 11 com foco em investigar a composi¢do e a importancia do
recobrimento das nanoparticulas para a atividade bioldgica no controle de S. sclerotiorum. O
capitulo IV traz um estudo no qual foi realizada a sintese de nanoparticulas de prata a base de
T. harzianum em maior escala e foram avaliados 0s possiveis efeitos dessas nanoparticulas

sobre a morfologia e fisiologia de plantas de soja.
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2 OBJETIVOS

2.1 Objetivo Geral

Sintetizar nanoparticulas de prata a partir do filtrado do fungo Trichoderma harzianum
e analisar sua potencial aplicacdo no controle do fungo fitopatogénico Sclerotinia sclerotiorum

e os efeitos sobre plantas de soja.

2.2 Objetivos especificos

e Sintetizar nanoparticulas de prata utilizando o filtrado do fungo T. harzianum na
presenca e auséncia da parede celular do fitopatdgeno S. sclerotiorum, visando estimular
a producdo de enzimas hidroliticas.

e Confirmar a ocorréncia da sintese e realizar a caracterizagdo fisico-quimica das
nanoparticulas por meio das técnicas de espectroscopia UV-Visivel, espalhamento
dindmico de luz, microeletroforese, rastreamento de nanoparticulas, medicdo de pH e
microscopia de forga atdmica.

e Remover o recobrimento de parte das nanoparticulas para investigar sua composicao e
importancia por meio das anélises SDS-PAGE, atividade de enzimas hidroliticas de T.
harzianum e FTIR, bem como demais comparagdes entre nanoparticulas recobertas e
ndo-recobertas.

e Avaliar a citotoxicidade e genotoxicidade das nanoparticulas sobre as linhagens
celulares 3T3, HaCat e V79 e a espécie vegetal Allium cepa por meio dos ensaios de
viabilidade celular por atividade mitocondrial (MTT), viabilidade celular, apoptose e
necrose por citometria de imagem, viabilidade celular com azul de Tripan, cometa e
Allium cepa.

e Avaliar a efetividade das nanoparticulas no controle de S. sclerotiorum, principalmente
sobre a germinagdo de esclerddios in vitro.

e Avaliar os efeitos das nanoparticulas sobre a germinacdo de sementes de soja.

e Avaliar a concentracdo inibitoria minima (MIC) das nanoparticulas sobre diferentes
microrganismos de importancia agricola (Bradyrhizobium japonicum, Pseudomonas

aeruginosa, Bacillus thuringiensis e Beauveria bassiana.).
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e Auvaliar os efeitos das nanoparticulas sobre a microbiota do solo pela técnica de reagdo
em cadeia da polimerase em tempo real utilizando primers de bactérias do ciclo do
nitrogénio.

e Selecionar a amostra de nanoparticulas mais viavel em relacdo ao processo de sintese e
atividade bioldgica, realizar a sintese dessa nanoparticula em maior escala e avaliar 0s
efeitos sobre plantas de soja por meio de analises de morfologia, trocas gasosas e

estresse oxidativo.
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3 RESULTADOS

Os resultados da presente tese foram divididos em quatro capitulos, sendo que cada
capitulo compreende um artigo cientifico. O resumo grafico abaixo apresenta 0s principais

procedimentos e analises realizados em cada capitulo.
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3.1 CAPITULO I - SINTESE DE NANOPARTICULAS DE PRATA MEDIADA POR
FUNGOS: UMA REVISAO

O capitulo I compreende um artigo de revisdo no qual sdo apresentados estudos que
envolvem a sintese de nanoparticulas de prata utilizando fungos, destacando as diferentes
possibilidades para a otimizacdo da sintese, bem como as vantagens da alternativa biogénica
em comparacgdo com outros métodos, e da utilizacdo de fungos em relacéo a outros organismos.
O artigo apresenta também uma descricdo dos mecanismos de sintese e algumas aplicacdes
dessas nanoparticulas nas areas da salde e agricultura, no controle de bactérias patogénicas e

fitopatdgenos, visando incentivar a realizacdo de mais estudos.

GUILGER-CASAGRANDE, M.; LIMA, R. Synthesis of silver nanoparticles mediated by
fungi: A review. Frontiers in Bioengineering and Biotechnology, v. 7, p. 1-16, 2019.



22

Synthesis of Silver Nanoparticles Mediated by Fungi: A Review

Guilger-Casagrande, M.%; Lima, R.Y"

! Laboratory for Evaluation of the Bioactivity and Toxicology of Nanomaterials, University of
Sorocaba, Sorocaba, Sdo Paulo, Brazil.

ABSTRACT

The use of fungi as reducing and stabilizing agents in the biogenic synthesis of silver
nanoparticles is attractive due to the production of large quantities of proteins, high yields, easy
handling, and low toxicity of the residues. Furthermore, this synthesis process coats the
nanoparticles with biomolecules derived from the fungus, which can improve stability and may
confer biological activity. The aim of this review is to describe studies in which silver
nanoparticles were synthesized using fungi as reducing agents, discussing the mechanisms and
optimization of the synthesis, as well as the applications. The literature shows that various
species of fungus have potential for use in biogenic synthesis, enabling the production of
nanoparticles with different characteristics, considering aspects such as their size, surface
charge, and morphology. The synthesis mechanisms have not yet been fully elucidated,
although it is believed that fungal biomolecules are mainly responsible for the process. The
synthesis can be optimized by adjusting parameters such as temperature, pH, silver precursor
concentration, biomass amount, and fungus cultivation time. Silver nanoparticles synthesized
using fungi enable the control of pathogens, with low toxicity and good biocompatibility. These
findings open perspectives for future investigations concerning the use of these nanoparticles
as antimicrobials in the areas of health and agriculture.

Keywords: biogenic synthesis, silver nanoparticles, fungi, biological activity, biomolecules

INTRODUCTION

Among the different types of metallic nanoparticles, silver nanoparticles can be
highlighted for their broad-spectrum antimicrobial potential (Prabhu and Poulose, 2012; Rai et
al., 2014; Gupta et al., 2017; Loo et al., 2018). These nanoparticles adhere to the cell walls and
membranes of microorganisms and may reach the cell interior. They damage the cellular
structures, induce the production of reactive oxygen species, and alter the mechanisms of signal
transduction (Kim et al., 2011; Dakal et al., 2016). Several studies report applications in which
good results have been obtained using silver nanoparticles for the control of pathogenic
microorganisms in the areas of health and agriculture (Burdusel et al., 2018; Mishra and Singh,
2015; Kim et al., 2012).

The commonest method used to produce silver nanoparticles is chemical synthesis,

employing reagents whose function is to reduce the silver ions and stabilize the nanoparticles.
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These reagents are toxic and can present risks to health and the environment (Ahmed et al.,
2016; Zhang et al., 2016), which has led to increasing interest in biogenic synthesis methods.
Such processes enable nanoparticles to be obtained that present lower toxicity, better
physicochemical characteristics, and higher stability (Iravani et al., 2014; Sharma et al., 2015).

Biogenic synthesis of nanoparticles can be performed using organisms such as bacteria,
fungi, and plants, or the byproducts of their metabolism, which act as reducing and stabilizing
agents (Duran et al., 2011; Sharma et al., 2015). These nanoparticles are capped with
biomolecules derived from the organism used in the synthesis, which can improve stability and
may present biological activity (Ballotin et al., 2016). Biogenic synthesis is relatively simple,
clean, sustainable, and economical, and provides greater biocompatibility in the uses of
nanoparticles (Gholami-Shabani et al., 2014).

The synthesis of silver nanoparticles using bacteria involves cultivating the organisms
in a suitable medium, followed by contact of the bacteria or their metabolites with a silver
nitrate (AgNO3) solution (Singh et al., 2015). When the synthesis is performed using plants,
aqueous extracts are prepared from the leaves, stems, or roots, followed by the addition of silver
nitrate solution (Rheder et al., 2018). The use of fungi to synthesize silver nanoparticles
involves culturing the fungus on agar, followed by transfer to a liquid medium. The biomass
produced is subsequently transferred to water for release of the compounds that act in the
synthesis. After filtration, the biomass is discarded and silver nitrate is added to the filtrate
(Costa Silva et al., 2017; Ottoni et al., 2017; Mekkawy et al., 2017; Guilger et al., 2017).

The purpose of this review is to provide an overview of the main published studies
concerning the use of fungi for the biogenic synthesis of silver nanoparticles, as well as the
applications of these materials in different areas. The synthesis mechanisms are discussed,
together with methods to optimize the processes and the importance of cappings on the
nanoparticles.

Given the problems caused by pathogenic microorganisms, there is a continuing search
for more effective techniques for their control. The emergence of nanotechnology has led to
increasing interest in the antimicrobial properties of silver nanoparticles and in exploring

environmentally friendly ways in which they can be used most effectively.

BIOGENIC SYNTHESIS OF SILVER NANOPARTICLES

Most of the conventional methods used to produce nanoparticles have disadvantages

such as the use of toxic chemicals and the generation of waste, which can cause environmental
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pollution (Ahmed et al., 2016; Iravani et al., 2014). Consequently, in recent years there has
been increasing interest in eco-friendly synthesis methods. The methods involve the use of
organisms including bacteria, fungi, and plants, which can reduce metal salts and enable the
formation of nanoparticles that present the desired size and morphology (Azmath et al., 2016).
The production of nanoparticles by biological reduction of metals is an option that can be
considered clean, nontoxic, and environmentally acceptable (Banu and Balasubramanian,
2014a).

Fungi are attractive agents for biogenic synthesis of silver nanoparticles, because they
offer high tolerance to metals and are easy to handle. They also secrete large quantities of
extracellular proteins that contribute to the stability of the nanoparticles (Balaji et al., 2009; Du
et al., 2015; Netala et al., 2016). Advantages of fungal cultures over bacterial systems are that
they provide good biomass production and do not require additional steps to extract the filtrate
(Gade et al., 2008). Compared to synthesis using plants, the mycelial mass of fungi is more
resistant to agitation and pressure, so it is more suitable for large-scale syntheses (Velusamy et
al., 2016). Furthermore, by adjusting culture conditions such as time, temperature, pH, and
quantity of biomass, among others, it is possible to manipulate the metabolism of fungi so as to
obtain nanoparticles with the desired characteristics, such as specific size and morphology
(Zielonka and Klimek-Ochab, 2017).

Biogenic synthesis of silver nanoparticles mediated by fungi

Fungi have excellent potential for the production of many compounds that can be used
in different applications. Around 6,400 bioactive substances are known to be produced by
microscopic filamentous fungi (ascomycetes and imperfect fungi) and other fungal species
(Bérdy, 2005). These organisms are widely used as reducing and stabilizing agents, due to their
heavy metal tolerance and capacity to internalize and bioaccumulate metals. Furthermore, fungi
can be easily cultivated on a large scale (“nanofactories”) and can produce nanoparticles with
controlled size and morphology (Gade et al., 2008; Ahluwalia et al., 2014; Azmath et al., 2016;
Khan et al., 2017). Fungi have advantages over other microorganisms, in that they produce
large quantities of proteins and enzymes, some of which can be used for the fast and sustainable
synthesis of nanoparticles (Vahabi et al., 2011; Alghuthaymi et al., 2015).

The mechanism of biogenic synthesis of nanoparticles using fungi may be intracellular
or extracellular. In the case of intracellular synthesis, the metal precursor is added to the

mycelial culture and is internalized in the biomass. Consequently, extraction of the
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nanoparticles is required after the synthesis, employing chemical treatment, centrifugation, and
filtration to disrupt the biomass and release the nanoparticles (Molnar et al., 2018; Castro-
Longoria et al., 2011; Rajput et al., 2016). In extracellular synthesis, the metal precursor is
added to the aqueous filtrate containing only the fungal biomolecules, resulting in the formation
of free nanoparticles in the dispersion. This last method is most widely used, since no
procedures are required to release the nanoparticles from the cells (Sabri et al., 2016; Azmath
et al., 2016; Costa Silva et al., 2017; Gudikandula et al., 2017). Nonetheless, the nanoparticle
dispersion must be purified in order to eliminate fungal residues and impurities, which can be
achieved using methods such as simple filtration, membrane filtration, gel filtration, dialysis,
and ultracentrifugation (Qidwai et al., 2018; Ashrafi et al., 2013; Yahyaei and Pourali, 2019).

SYNTHESIS MECHANISMS
How does extracellular synthesis of silver nanoparticles by fungi occur?

Although many studies have been published concerning the biogenic synthesis of silver
nanoparticles using fungi, the specific mechanisms involved have not yet been fully elucidated.
It is known that extracellular synthesis of nanoparticles occurs according to reactions in which
the enzymes present in the fungal filtrate act to reduce silver ions, producing elemental silver
(Ag®) at a nanometric scale. After the reaction, the color of the filtrate changes and UV-Visible
spectroscopy can be used to observe surface plasmon resonance bands reflecting alteration of
the optical properties of the material (Ahmad et al., 2003). The absorbance wavelengths of these
bands vary in the range from 400 to 450 nm, with an absorbance peak at a longer wavelength
indicating the presence of larger nanoparticles (Elamawi et al., 2018). The size depends on the
synthesis conditions such as fungus species, temperature, pH, and dispersion medium, as well
as the presence of cappings on the nanoparticles (Khandel and Shahi, 2018; Lee and Jun, 2019).
The color of the dispersion is also directly related to the surface plasmon resonance, which
varies according to the size and absorbance of the nanoparticles (Adeeyo and Odiyo, 2018;
Bhangale et al., 2019; Lee and Jun, 2019).

Many biomolecules can react with silver ions and act in the synthesis, such as those
associated with the complex pathways involving electron transfer during the conversion of
NADPH/NADH to NADP*/NAD* (Thakkar et al., 2010; Gudikandula et al., 2017).
Nicotinamide adenine dinucleotide (NADH) and NADH-dependent nitrate reductase enzymes
are considered to be most important in the biogenic synthesis of metallic nanoparticles
(Baymiller et al., 2017; Zomorodian et al., 2016) (Figure 1).
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Figure 1. Mechanisms of biogenic synthesis of silver nanoparticles.

In recent work, Hietzschold et al. (2019) showed that nanoparticle synthesis occurred
by the action of NADPH, without any need for the nitrate reductase enzyme. This is particularly
interesting, since it leads to the possibility of using different organisms for the synthesis of
nanoparticles, without the necessary condition of reductase enzyme production. However,
Duréan et al. (2005) synthesized silver nanoparticles using Fusarium oxysporum and suggested
that the reduction of silver ions was due to the action of the nitrate reductase enzyme and
anthraquinones. In another study, using purified nitrate reductase and phytochelatins from the
same fungus, it was found that extracellular NADPH-dependent nitrate reductase enzymes and

quinones were responsible for the formation of nanoparticles (Kumar et al., 2007).

Optimization of silver nanoparticles synthesis

Although the synthesis of silver nanoparticles using fungi is simple and effective, the
parameters employed in the procedure must be optimized in order to achieve good
monodispersity, stability, and biocompatibility of the particles (Balakumaran et al., 2015).
Given that a wide variety of fungi have potential for use in the synthesis, it is important to
consider their individual characteristics and to optimize the synthesis conditions accordingly
(Ottoni et al., 2017).

Parameters such as agitation, temperature, light, and culture and synthesis times differ
depending on the fungus used and can also be adjusted in order to obtain the desired
nanoparticle characteristics. Control of nanoparticle size and shape requires adjustment of the

parameters used for both cultivation of the fungus and the synthesis process (Birla et al., 2013).
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Studies have found that changes in temperature, concentration of the metal precursor, pH,
culture medium, and amount of biomass can be used to obtain nanoparticles with different
physicochemical characteristics (Birla et al., 2013; Liang et al., 2017; Rajput et al., 2016;
Saxena et al., 2016). Table 1 shows some studies in which silver nanoparticles were produced

using different fungal species and synthesis conditions.

Table 1 — Optimization of the synthesis of silver nanoparticles by fungi.

Fungus Type of parameter  Optimized Nanoparticle  Reference
conditions characteristics
Trichoderma harzianum Temperature and 40°C 51.10 nm Ahluwalia et al.
concentration of 1 mM AgNOs -17.19 mV (2014)
AgNO; Spherical
Fusarium oxysporum Culture media, MGYP 10-20 nm Birla et al. (2013)
quantity of biomass, 6 g of biomass 30 mv
light intensity, pH, 190.7 Lux and Spherical
temperature, and sun light
concentration of pH9and 11
AgNO3 40°C and 60°C
1.5 mM AgNOs
Colleotrichum sp. ALF2-6  Temperature and 50°C-80°C 5-60 nm Azmath et al.
pH Alkaline pH Myriad shapes  (2016)
Aspergillus oryzae (MTCC  Temperature, pH 90°C 7-27 nm Phanjom and
No. 1846) and concentration pH 10 Spherical Ahmed (2017)
of AgNO3 1 mM AgNOs
Rhizopus stolonifer Temperature and 40°C 2.86 nm AbdelRahim et al.
concentration of 10 mM AgNOs Spherical (2017)
AgNO;3
Aspergillus fumigatus Temperature, fungal 25°C 322.8 nm Shahzad et al.
BTCB10 culture age, quantity 7 days of culture ~ PDI 0.278 (2019)
of biomass, pH, 7 g of biomass Spherical
concentration of pH 6
AgNO;3, ratio of 1 mM AgNOs;
cell-free cell-free
filtrate/silver nitrate  filtrate/silver
nitrate 3:2
Fusarium oxysporum Temperature, 50°C 5-13 nm Husseiny et al.
quantity of biomass, 11 g of biomass Spherical (2015)

pH and

pH 6
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concentration of 10 mM AgNOs
AgNO;,
Trichoderma viride Temperature 27°C 2-4nm Fayaz et al.
Spherical (2009)
Isaria fumosorosea Temperature, pH 30°C 51.31-111.02 Banu and
and agitation pH 8.5 nm Balasubramanian
150 rpm Spherical (2014b)
Guignardia mangifera Temperature, 30°C 5-30 nm Balakumaran et
quantity of biomass, 10 g of biomass Spherical al. (2015)
pH and pH 7
concentration of 1 mM AgNO3
AgNO;
Duddingtonia flagans Temperature and 60°C 30-409 nm Costa Silva et al.
pH pH 10 -28,655 mV (2017)
Spherical
Trichoderma Temperature, 28°C 24.43 nm Elamawi et al.
longibrachiatum quantity of biomass 10 g of biomass PDI 0.420 (2018)
and agitation Without agitation  -19,7 mV
Spherical
Penicillium pH and pH 8 8-10 nm Nayak et al.
purpurogenum concentration of 1 mM AgNOs Spherical (2011)
AgNO;3
Epicoccum nigrum Temperature, pH 55°C 1-22 nm Qianetal. (2013)
and concentration Alkaline pH Spherical or
of AgNOs 1 mM AgNOs; near to
spherical
Penicillium oxalicum pH pH 12 36.53 nm Du et al. (2015)
0.273
-25.9 mvV
Arthroderma fulvum Temperature, pH, 55°C 20.56 nm Xue et al. (2016)
concentration of pH 10 PDI 0.27
AgNOsand time of 1.5 mM AgNOs  Spherical
reaction 12 hours
Sclerotinia sclerotiorum Culture media, Potato dextrose 10-15 nm Saxena et al.
MTCC 8785 guantity of biomass, broth Spherical (2016)

concentration of
AgNOs3, pH and

temperature

10 gm of
biomass

2 mM AgNOs
pH 11

80°C
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Fusarium oxysporum Concentration of 5 mM AgNO3 25-50 nm Korbekandi et al.
AgNOzand quantity  4.96 g/L of Almost (2013)
of biomass biomass spherical
Fusarium oxysporum Temperature 28°C 24 nm Hamedi et al.
culture media Modified PDI1 0.23 (2017)
medium for Spherical
nitrate reductase
Rhizoctonia solani Culture media Potato Glucose 2-22 nm Ashrafi et al.
Broth Spherical (2013)
Penicillium oxalicum Temperature, 60°C 10-40 nm Rose et al. (2019)
GRS-1 quantity of 25¢ of biomass Spherical
biomassa, 1.5 mM AgNOs;
concentration of pH 7

AgNO;3 and pH

Effect of temperature

The temperature used in the synthesis of silver nanoparticles employing fungi can affect
parameters such as the speed of the synthesis and the size and stability of the nanoparticles
(Elamawi et al., 2018).

In synthesis performed using the filtrate of Trichoderma harzianum, Ahluwalia et al.
(2014) observed that the synthesis rate increased as the temperature was increased up to 40 °C,
which was considered the ideal temperature. In other work using the filtrate of Fusarium
oxysporum, higher protein secretion by the fungal biomass was observed at temperatures
between 60 and 80 °C, with progressive increases of the synthesis rate and surface plasmon
absorbance as the temperature increased (Birla et al., 2013). In synthesis using the endophytic
fungus Colleotrichum sp. ALF2-6, Azmath et al. (2016) found that the reaction rate increased
at higher temperatures, with the synthesis being completed within 20 min at temperatures above
50 °C. In the work by Phanjom and Ahmed (2017), using Aspergillus oryzae (MTCC no. 1846),
a higher temperature also increased the rate of synthesis, with temperatures of 30, 50, 70, and
90 °C resulting in the synthesis being concluded in 6 h, 1 h, 45 min, and 20 min, respectively,
while no synthesis occurred at 10 °C. In the work of AbdelRahim et al. (2017), no synthesis of
silver nanoparticles was observed using the filtrate of Rhizopus stolonifer at 80 or 10 °C, which
was attributed to denaturation or inactivation of enzymes and other molecules.

Although most studies have reported faster rates of synthesis at higher temperatures, it

is important to take into account the quality of nanoparticles. In addition to influencing the
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synthesis rate, the temperature can affect nanoparticle size and stability. In the work of
AbdelRahim et al. (2017), nanoparticles were obtained with sizes of 2.86, 25.89, and 48.43 nm,
at temperatures of 40, 20, and 60 °C, respectively, with the smallest size observed at the
intermediate temperature. Shanzad et al. (2019) synthesized nanoparticles using the fungus
Aspergillus fumigatus BTCB10, obtaining a size of 322.8 nm at 25 °C and increasing size as
the temperature was increased, reaching 1073.45 nm at 55 °C. The size increase was attributed
to the aggregation of nanoparticles at higher temperature. Elsewhere, Husseiny et al. (2015)
used the fungus Fusarium oxysporum and found that the nanoparticle size decreased as the
temperature was increased to 50 °C, with the smallest size (30.24 nm) at this temperature. In
the work by Fayaz et al. (2009), using the fungus Trichoderma viride, the nanoparticle size was
also found to decrease as the synthesis temperature increased.

These different results indicate that the effect of temperature on the size and stability of
the nanoparticles synthesized varies according to the fungus species used. Banu and
Balasubramanian (2014b) reported that 30 °C was the optimum temperature for production of
high stability silver nanoparticles using Isaria fumosorosea. Balakumaran et al. (2015) also
found that this was the optimum temperature for synthesis of nanoparticles using the fungus
Guignardia mangifera. In the work of Costa Silva et al. (2017), using Duddingtonia flagans,
the optimum synthesis temperature was 60 °C. These differences in the effect of the synthesis
temperature occur even within the same fungal genus. Trichoderma longibrachiatum presented
a specific synthesis temperature of 28 °C, with no production of nanoparticles at 23 or 33 °C
(Elamawi et al., 2018), while Trichoderma viride presented viable synthesis at temperatures of
10, 27, and 40 °C (Fayaz et al., 2009).

The occurrence of synthesis of nanoparticles by some fungal species at high
temperatures indicates that electrons can be transferred from free amino acids to silver ions.
However, very high temperatures, between 80 and 100 °C, lead to denaturation of the proteins
that compose the nanoparticle capping. This denaturation alters the nucleation of Ag* ions, with
the nanoparticles aggregating and increasing in size (Birla et al., 2013). According to Husseiny
et al. (2015), unsuitable temperatures lead to increased nanoparticle size and loss of stability,

due to the low activity of the enzymes involved in the synthesis.

Effect of pH

Adjustment of the synthesis pH can be used to control certain characteristics of the

nanoparticles. Nayak et al. (2011) reported that the conformation of nitrate reductase enzymes
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could be altered according to the concentration of protons in the reaction medium, leading to
alteration of the morphology and size of the nanoparticles. At higher pH, there is greater
competition between protons and metal ions for establishing bonds with negatively charged
regions, resulting in greater success of synthesis at alkaline pH (Sintubin et al., 2009).

Qian et al. (2013) observed that alkaline pH favored the synthesis of silver nanoparticles
when AgNO3 was added to the filtrate of the fungus Epicoccum nigrum. Du et al. (2015) found
that a more alkaline pH resulted in a shorter synthesis time and smaller nanoparticle size
distribution and polydispersity index values. These characteristics indicate improved stability,
due to the electrostatic repulsion of anions present in the dispersion (Gurunathan et al., 2009).
Synthesis employing Colleotrichum sp. ALF2-6 at alkaline pH and a higher temperature of 50
°C was faster than at lower pH and was completed in around 20 min (Azmath et al., 2016). In
the synthesis performed by Birla et al. (2013), using Fusarium oxysporum, maximum
nanoparticle production occurred between pH 9 and 11, with lower production at pH 7 and
formation of aggregates between pH 3 and 5. However, Husseiny et al. (2015), using the same
fungus, found that the nanoparticle synthesis rate decreased as the pH was increased, which
was suggested to be due to lower activity of the reductases responsible for the synthesis at
higher pH.

Some studies have reported successful syntheses at neutral or slightly alkaline pH.
Nanoparticles synthesized using Isaria fumosorosea at pH 8.5 showed better physicochemical
characteristics, compared to nanoparticles synthesized at pH 4.5 and 6.5 (Banu and
Balasubramanian, 2014b). In synthesis using Guignardia mangiferae, no color change was
observed between pH 1 and 4, while coloration started to appear at pH 5 and 6. As the pH was
increased, the intensity of the dispersion increased, with the nanoparticles presenting greater
monodispersion and stability at pH 7 (Balakumaran et al., 2015).

Effect of AQNOs concentration

In most of the studies employing fungi for extracellular synthesis of silver nanoparticles,
AgNO3 was used at a concentration of 1 mM (Xue et al., 2016; Saxena et al., 2016). In some
cases, a lower metal precursor concentration resulted in a smaller nanoparticle size and an
improved dispersion (Kaviya et al., 2011; Phanjom and Ahmed, 2017). However, other studies
obtained smaller sizes when intermediate AgQNO3s concentrations were used. AbdelRahim et al.
(2017), employing the fungus Rhizopus stolonifer, obtained the smallest nanoparticle size (2.86
nm) at 10 mM AgNOs, while sizes of 54.67 and 14.23 nm were obtained at 100 and 1 mM,
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respectively. Similar results were reported by Husseiny et al. (2015), using Fusarium
oxysporum.

Phanjom and Ahmed (2017) studied the synthesis of nanoparticles using Aspergillus
oryzae and different AgNO3 concentrations between 1 and 10 mM. It was observed that at
AgNO3 concentrations up to 8 mM, the nanoparticles presented sizes between 7.22 and 17.06
nm, while the size increased to 45.93 and 62.12 nm at AgNO3z concentrations of 9 and 10 mM,
respectively. This effect was attributed to the lack of functional groups available for the reaction
when the metal precursor concentration was increased.

In addition to the effect on nanoparticle size, the AgNO3 concentration is related to the
quantity of nanoparticles produced. In a study employing Fusarium oxysporum, it was found
that the quantity of nanoparticles increased as the precursor concentration was increased
between 0.1 and 1.5 mM, while no differences were observed at higher concentrations (Birla et
al., 2013). Similar results were reported elsewhere for syntheses employing Penicillium
purpurogenum (Nayak et al., 2011) and Fusarium oxysporum (Korbekandi et al., 2013).

These findings suggest that there is a limit to the concentration of AgQNO3 used, in order
to obtain nanoparticles with satisfactory physicochemical characteristics. The addition of
excess amounts of metal ions results in very large nanoparticles with irregular morphology
(AbdelRahim et al., 2017), due to competition between the silver ions and functional groups
from the fungus filtrate (Shahzad et al., 2019). As the concentration of the metal precursor
increases, so also does the intensity of color of the dispersion (Ahluwalia et al., 2014; Phanjom
and Ahmed, 2017). In addition, a higher concentration of AgNO3z may lead to greater toxicity
(Balakumaran et al., 2015).

Effect of the culture medium

It is known that microorganisms present different responses, depending on the culture
medium and the cultivation conditions. Changes in these conditions result in the synthesis of
different metabolites and proteins (Costa Silva et al., 2017).

In nanoparticle synthesis using fungi, a culture medium containing substrate specific for
the enzymes that act in the synthesis can induce their production and release by the fungus,
enhancing the reduction of silver and the formation of nanoparticles (Husseiny et al., 2015). In
the work by Hamedi et al. (2017), Fusarium oxysporum was cultivated in a culture medium
modified to induce nitrate reductase enzyme activity (0.35% yeast extract, 1% peptone, 0.35%

potassium nitrate, and 1.5% glucose), as well as in malt glucose yeast peptone (MGYP) medium
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without enzyme induction (0.3% malt extract, 1% glucose, 0.3% yeast extract, and 0.5%
peptone). The nanoparticle dispersions produced using the filtrate from the fungus cultivated in
the enzyme induction medium presented higher concentrations and smaller sizes of the
nanoparticles, which was attributed to stimulation of the enzymatic activity by the nitrogen
source in the modified medium, hence increasing nanoparticle production.

Different behaviors were observed in studies in which different media were tested for
the cultivation of fungi. Saxena et al. (2016) synthesized silver nanoparticles using Sclerotinia
sclerotiorum cultivated in various broths, with the highest nanoparticle production achieved
using potato dextrose medium. In work by Costa Silva et al. (2017), using the fungus
Duddingyonia flagans for the synthesis of silver nanoparticles, the biomass was transferred to
pure water and to water containing insect carapaces as a natural source of chitin (a substrate for
fungal enzymes). The filtrate supplemented with chitin contained around three times more
protein and presented higher nanoparticle production.

Birla et al. (2013) tested ten different media for cultivation of Fusarium oxysporum,
obtaining higher production of silver nanoparticles using the filtrate from the fungus cultivated
in MGYP medium. Conversely, Ashrafi et al. (2013) found that the same medium inhibited the
production of silver nanoparticles using the filtrate from Rhizoctonia solani, while the synthesis
was successful when potato dextrose medium was used to cultivate the fungus. It was suggested
that the activity of the enzyme responsible for the reduction process could have been inhibited

by a component of the medium.

Effect of the quantity of biomass

The amount of biomass used can affect the synthesis and characteristics of silver
nanoparticles. Some studies have reported higher nanoparticle production using lower biomass
concentrations, while others have found higher synthesis rates using higher concentrations
(Balakumaran et al., 2015; Birla et al., 2013; Korbekandi et al., 2013; Elamawi et al., 2018).

Balakumaran et al. (2015) used the filtrate obtained from 10, 20, and 30 g quantities of
Guignardia mangiferae biomass in 100 mL of water, obtaining silver nanoparticles with better
physicochemical characteristics when the lowest biomass concentration was used. Shahzad et
al. (2019) evaluated the use of 1, 4, 7, and 10 g quantities of Aspergillus fumigatus BTCB10
biomass, observing greater production, smaller size, and better dispersion of the nanoparticles
when the synthesis was based on the use of 7 g of biomass. In the work of Rose et al. (2019),

employing Penicillium oxalicum, greater nanoparticle production was obtained using a higher
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biomass concentration, which was attributed to greater release of the nitrate reductase enzyme
by the mycelium. Saxena et al. (2016) observed higher silver nanoparticle production when the
amount of Sclerotinia sclerotiorum biomass was increased. Birla et al. (2013) reported the
existence of a relationship between the amount of biomass and the release of biomolecules
responsible for the synthesis.

Despite the differences in the amount of biomass used, depending on the fungus species
employed, it can be concluded that successful synthesis of nanoparticles necessitates a suitable
balance between the amount of organic material, derived from the fungus, and the amount of
metal precursor (Phanjom and Ahmed, 2017; Shahzad et al., 2019).

In summary, it is clear that different synthesis conditions can result in different
characteristics of the nanoparticles, as well as success or failure of the synthesis. However, the
effects of the different parameters remain unclear, requiring further detailed studies for each
organism used. It is also important to define the desired physicochemical characteristics of the
nanoparticles, in order to establish the parameters used in the synthesis, such as temperature,
pH, and time, among others. The optimization of synthesis techniques should enable the
achievement of fast large-scale nanoparticle production. This opens avenues for the use of these
nanomaterials to solve problems such as bacterial resistance to antibiotics and phytopathogens

that affect agricultural production.

Importance of capping and stabilization of the nanoparticles

The synthesis of nanoparticles by non-biogenic methods requires an additional step in
which polymers and surfactants are used to coat their surfaces. This process, known as
functionalization, employs biomolecules that facilitate the anchoring of desired substances on
the nanoparticle surfaces (Mout et al., 2012). In the case of biogenic synthesis, formation of the
capping occurs simultaneously with formation of the nanoparticles, employing biomolecules
derived from the organism used in the synthesis, so no additional steps are required (Chowdhury
etal., 2014).

Biomolecules derived from the reducing organism have high capacities for binding to
metals, with proteins and amino acid residues binding to the nanoparticle surfaces to form
cappings that confer stability and prevent particle agglomeration and aggregation (Gopinath et
al., 2012; Basavaraja et al., 2008). The binding of proteins at the surfaces, with consequent
stabilization, may involve free amino groups or cysteine residues. Stabilization can also be

provided by mycelial cell wall enzymes present in the filtrate, whose negative carboxyl groups
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provide electrostatic attraction (Gole et al., 2001; Husseiny et al., 2015). According to
Gurunathan et al. (2009), the stability of silver nanoparticles is also provided by nucleophilic
OH-" ions that are adsorbed on the surfaces, preventing aggregation and contributing to the
synthesis of smaller nanoparticles by providing electrons for the reduction of silver ions.

In addition to conferring stability to the nanoparticles, the protein capping resulting from
biogenic synthesis can act in the anchoring of drugs and genetic material for subsequent
transport into cells (Hu et al., 2011; Zhang et al., 2016). The nontoxic organic composition of
the capping means that it is biocompatible, which can increase the rate of internalization and

retention of nanoparticles (Rodrigues et al., 2013; Mohanta et al., 2018) (Figure 2).

Figure 2. Differences between capped and uncapped silver nanoparticles.
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Despite their importance, there have been few studies of the cappings on biogenic
nanoparticles. Gade et al. (2008) detected sulfur atoms in samples of silver nanoparticles
synthesized using Aspergillus niger, indicative of the presence of proteins enveloping the
nanoparticles. Chowdhury et al. (2014) used scanning electron microscopy to detect the
presence of cappings on biogenic silver nanoparticles. The nanoparticles were spherical,
polydispersed, and were not in direct contact, even within aggregates, indicating good stability.
The SDS-PAGE protein electrophoresis technique was employed to characterize the
extracellular fungal proteins associated with the nanoparticles. Molecular weight bands

between 50 and 116 kDa were attributed to proteins responsible for synthesis and stabilization
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of the nanoparticles. Both the filtrate and the capping removed from nanoparticles showed a
band at 85 kDa, which corresponded to a protein that was suggested to be responsible for the
stability of the nanoparticles.

Elgorban et al. (2016) synthesized biogenic silver nanoparticles and confirmed the
presence of a capping by microscopic analyses. The use of transmission electron microscopy
revealed a thin layer of organic material surrounding the particles. Signals corresponding to
oxygen and carbon were observed using scanning electron microscopy, indicating the presence
of organic compounds derived from the filtrate, which were adsorbed on the nanoparticle
surfaces.

Devi and Joshi (2015) synthesized silver nanoparticles using the endophytic fungi
Aspergillus tamarii, Aspergillus niger, and Penicillium ochrochloron. UV-Vis absorption
analysis revealed peaks at 419, 430, and 430 nm, respectively. A peak at 280 nm was attributed
to the presence in the filtrate of amino acid residues such as tryptophan and tyrosine, which
were secreted by the fungi.

Given the importance of the cappings on biogenic nanoparticles, future studies are
needed to investigate their compositions and biological activities. The use of synergy between
nanometric silver and biomolecule cappings active against specific pathogens is likely to be a

development in the near future.

APPLICATIONS

Silver nanoparticles synthesized using fungi have various potential applications in the
areas of health, agriculture, and pest control. There are no reports concerning the better or worse
activities of biogenic nanoparticles synthesized from different sources, such as fungi, bacteria,
or plants. However, synthesis based on fungi may be advantageous in terms of production, due
to the large quantities of metabolites produced. Another factor to consider is the capacity of
fungi to produce antibiotics that could be contained in the capping and act in synergy with the
nanoparticle core.

Many studies of biogenic synthesis of nanoparticles using fungi have shown results that
are promising for the application of these systems in controlling pathogenic fungi and bacteria,
combating cancer cells and viruses, and providing larvicidal and insecticidal activities (Figure
3).
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Figure 3. Applications of silver nanoparticles synthesized using fungi.
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Several studies have described the use of biogenic silver nanoparticles for applications
in the area of health, involving the control of bacteria and fungi. Bacterial growth is directly
inhibited by the nanoparticles, which contact the cell wall and cause progressive metabolic
responses, with the production of reactive oxygen species (Gudikandula et al., 2017).

The size of nanoparticles is one of the factors determining their antimicrobial potential,
since smaller nanoparticles have greater effects (Lu et al., 2013). Small nanoparticles can
penetrate the bacterial cell membrane and damage the respiratory chain, alter permeability,
cause DNA and RNA damage, affect cell division, and lead to cell death (Rai et al., 2009;
Morones et al., 2005). Nanoparticles also interact with the thiol groups of essential enzymes,
releasing Ag* ions that form complexes with nucleotides, damaging the microorganism DNA
and inhibiting the activity of DNases (Li et al., 2010; Baker and Satish, 2012).

Materials with antifungal potential (such as biogenic silver nanoparticles) that are
obtained from sustainable sources can be inexpensive and safe options for the treatment of
systemic and surface fungal infections, enabling the control of resistant fungi (Ashajyothi et al.,

2016). The large surface area of silver nanoparticles and the release of ions can contribute to
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high antimicrobial activity. The toxic ions bind to proteins containing sulfur, affecting cell
permeability and leading to alteration of the DNA replication process. The inactivation of some
enzymes is also caused by the binding of nanoparticles with thiol groups. This inactivation leads
to oxidative stress, which influences electron transport and protein oxidation (Fatima et al.,
2016; Reidy et al., 2013; Rai et al., 2014).

Table 2 shows some studies in which silver nanoparticles synthesized from different

fungal species were employed for health issues.

Table 2 — Health applications of silver nanoparticles synthesized by fungi.

Synthesis source  Bioactivity Target organism Effective Reference
concentration
Macrophomina Antibacterial Multidrug resistant 0.51; 0.36; 0.25; (Chowdhury
phaseolina strains of Escherichia 0.10 and 0.05 etal., 2014)
coli pg/mL
(concentration-
dependent)
Aspergillus Antibacterial Candida sp. and 0.11-1.75 pg/mL  (Rodrigues et

tubingiensis and Pseudomonas (Candida sp) and  al., 2013)
Bionectria aeruginosa 0.28 pg/mL (P.
ochroleuca aeruginosa)
Rhizopus arrhizus  Antibacterial E. coli, 1.0; 5.0; 10; 50 (Ottoni et al.,
IPT1011; Staphylococcus. aureus  and 100 pg/mL 2017)
Rhizopus arrhizus and P. aeruginosa
IPT1013;
Trichoderma
gamsii IPT853;
Aspergillus niger
IPT856
Fusarium Antibacterial S. aureus and E. coli 5and 10 mM (Mekkawy et
verticillioides al., 2017)
Alternaria sp. Antibacterial Bacillus subtilis, S. 5,10,15,20and  (Singhetal.,
aureus, E. coli and 25 mg/mL 2017)
Serratia marcescens (concentration-
dependent)
Penicillium Antibacterial E. coli, P. aeruginosa, 50, 100 and 200 (Liang et al.,
aculeatum Sul S. aureus, B. subtilis pg/mL 2017)

and Candida albicans
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(concentration-

dependent)

Pleurotus Antifungal Candida spp. 20, 40 and 60 (Owaid et al.,
cornucopiae var. mg/well 2015)
citrinopileatus
Inonotus obliquus  Antibacterial E. coli KCTC 2441 30 pL/disk (Nagajyothi et

and A549 (lung cancer) and al., 2014)

antiproliferative =~ MCF-7 (breast cancer)

in cancer cells
Pleurotus djamor  Antiproliferative PC3 cells (Prostate 10-40 pg/mL (Raman et al.,
var. roseus in cancer cells cancer) 2015)
Sclerotinia Antibacterial E. coli and S. aureus 100, 200 and 400  (Saxena et al.,
sclerotiorum ppm 2016)
MTCC8785
Colletotrichum Antibacterial E. coli, Salmonella 50 pg/mL (S. (Azmath et
sp. ALF2-6 typhi, B. subtilisand S.  aureus) and 100 al., 2016)

aureus pg/mL (others)

Penicillium Antifungal Trichophyton rubrum P. chrysogenum (Pereiraetal.,
chrysogenum and 0.5pg/mLand A.  2014)
Aspergillus oryzae >7.5
oryzae pg/mL
Schizophyllum Antibacterial B. subtilis and 60 pL/well (Metuku et
radiatum Salmonella paratyphi al., 2014)
Trichophyton Antifungal C. albicans 4 pug/mL (Moazeni et
rubrum, T. al., 2012)
mentagrophytes
and Microsporum
canis
Aspergillus flavus ~ Synergism with  Bacillus spp., 100 ppm (Nagvi et al.,

conventional Micrococus luteus, S. 2013)

antibiotics aureus, Enterococcus

against faecalis, E. coli, P.

multidrug- aeruginosa,

resistant Acinetobacter

bacteria baumanii and

Krebsiella pneumoniae

Penicillium Antibacterial Multidrug-resistant S. 25 pL/disk (Nayak et al.,
italicum and antifungal aureus, Shewanella 2018)

putrefaciens and C.

albicans
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Arthroderma Antifungal Candida sp. and 0.125-4.00 (Xue et al.,

fulvum Aspergillus sp. pg/mL 2016)

Aspergillus Antibacterial S. aureus, 1 mg/mL (Netala et al.,

versicolor Streptococcus 2016)
pneumonia, P.

aeruginosa and K.

Pneumoniae
Aspergillus Antibacterial Salmonella typhi, S. 11.43 pg/mL (Rani et al.,
terreus aureus -308 pg/mL 2017)

and E. coli
Fusarium Antifungal Candida spp and Candida spp (Ishida et al.,
oxysporum Cryptococcus spp 0.84-1.68 pg/mL  2014)

and
Cryptococcus spp
0.42-0.84 pg/mL

Ahluwalia et al. (2014) synthesized silver nanoparticles using Trichoderma harzianum,
which were used to control the bacteria Staphylococcus aureus and Klebsiella pneumoniae in
vitro. The inhibition rates were concentration-dependent, with the gram-negative bacterium (K.
pneumoniae) showing higher sensitivity. Balakumaran et al. (2015) reported the potential of
silver nanoparticles synthesized using the fungus Guignardia mangiferae for the control of
gram-negative bacteria, with effects including increased permeability, alteration of membrane
transport, and release of nucleic acids.

The lower effects of silver nanoparticles towards gram-positive bacteria may be because
the peptidoglycans that compose the cell wall act as a barrier that prevents internalization of the
nanoparticles (Shrivastava et al., 2007). However, in some studies, the nanoparticles exhibited
inhibitory effects against this bacterial type. In evaluation of the antimicrobial activity of silver
nanoparticles synthesized using Aspergillus niger, Gade et al. (2008) observed inhibitory
effects against the bacteria E. coli and S. aureus that were equivalent to those of the antibiotic
gentamicin, with the gram-positive bacterium (S. aureus) showing higher sensitivity.

Silver nanoparticles have also been used in combination with antibiotics and
antifungals, representing a possible solution to the problem of resistance towards these drugs
used in the health area. Bhat et al. (2015) synthesized silver nanoparticles using Candida
albicans and evaluated their effects when used alone or in combination with the antibiotic

ciprofloxacin against Staphylococcus aureus, Escherichia coli, Bacillus cereus, Vibrio
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cholerae, and Proteus vulgaris. It was found that the activity of the antibiotic increased when
it was used together with the nanoparticles, while the latter also showed antimicrobial potential
when they were used alone.

Fatima et al. (2016) evaluated the antimicrobial and antifungal activities of silver
nanoparticles synthesized using the filtrate from Aspergillus flavus. The nanoparticles were
effective in controlling the bacteria Bacillus cereus, Bacillus subtilis, Enterobacter aerogenes,
Escherichia coli, and Staphylococcus aureus, with B. subtilis and E. coli being most sensitive.
The activity was concentration-dependent, with better results achieved using the nanoparticles
in combination with the antibiotic tetracycline, rather than on their own. Concentration-
dependent activity of the nanoparticles was also observed against the fungi Aspergillus niger
and Trichoderma harzianum.

Gudikandula et al. (2017) used silver nanoparticles synthesized from the fungi Trametes
ljubarsky and Ganoderma enigmaticum for the control of gram-positive and gram-negative
bacteria (Bacillus subtilis, Staphylococcus aureus, Micrococcus luteus, Bacillus cereus,
Bacillus megaterium, Escherichia coli, Enterobacter aerogens, Klebsiella pneumoniae,
Salmonella typhimurium, Proteus vulgaris, Pseudomonas aeruginosa, and Salmonella
paratyphi). Both types of nanoparticle were effective in controlling all the bacteria.

Ibrahim and Hassan (2016) synthesized silver nanoparticles using Alternaria alternata,
which were capped with butyl acrylate and applied on cotton to inhibit the proliferation of
microorganisms. At all the concentrations tested, the nanoparticle-treated cotton presented high
antimicrobial activity against E. coli and S. aureus, achieving 99.9% inhibition. Biogenic silver
nanoparticles can also be effective against resistant microorganisms. For example, Singh et al.
(2014) used an optimized synthesis process employing Penicillium sp. to produce silver
nanoparticles that showed potential for the control of multidrug-resistant E. coli and S. aureus.

In addition to their antimicrobial potential, biogenic silver nanoparticles can exert
effects on tumor cells. Husseiny et al. (2015) evaluated the antibacterial and antitumor potential
of silver nanoparticles synthesized using Fusarium oxysporum. The nanoparticles were
effective in controlling E. coli and S. aureus, as well as a tumor cell line. A low IC50 value
(121.23 pg cm?®) for MCF-7 cells (human breast adenocarcinoma) was obtained following
exposure of the cells to the nanoparticles, indicating high cytotoxicity and the potential for
tumor control. The effect was attributed to the involvement of the silver nanoparticles in
disruption of the mitochondrial respiratory chain, which led to the production of reactive
oxygen species and hindered the synthesis of adenosine triphosphate (ATP), consequently

damaging the nucleic acids (Husseiny et al., 2015).
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Balakumaran et al. (2015) evaluated the cytotoxic potential of silver nanoparticles,
synthesized using the fungus Guignardia mangiferae, against HelLa (human cervical
carcinoma) and MCF-7 tumor cells, as well as normal Vero cells (African monkey kidney).
Higher cytotoxicity was observed against the tumor cells, which showed signs of apoptosis,
with condensed nuclei, membrane damage, and the presence of apoptotic bodies.

El-Sonbaty (2013) evaluated silver nanoparticles synthesized using the fungus Agaricus
bisporus for their antitumor potential in vitro against MCF-7 tumor cells and in vivo against
Ehrlich carcinoma in mice. The nanoparticles presented concentration-dependent activity in
reducing the viability of the breast carcinoma cells. In the case of Ehrlich carcinoma, there was
a decrease of blood vessels and an increase of apoptotic cells, with these effects being
intensified when the application of nanoparticles was combined with exposure to gamma
radiation. The cytotoxic effects of silver nanoparticles occur due to the interactions of the silver
atoms with the groups of intracellular proteins and with the nitrogenous bases and phosphate
groups of DNA (Sriram et al., 2010). Although the application of nanoparticles for the control
of cancer is of considerable interest and has shown promising results in several studies, this
technique still requires further investigation and the use of clinical trials (Balakumaran et al.,
2015).

Biogenic silver nanoparticles have also shown effects against viruses. Gaikwad et al.
(2013) synthesized silver nanoparticles using the fungi Alternaria sp., Fusarium oxysporum,
Curvularia sp., Chaetomium indicum, and Phoma sp., which showed potential for reducing the
replication of HSV-1, HSV-2, and HPIV-3 in cell cultures. The nanoparticles produced using
F. oxysporum, Curvularia sp., and C. indicum were the most effective and presented low

cytotoxicity, while the other two types were not used, due to their cytotoxicity.

Agriculture and pest control applications

There have been few studies to evaluate the potential of silver nanoparticles synthesized
using biogenic methods for the control of phytopathogenic fungi in agriculture and pests. Table
3 shows some studies in which silver nanoparticles synthesized from different fungal species

were employed in agriculture and pests control.
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Table 3 — Applications of silver nanoparticles synthesized by fungi in agriculture and pests

control.
Synthesis Bioactivity Target organism Effective Reference
source concentration
Trichoderma Antifungal Sclerotinia sclerotiorum  0.15 x 10*2 (Guilger, et al. 2017)
harzianum and 0.31 x
10'2 NPs/mL

Beauveria Insecticide Lipaphis erysimi (concentration-  (Kamil et al., 2017)
bassiana dependent)
Trichoderma Antifungal Helminthosporium sp., 100 pg/mL (EI-Moslamy et al.,
harzianum Alternaria alternata, 2017)
SYA.F4 Phytophthora arenaria

and Botrytis sp.
Arthroderma Antifungal Fusarium sp. 0.125-4.00 (Xue et al., 2016)
fulvum pg/mL
Aspergillus Antifungal S. sclerotiorum and 150 ppm (Elgorban et al., 2016)
versicolor Botrytis cinerea
Epicoccum Antifungal Fusarium solani, 0.125-1.00 (Qian et al., 2013)
nigrum Sporothrix schenckii, pg/mL

Cryptococcus

neoformans, Aspergillus

flavus and Aspergillus

fumigatus
Guignardia Antifungal Colletotrichum sp., 1 mg/mL (Balakumaran et al.,
mangiferae Rhizoctonia solani and 2015)

Curvularia lunata
Fusarium Antifungal Fungal species isolated 1,2 and 4% (ABD EIl-Aziz et al.,
solani from wheat, barley and 2015)

corn
Alternaria Antifungal Phoma glomerata, 20 pL/disk (Gajbhiye et al., 2009)
alternata combined with Phoma herbarum and

Fluconazol Fusarium semitectum
Trichoderma Antiparasitic Fasciola hepatica 50 pg/mL (Gherbawy et al.,
harzianum combined with 2013)
Triclabendazol

Trichoderma Insecticide Aedes aegypti 0.2-1.0% (Sundaravadivelan

harzianum

and Padmanabahn,
2014)
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Isaria Insecticide Culex quinquefasciatus 0.3-1.0 ppm (Banu and

fumosorosea and Aedes aegypti Balasubramanian,
2014b)

Beauveria Insecticide Aedes aegypti 0.06-1.0 ppm (Banu and

bassiana Balasubramanian,
20144a)

Elgorban et al. (2016) synthesized silver nanoparticles using the fungus Aspergillus
versicolor and observed their effects against Sclerotinia sclerotiorum and Botrytis cinerea in
strawberry plants. The nanoparticles showed concentration-dependent activity towards both
pests, with the greatest effect against B. cinerea. Qian et al. (2013) synthesized silver
nanoparticles using the fungus Epicoccum nigrum and observed their activity against isolates
of the pathogenic fungi C. albicans, Fusarium solani, Sporothrix schenckii, Cryptococcus
neoformans, Aspergillus flavus, and Aspergillus fumigatus. Balakumaran et al. (2015)
synthesized silver nanoparticles using the fungus Guignardia mangiferae and reported their
potential to control the phytopathogenic fungi Colletotrichum sp., Rhizoctonia solani, and
Curvularia lunata. In other work, silver nanoparticles synthesized using the phytopathogenic
fungus Fusarium solani isolated from wheat were shown to be effective for the treatment of
wheat, barley, and maize seeds contaminated by different species of phytopathogenic fungi
(Abd ElI-Aziz et al., 2015).

Several studies have investigated the combination of biogenic nanoparticles and
conventional biocides. Gajbhiye et al. (2009) synthesized silver nanoparticles using the fungus
Alternaria alternata and evaluated their potential, in combination with the antifungal
compound fluconazole, against the phytopathogenic fungi Phoma glomerata, Phoma
herbarum, and Fusarium semitectum, as well as the biological control agent Trichoderma sp.
and the human pathogenic fungus Candida albicans. The combination of the nanoparticles and
fluconazole was effective, with C. albicans showing the highest sensitivity after exposure,
followed by Trichoderma sp. and P. glomerata. Potentiation of antifungal activity was not
observed for F. semitectum or P. herbarum. Gherbawy et al. (2013) synthesized silver
nanoparticles using Trichoderma harzianum and applied them in combination with
triclabendazole for controlling the parasite Fasciola sp., which affects sheep and cattle. The
nanoparticles combined with triclabendazole inhibited egg hatching by 90.6%, while use of the

drug alone caused 70.6% inhibition. It was suggested that use of the nanoparticles together with
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the drug could be a way to overcome the resistance that the parasite has developed towards the
drug.

Other studies have investigated the use of biogenic nanoparticles to control insect
vectors. Sundaravadivelan and Padmanabahn (2014) synthesized silver nanoparticles using the
filtrate from Trichoderma harzianum and observed concentration-dependent mortality when
they were tested against the larvae and pupae of the dengue vector mosquito Aedes aegypti. In
other work by Banu and Balasubramanian (2014b), silver nanoparticles synthesized using the
entomopathogenic fungus Isaria fumosorosea were tested for control of the mosquito species
Culex quinquefasciatus and Aedes aegypti, when applied between instars 1 and 4. Potential
concentration-dependent control was observed for both species, with the greatest effectiveness
against Aedes aegypti, for which the mortality of 1% instar larvae reached 100% within 24 h.
The 4™ instar larvae of both species showed lower susceptibility to the nanoparticles. Based on
these results, these nanoparticles were considered as potential larvicides for mosquito control.
The same authors synthesized silver nanoparticles using the mycelial extract of the
entomopathogenic fungus Beauveria bassiana and obtained 100% mortality of the 1% and 2™
instar larvae of Aedes aegypti within 21 h of exposure to the nanoparticles. The authors
concluded that use of the nanoparticles could be an environmentally safe strategy for vector
control, following scale-up of production and field applications (Banu and Balasubramanian,
2014a).

CONCLUSION

Recent studies show that the biogenic synthesis of silver nanoparticles using fungi offers
several advantages and that these materials have promising potential for a range of applications
in the areas of health and agriculture. The nanoparticles possess cappings derived from the
fungi, which confer stability. Depending on the fungus used, this capping may also exhibit
biological activity, acting in synergy with the effect of the nanoparticle core. The ability to use
different species of fungi and to perform the synthesis under different conditions of temperature,
pH, quantity of biomass, and concentration of the metal precursor, among others, enables the
production of nanoparticles that have different physicochemical characteristics. However, in
order to successfully use fungi for biogenic synthesis, there are a number of disadvantages that
must be overcome. These include the need to know which fungus to use, its growth parameters,
the need for sterile conditions, and the time required for fungal growth and for the synthesis to

be completed. There can also be difficulties associated with scale-up, including the need for
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further investigation concerning the mechanisms of formation of capping layers and the
molecules present in them.

Although progress is required on some issues, the studies published to date show that
the use of fungi for biogenic synthesis of silver nanoparticles can lead to a wide range of
possible applications. These nanoparticles offer considerable potential for exploitation in the

control of pathogenic microorganisms.
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3.2 CAPITULO Il - BIOSSINTESE DE NANOPARTICULAS DE PRATA
EMPREGANDO Trichoderma harzianum COM ESTIMULACAO ENZIMATICA
PARA O CONTROLE DE Sclerotinia sclerotiorum

O segundo capitulo apresenta um artigo que descreve a sintese de duas diferentes
nanoparticulas de prata utilizando o filtrado do fungo agente de controle biolégico Trichoderma
harzianum. Uma das nanoparticulas foi sintetizada a partir do filtrado do fungo cultivado na
presenca da parede celular do fitopatdgeno Sclerotinia sclerotiorum e a outra na auséncia dessa
fonte de carboidratos. A suplementacdo do meio de cultura foi realizada visando induzir a
atividade de algumas enzimas hidroliticas de Trichoderma harzianum, obtendo-se um filtrado
com caracteristicas diferenciadas para a sintese das nanoparticulas. As nanoparticulas foram
avaliadas quanto ao potencial para o controle do crescimento micelial e do desenvolvimento de
esclerddios de S. sclerotiorum in vitro, visando aplicacdes agricolas. Também foram realizadas
analises de caracterizacao fisico-quimica, ensaios para determinacéo da atividade das enzimas
B-1,3-glucanase, N-acetilglucosaminidase (NAGase), quitinase e protease 4cida, e ensaios para

a avaliacédo da citotoxicidade e genotoxicidade das nanoparticulas.

GUILGER-CASAGRANDE, M.; GERMANO-COSTA, T.; BILESKY-JOSE, N,
PASQUOTO-STIGLIANI, T.; FRACETO, L. F.; LIMA, R. Biosynthesis of silver
nanoparticles employing Trichoderma harzianum with enzymatic stimulation for the control of
Sclerotinia sclerotiorum. Scientific Reports, v. 9, p. 1-9, 2019.
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Abstract

Biogenic synthesis of silver nanoparticles employing fungi offers advantages, including the
formation of a capping from fungal biomolecules, which provides stability and can contribute
to biological activity. In this work, silver nanoparticles were synthesized using Trichoderma
harzianum cultivated with (AgNP-TS) and without enzymatic stimulation (AgNP-T) by the cell
wall of Sclerotinia sclerotiorum. The nanoparticles were evaluated for the control of S.
sclerotiorum. The specific activity of the T. harzianum hydrolytic enzymes were determined in
the filtrates and nanoparticles. Cytotoxicity and genotoxicity were also evaluated. Both the
nanoparticles exhibited inhibitory activity towards S. sclerotiorum, with no new sclerotia
development, however AgNP-TS was more effective against mycelial growth. Both the filtrates
and the nanoparticles showed specific enzymatic activity. Low levels of cytotoxicity and
genotoxicity were observed. This study opens perspectives for further exploration of fungal
biogenic nanoparticles, indicating their use for the control of S. sclerotiorum and other
agricultural pests.

Keywords: Directed green synthesis. Trichoderma harzianum. Metallic nanoparticles.
Cytotoxicity. Genotoxicity. In vitro assays. Biological activity. White mold.

INTRODUCTION

The biogenic synthesis of silver nanoparticles is an attractive nanotechnological
alternative to other chemical and physical methods, offering simplicity, relatively low cost,
lower generation of toxic waste, lower energy consumption, and higher yields. Bacteria, yeasts,
fungi, plant extracts, and algae can be used in this type of synthesis, acting as reducing agents
and stabilizers.! The ability of such organisms to alter the chemical nature of metals is due to
their development of mechanisms of defense against toxic agents, with the products being

nanoparticles with lower toxicity.? The process of extracellular biogenic synthesis is probably
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mediated by the nitrate reductase enzyme, which acts in the reduction of metals, leading to the
formation of nanoparticles.®

Fungi have been extensively used in the synthesis of metallic nanoparticles due to their
ease of handling and cultivation, high biomass production, and the secretion of large quantities
of metabolites, enzymes, and extracellular proteins. These biomolecules not only act in the
reduction process of the metal precursor, but also form a capping on the nanoparticles, hence
providing better control of size and stability.*® The biogenic synthesis of silver nanoparticles
can be achieved using a wide range of filamentous fungi and yeasts, including Fusarium
oxysporum’, Aspergillus sp.8, Trichoderma harzianum®!°, Trichoderma asperellum®?,
Beauveria bassiana!?®3, Penicillium sp.'4, and Candida albicans.'® Depending on the species
of fungus used in the synthesis (due to the different extracellular enzyme profiles), the
nanoparticles produced can have different physicochemical characteristics and biological
activities'®, making them promising materials for use in the areas of health, agriculture, and the
environment.

In addition to the different characteristics of nanoparticles according to the fungal
species used, differences can also occur using the same species under different culture
conditions. Variations of culture medium composition, pH, temperature, growth time, and
agitation can alter the metabolism of the microorganisms, consequently influencing the
physicochemical characteristics of the nanoparticles and the composition of the capping, which
can either enhance the synthesis or make it unviable.*"®

Trichoderma harzianum is a mycoparasitic filamentous fungus used as a biological
control agent against phytopathogens that affect the production of several agriculturally
important plant species. Its main mechanism of action is by the growth of hyphae and the release
of hydrolytic enzymes that degrade the cell wall of the target fungus. These enzymes include
chitinases, N-acetyl-p-D-glucosaminidases, and proteases, which are fundamental in the
mycoparasitism process.!®2! The secretion of these enzymes is enhanced in the presence of
phytopathogenic fungi, so it is possible to induce enzyme production by mimicking
mycoparasitism, cultivating Trichoderma spp. in culture media supplemented with cell wall
material from the phytopathogen.??2?3 Due to the favorable characteristics of T. harzianum for
the control of phytopathogens, together with its easy handling, this fungus has been extensively
explored in the fields of biotechnology and nanotechnology, opening avenues for the
development of new products and applications.?* Fungi of the genus Trichoderma spp. present

the NADH co-enzyme and NADH-dependent enzymes such as nitrate reductase, which is
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important in the synthesis of both the nanoparticles and the cappings that confer greater
stability. 3

In previous work, silver nanoparticles synthesized using the filtrate of T. harzianum
presented inhibitory activity against the phytopathogenic fungus Sclerotinia sclerotiorum,
which causes white mold disease.' In the present work, two types of silver nanoparticles were
synthesized, considering that the characteristics of biogenic nanoparticles can differ according
to the composition of the culture medium in which the reducing and stabilization agent is
cultivated. The first type was obtained using the filtrate of T. harzianum with enzyme
production stimulated by the cell wall of S. sclerotiorum, while the other type was obtained
using the filtrate from T. harzianum grown in the absence of the cell wall.

S. sclerotiorum affects the production of crops including soybean, tomato, lettuce,
beans, and sunflower, among others, causing agriculture economical losses in several countries
around the world, including all the continents.?®?" Resistant structures (sclerotia) can remain
viable in the soil for decades and can be widely distributed, leading to plant diseases that cause
annual economic losses of around 1.47 billion dollars in Brazil.?® In the United States, the
disease caused losses of about 2.8 million tons of soybean between 2010 and 2014, the
equivalent to 1.2 billion dollars, with a devastating epidemic in 2009.2°3° Yield losses in
different crops are also observed in Canada, India and several european countries.?” Considering
the severity of the impacts of S. sclerotiorum, evaluation was made of the in vitro activities of
the AgNP-TS and AgNP-T nanoparticles against this phytopathogen, as well as their possible
effects on T. harzianum. Determinations were also made of the physicochemical characteristics
of the formulations, the specific activities of the T. harzianum hydrolytic enzymes, and possible
toxic effects of the nanoparticles.

MATERIALS AND METHODS
Biogenic synthesis of the nanoparticles using Trichoderma harzianum

The cultivation of T. harzianum was performed using commercial Ecotrich® wettable
powder (1x10%° CFU/g, Ballagro) in potato-dextrose agar medium, in the absence of light, at
ambient temperature. Disks of the mycelium were transferred to potato-dextrose broth and
potato-dextrose broth supplemented with 0.5% cell wall of the S. sclerotiorum phytopathogen
as a source of carbon and nitrogen.??® The cultures were kept under agitation at 150 rpm for
12 days, after which the biomasses were weighed, transferred to ultrapure water, and kept under

the conditions described above for 72 h. The samples were then vacuum-filtered and AgNOs
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was added to a final concentration of 1 mM.° Two different types of nanoparticle were
obtained, with one synthesized using the filtrate from T. harzianum stimulated with S.
sclerotiorum (AgNP-TS) and the other synthesized using the filtrate from T. harzianum without
stimulation (AgNP-T). Employing this methodology it is possible to obtain dispersions of 2,000

mL of nanoparticles.

Physicochemical characterization of the nanoparticles

After the synthesis, the nanoparticles and the corresponding T. harzianum filtrates were
analyzed by UV-Visible spectroscopy in the wavelength range between 200 and 800 nm, with
resolution of 1 nm, using a Shimadzu Multispec 1501 spectrophotometer. The pH values of the
nanoparticles and the filtrates were measured using a pH meter (HMMPB-210).

The hydrodynamic diameters and polydispersities of the nanoparticles were measured
by dynamic light scattering (DLS) and the zeta potentials were determined by
microelectrophoresis, using a ZS90 particle analyzer (Malvern Instruments). The analyses were
performed in triplicate, at 25 °C, with a fixed angle of 90°. The sizes and concentrations
(NPs.mL™?) of the nanoparticles were also determined by nanoparticle tracking analysis (NTA),
using a NanoSight LM10 cell (Malvern Analytical) coupled to a camera and controlled with
NanoSight v. 2.3 software. The nanoparticles were diluted 50-fold in ultrapure water and 5

measurements were performed for each sample.

Hydrolytic enzyme specific activity assays

The specific activities of the T. harzianum hydrolytic enzymes p-1,3-glucanase, N-
acetylglucosaminidase (NAGase), chitinase, and acid protease were determined using
microplate assays in which the enzyme sources were the T. harzianum filtrates obtained with
and without stimulation, as well as the corresponding nanoparticles (AgNP-TS and AgNP-T).
The protein concentrations were first determined using the method of Bradford®!, with bovine
serum albumin (0.125, 0.250, 0.500, and 1.000 mg.mL™) as standard. The assays of the four

enzymes employed the methodology described by Qualhato et al.?*

Biological activities of the nanoparticles towards Sclerotinia sclerotiorum and

effects on Trichoderma harzianum

For evaluation of the ability of the nanoparticles to control the mycelial growth and

sclerotia development of S. sclerotiorum, Petri dishes were prepared with potato-dextrose agar
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culture medium containing AgNP-TS and AgNP-T at final concentration of 3 x 10° NPs.mL™,
in triplicate. Controls were prepared using potato-dextrose agar alone and inoculated with T.
harzianum (127 ng.mL™). After solidification of the agar, a viable sclerotium was placed in the
center of each plate, followed by keeping at room temperature for 15 days, with a photoperiod
of 12 h. At the end of the period, the mycelium growth halo was measured and the number of
new sclerotia was counted.

Evaluation was also made of possible effects of the nanoparticles on T. harzianum, given
the importance of ensuring the viability of this biological control agent for both the control of
phytopathogens and the induction of plant growth and development. For this, plates were
prepared with culture media containing the nanoparticles, as described above, which were
inoculated with T. harzianum at 127 pg.mL", in duplicate. The cultures were kept at ambient

temperature for 15 days, in the dark, followed by growth analysis.

Viability/cytotoxicity and genotoxicity assays using the nanoparticles

The cytotoxic effects of the nanoparticles were evaluated using the V79 (chinese
hamster lung fibroblast), 3T3 (albino Swiss mouse embryo fibroblast), and HaCat (human
keratinocyte) cell lines. The techniques employed were the tetrazolium reduction assay (MTT
test for mitochondrial activity), image cytometry (cell viability, apoptosis, and necrosis), and
the trypan blue exclusion test (cell viability). For the MTT assay, the cells were previously
cultured in Dulbecco’s modified eagle medium (DMEM), plated in 96-well plates (5x10* cells
per well), and exposed for 24 h to the nanoparticles at concentrations from 0.1x10° to 3.5 x 10°
NPs.mL1. The wells were than washed with phosphate buffer saline (PBS), MTT solution (5
mg.mL™?) was added, and the plates were left for 3 h. Finally, the samples were fixed with
dimethylsulphoxide (DMSO) and were read using a microplate reader at 540 nm. Image
cytometry analyses of cell viability, apoptosis, and necrosis were performed using an apoptosis
kit with Annexin V Alexa Fluor® 488 and propidium iodide (Invitrogen). The cells were
exposed for 1 h to the nanoparticles at a concentration of 3 x 10° NPs.mL* and were then
prepared as specified by the manufacturer. The readings were obtained using a Tali® image
cytometer (Invitrogen). For the trypan blue exclusion assay, the cells were exposed for 1 h to
the nanoparticles at 3 x 10° NPs.mL™?, followed by staining with trypan blue and counting the
cells using an optical microscope, considering cells stained blue to be dead. The positive
controls were cells exposed to 0.5 M hydrogen peroxide, while the negative controls were cells

kept in culture medium without any exposure.
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The genotoxic potentials of the nanoparticles were determined using the Allium cepa
assay, as described by Lima et al.®? The roots were exposed for 24 h to AgNP-TS and AgNP-T
at concentrations of 1 x 10'° and 3 x 10° NPs.mL™, followed by fixing in ethanol:acetic acid
(3:1). For preparation of the slides (in triplicate), the roots were hydrolyzed in 1 M HCI, at 60
°C, and stained with Schiff’s reagent. The meristematic regions were cut, stained with acetic
carmine, and crushed under cover slips. The cells were observed under an optical microscope,
with counting of the cells in division and those that presented chromosomal alterations, hence
obtaining the mitotic index (MI) and chromosomal alteration index (Al) values.

The comet assays to evaluate the effects of AgNP-TS and AgNP-T were performed
using an adaptation of the methodology described by Singh et al.>® The previously cultured
cells were exposed for 1 h to the nanoparticles at concentrations of 3x10° NP.mL™, followed
by mixing with agarose, application to pre-gelatinized slides, and keeping for 1 h in lysis
solution. Following neutralization, the slides were kept for 20 min in electrophoresis buffer and
were subsequently submitted to electrophoresis for 20 min at 22 V and 300 mA. The slides
were then fixed, stained with silver, and visual scoring was performed under an optical

microscope.

Statistical analyses

Statistical treatment of the data employed one-way analysis of variance (ANOVA)
followed by Tukey’s test, with a significance level of p<0.05. These analyses were performed

with GraphPad Prism 7.0 software.

RESULTS AND DISCUSSION
Physicochemical characterization of the nanoparticles

Silver nanoparticles were successfully synthesized using the filtrates from T. harzianum
cultivated in the presence and absence of the cell wall of S. sclerotiorum, which resulted in the
nanoparticles AgNP-TS and AgNP-T. The filtrates showed color change from light yellow to
reddish-brown 72 h after addition of AgNOs, due to the surface plasmon resonance of the
silver.3* The synthesis was confirmed by UV-Visible spectroscopy, with peaks obtained at 409
and 413 nm for AgNP-TS and AgNP-T, respectively (Fig. 1a), indicating the presence of
elemental silver.2>% Analysis of the filtrates used in the synthesis revealed peaks at 221 and
215 nm for the samples obtained with and without stimulation by the cell wall of S.

sclerotiorum, respectively. These absorbance peaks observed for the filtrates were also present
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in the spectra for the nanoparticles, reflecting the presence of filtrate proteins in their
compositions. In previous studies, Phanjom and Ahmed®’ reported peaks at 210 and 260 nm for
filtrate of the fungus Aspergillus oryzae used for the synthesis of silver nanoparticles, which
were attributed to amides and amino acid residues, respectively. Duran et al.*® used Fusarium
oxysporum to synthesize silver nanoparticles, with peaks at 265 nm attributed to aromatic amino
acids of proteins released into the filtrate, which contributed to silver nitrate reduction and
stabilization of the nanoparticles. Ballotin et al.*® found two main UV-Vis bands for silver
nanoparticles synthesized using Aspergillus tubingensis, with one at 440 nm, confirming
formation of the silver nanoparticles, and another at 280 nm, attributed to aromatic amino acids
such as tryptophan, tyrosine, and phenylalanine residues, which composed the protein capping
of the nanoparticles. Phanjom and Ahmed®’ observed a band at 260 nm for silver nanoparticles
synthesized using Aspergillus oryzae, which was attributed to the same amino acid residues.
The presence of peaks corresponding to proteins and amino acid residues in both the filtrates
and the capped nanoparticles confirmed the release of these compounds from the fungal
biomass dispersed in water, indicating that they were involved in the process of reduction of
the metal ions, leading to the formation and stabilization of the nanoparticles.

The hydrodynamic diameters, polydispersity indices, and zeta potentials of the
nanoparticles were determined by the DLS and microelectrophoresis techniques. The AgNP-
TS and AgNP-T nanoparticles presented mean hydrodynamic diameters of 57.02+1.75 and
81.84+0.67 nm, respectively (Fig. 1b). The polydispersity and zeta potential values were
0.49+0.01 and -18.70+3.01 mV for AgNP-TS and 0.52+0.00 and -18.30+1.73 mV for AgNP-
T, respectively. The difference in size between the nanoparticles synthesized using the filtrates
of T. harzianum with and without stimulation by the S. sclerotiorum cell wall could have been
due to the different culture medium compositions. Various factors have been reported to
influence nanoparticle physicochemical characteristics, including the composition of the
medium in which the reducing agent is cultivated. “°

The NTA technique was also used to determine the sizes and concentrations of the
nanoparticles (Fig. 1c), resulting in different concentrations for AgNP-TS and AgNP-T, with
particle sizes of 88.0+7.3 and 182.5£6.9 nm, respectively. After characterization, the stock
concentration of the nanoparticles was standardized at 1 x 101 NPs.mL™, in order to facilitate
the activity and toxicity evaluations. Duran et al.® reported the presence of a capping around
biogenic nanoparticles synthesized using the fungus Fusarium oxysporum, which avoided
aggregation. In agreement with the previous report, the nanoparticles synthesized in the present

work by the biogenic method presented a capping of proteins ando other biomolecules derived
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from the organism used as the reducing agent (T. harzianum). This capping provided stability
to the nanoparticles, so that they maintained their original size and did not aggregate.®®

Fig. 1. Physicochemical characterization of the AgNP-TS and AgNP-T nanoparticles. A: UV-
Vis spectra of the nanoparticles and the corresponding filtrates, B: Hydrodynamic diameters
obtained by the DLS technique, C: Nanoparticle sizes and concentrations obtained by the NTA
method.
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The pH of the medium in which the synthesis occurs (in this case, the filtrates) can affect
the size and morphology of the nanoparticles. A higher pH leads to smaller nanoparticles with
spherical morphology, while a lower pH results in larger nanoparticles in the forms of rods and
prisms.* In the present case, both filtrates presented pH of 7.2, while no significant changes
were observed after the synthesis, with near-neutral values of 7.2 and 7.3 for AgQNP-TS and
AgNP-T, respectively. It has been reported that for non-biogenic nanoparticles, the pH and size
of newly synthesized nanoparticles influence their reactivity, with lower values of these
parameters indicating greater possibility of dissolution and ionization, which could lead to

increased toxic effects.*?

Determination of hydrolytic enzyme specific activity

The assays used to determine the specific activities of the T. harzianum hydrolytic
enzymes [3-1,3-glucanase, NAGase, chitinase, and acid protease detected the activities of these
enzymes in both the filtrates, as well as in the AgNP-TS and AgNP-T nanoparticles (Fig. 2). It
was not possible to compare the activity levels of the filtrates and the corresponding
nanoparticles, due to the concentration changes in the synthesis processes. However, it could
be seen that the highest specific activity was obtained for NAGase, followed by B-1,3-glucanase
for both the filtrates and the nanoparticles. The specific activity of chitinase and acid protease

were also observed with lower values, especially for acid protease.
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Fig. 2. Specific activities (U/mg) of the hydrolytic enzymes of Trichoderma harzianum present
in the nanoparticles and the corresponding filtrates. Statistically significant difference (p<0.05)
is indicated by * for comparison of Filt T (filtrate without stimulation) and Filt TS (filtrate with
stimulation) and + for comparison of AgNP-T and AgNP-TS. More symbols indicate a higher

statistical significance.
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Small differences were observed between the enzymatic activities for the filtrates
obtained with and without stimulation by the cell wall of S. sclerotiorum, and between the
activities for different nanoparticles. Higher specific activity of the NAGase and chitinase was
observed for AgNP-TS in comparison with AgNP-T. Regarding to the filtrates, the exposure of
T. harzianum to the cell wall of S. sclerotiorum stimulated the specific activity of the enzyme
NAGase.

The effectivity of the biogenic nanoparticles for the control of S. sclerotiorum can be
attributed to the specific activity of the hydrolytic enzymes present in the capping of the
nanoparticles. In a previous study, Guilger et al.*? evaluated the effects of commercial AgNPs,
non-biogenic and uncapped, and these nanoparticles were not able to control fungal
development.

Geraldine et al.?® evaluated the specific activity of the hydrolytic enzymes NAGase,
acid phosphatase, B-glucosidase, lipase, B-1,3-glucanase and proteases in the filtrates of
different Trichoderma species and strains after exposure to S. sclerotiorum cell wall. All the
species and strains showed enzymatic activity in different proportions and in a varied way, with

the highest activities for NAGase, acid phosphatase, and protease.
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Qualhato et al.?! also reported the production and secretion of B-1,3-glucanase,
NAGAse, chitinase, acid phosphatase, acid proteases and alginate lyase in the filtrates of
Trichoderma spp grown in the presence of the cell wall of the pathogenic fungi Fusarium
solani, Rhizoctonia solani and S. sclerotiorum. To our knowledge, no prior studies have
examined the specific activity of fungal hydrolytic enzymes in samples of biogenic silver

nanoparticles.

Biological activity of the nanoparticles against Sclerotinia sclerotiorum and effects

on Trichoderma harzianum

The biological activity results showed that the AgNP-TS and AgNP-T nanoparticles
presented potential for the control of S. sclerotiorum, since mycelial growth was reduced and
there was no formation of new sclerotia. Treatment using T. harzianum also resulted in
inhibition of S. sclerotiorum. As shown in Fig. 3a, many new sclerotia were formed from the
precursor sclerotium at the edges of the control plate (CTR), with a mean of 116.5+7.7 sclerotia,
while the AgNP-TS and AgNP-T plates showed no new sclerotia and reduced mycelial growth.
The greatest mycelial inhibition was provided by AgNP-TS, for which the nanoparticle capping
was derived from the filtrate obtained using stimulation to enhance the production of T.
harzianum hydrolytic enzymes (Fig. 3b), indicating the greater potential of this type of

nanoparticle.

Figure 3. Biological activities of the AgNP-TS and AgNP-T nanoparticles (3 x 10° NPs.mL™)
towards S. sclerotiorum and T. harzianum. A: Control of mycelium growth and sclerotia, B:
Mycelium diameter, C: Effect on T. harzianum. Statistically significant difference (p<0.05) is
indicated by * for comparison of the exposures to the control (CTR), with ** indicating a higher
statistical significance.
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The superior control of mycelial growth achieved using AgNP-TS could have been
related to the smaller nanoparticle size, given that previous work has found that a smaller
nanoparticle size is associated with higher activity.** An additional consideration is that these
nanoparticles were synthesized using filtrate from a culture in which there had been stimulation
of the production of hydrolytic enzymes that could act in degradation of the cell walls of the
phytopathogen. The better control of mycelial growth by AgNP-TS can be attributed to the
higher activity of the enzymes NAGase and chitinase from these nanoparticles.

The inhibition of microorganisms by silver nanoparticles is due to the strong surface
oxidative activity of the particles and the release of ions.** However, in the case of biogenic
nanoparticles, there may also be a contribution of the stabilizing capping derived from the
reducing organism, which deserves further investigation.

Previous studies have investigated the use of silver nanoparticles for controlling
agricultural phytopathogens including S. sclerotiorum, with effective inhibitory activity
observed in vitro.***® However, the mechanism of action of nanoparticles is not yet
understood.*® Krishnaraj et al.*® tested different concentrations of silver nanoparticles against
the phytopathogenic fungi Alternaria alternata, Sclerotinia sclerotiorum, Macrophomina
phaseolina, Rhizoctonia solani, Botrytis cinerea, and Curvularia luneta, with inhibitory effects
observed against all these species. Despite such promising results, there have been no previous
studies concerning the biogenic synthesis of nanoparticles with stimulation of the metabolism
of the biological agent employed for the reduction and stabilization. This is important, since
enzyme production by fungi is directly influenced by the conditions under which the organisms
are cultivated.>

The nanoparticles caused no alteration of T. harzianum growth (Fig. 3c), which was an
important finding, considering the widespread use of this fungus as a biological control agent,
indicating the possibility of its use in combination with the nanoparticles.

The use of nanotechnological products for the control of pests in agriculture is
considered to be safer than employing traditional agrochemicals, since it helps to avoid
excessive accumulation in the environment of chemicals that can cause residual toxicity.*® An
additional consideration is that the use of chemical fungicides can lead to the development of
resistance by phytopathogens.> 53 Nonetheless, it is possible that the release of new
nanomaterials into the environment could become a problem for humans and other organisms.>*
For this reason, it is vital that their potential toxicities towards biological systems should be

thoroughly investigated, in order to ensure the safe development of effective new
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nanomaterials.> The nanometric size of nanoparticles enables their internalization within the

cells of living organisms, which might lead to serious consequences.>®

Viability/cytotoxicity and genotoxicity evaluation of the nanoparticles

Evaluation of the cytotoxic effects of the nanoparticles using the MTT test, which
indicates the mitochondrial activity of the cells, revealed differences in the viability percentages
for the different cell lines. However, despite presenting different sensitivities, no 1C50 values
were observed for any of the samples, indicating low cytotoxicity of the nanoparticles in the
range of exposure concentrations employed (Fig. 4a), including the concentration of interest for
the control of S. sclerotiorum (3 x 10° NPs.mL™). These results were consistent with the direct
analyses of cytotoxicity using the image cytometry (Fig. 4b) and trypan blue (Fig. 4¢) methods,
although it is important to take the different exposure periods into consideration (24 h for the
MTT test and 1 h for the image cytometry and trypan blue methods). In the image cytometry
tests, the two types of nanoparticle caused similar levels of apoptosis and necrosis, with the
HaCat cell line presenting viability equivalent to that of the control. The results of the trypan
blue exclusion assays indicated that exposure to both types of nanoparticle led to significant
decreases of the viabilities of the 3T3 and HaCat cells, while the V79 cells only showed
decreased viability when exposed to AgQNP-TS. In comparison of the two types of nanoparticle,
AgNP-TS caused the lowest viabilities of the V79 and HaCat cells.
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Figure 4. Cytotoxicity evaluation of the AgNP-TS and AgNP-T nanoparticles. A: Tetrazolium
reduction test (MTT), B: Image cytometry determination of cell viability, necrosis, and
apoptosis with statistically significant difference (p<0.05) indicated by * for comparison of
viability to the control (CTR) and + for comparison of apoptosis to the control (CTR), C: Trypan
blue exclusion test with statistically significant difference (p<0.05) indicated by * for
comparison of alive cells to the control (CTR) and + for comparison of dead cells to the control
(CTR).
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Silver nanoparticles can alter normal cellular functions, affect membrane integrity, and
initiate programmed death processes.>” This cytotoxicity may arise from physicochemical
interactions between silver atoms and the functional groups of cellular proteins.>® However,
although these effects apply to silver nanoparticles in general, the nanoparticles obtained using
biogenic synthesis present specific characteristics related to the organism used in the reduction
process, with the cytotoxicity generally being lower than observed for commercial
nanoparticles and solutions containing silver ions.>® Skladanowski et al.%°, using the MTT test,
reported an absence of cytotoxicity in L929 mouse fibroblasts exposed to silver nanoparticles
synthesized using Streptomyces sp. NH28.

The Allium cepa assay was used to investigate possible genotoxicity of the nanoparticles
and mitotic index alteration. At the two exposure concentrations tested, both types of
nanoparticle caused the mitotic index values to decrease, compared to the control (Fig. 5a). The
alteration indices indicated that both AgNP-TS and AgNP-T caused increased chromosomal
alterations, at the exposure concentrations, with no difference between the effects of the two
nanoparticle types (Fig. 5b).
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Figure 5. Evaluation of the cytotoxicity and genotoxicity of AgNP-TS and AgNP-T. A:
Relative mitotic index using the Allium cepa assay, B: Relative chromosomal alteration index
using the Allium cepa assay, C: Relative DNA damage index using the comet assay. Statistically
significant difference (p<0.05) is indicated by * for comparison of the exposures to the control
(CTR), with ** indicating a higher statistical significance.
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The results of the Allium cepa assay were consistent with those obtained in a similar
trial using the plant species Drimia polyantha, where decreases of the mitotic index and the
presence of chromosomal alterations were found following exposure to the highest
concentrations of biogenic silver nanoparticles synthesized using the plant Getonia
floribunda.®* Similar results were obtained using the Allium cepa assay to evaluate the effects
of low concentrations of silver nanoparticles synthesized using the plant Swertia chirata.®? The
toxic effects caused by silver nanoparticles may be due to the generation of reactive oxygen
species and DNA damage, leading to apoptosis, as well as the release of Ag™ ions, which
depends on the rate of dissolution of the nanoparticles within the cells.53-6°

Further evaluation of the genotoxicity of the nanoparticles was performed using comet
assays to determine the extent of DNA damage in the V79, 3T3, and HaCat cell lines. Both
types of nanoparticle caused increases of the damage indices for the three cell lines, compared

to the control, with the V79 cells showing the greatest sensitivity to AQNP-TS (Fig. 5c).
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4 Conclusions

Silver nanoparticles were successfully synthesized using the filtrates from T. harzianum
cultivated in the presence and absence of the cell wall of S. sclerotiorum, which resulted in
nanoparticles with different physicochemical characteristics. Both AgNP-TS and AgNP-T were
able to control the growth of S. sclerotiorum, with inhibition of mycelial growth and prevention
of the formation of new sclerotia. The most effective control of mycelial growth was achieved
using AgNP-TS, which could be attributed to the smaller hydrodynamic diameter of the
nanoparticles, as well as a possible effect of the biomolecules from the capping of the
nanoparticles, which were derived from the filtrate obtained using stimulation of the enzymatic
production of T. harzianum. The effect of the capping could have acted in synergy with the
effect of the nanoparticles themselves. Both types of nanoparticle presented low levels of
cytotoxicity and genotoxicity towards V79, 3T3, and HaCat cell lines.

This study provides new perspectives for the development of techniques involving the
biogenic synthesis of metallic nanoparticles, considering the biological activity potentials of
not only the metal (in this case, silver), but also the biomolecules and organic compounds
derived from the organisms used in the synthesis, which compose the capping on the
nanoparticles. The promising results obtained for the control of S. sclerotiorum highlight this
system among the emerging applications of nanotechnology in the agricultural sector.
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3.3 CAPITULO Il - INFLUENCIA DO RECOBRIMENTO DE NANOPARTICULAS
BIOGENICAS DE PRATA NA TOXICIDADE E NO MECANISMO DE ACAO

SOBRE Sclerotinia sclerotiorum

O terceiro capitulo traz um artigo que da continuidade as analises das nanoparticulas do
capitulo anterior, com foco no estudo do recobrimento de biomoléculas provenientes de
Trichoderma harzianum que envolve as nanoparticulas, conferindo melhor estabilidade, com
possivel contribuicdo para a atividade bioldgica. Desta forma, foi realizada a remocdo do
recobrimento de parte das amostras de nanoparticulas previamente sintetizadas, com o objetivo
de comparar nanoparticulas recobertas e n&o-recobertas. Como o enfoque principal foi
investigar a importancia do recobrimento das nanoparticulas foram realizadas analises para a
deteccdo de proteinas e grupamentos funcionais, e a atividade de enzimas hidroliticas de
Trichoderma harzianum. Foi entdo investigado o potencial das nanoparticulas para o controle
do crescimento micelial e germinacdo de novos esclerodios do fungo fitopatogénico Sclerotinia
sclerotiorum. Também foi realizada a avaliacdo da citoxicidade e genotoxicidade das
nanoparticulas recobertas e ndo-recobertas sobre linhagens celulares e dos efeitos sobre

organismos nao-alvo.
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Resumo

Nanoparticulas biogénicas apresentam um recobrimento de biomoléculas e metabdlitos
secundarios provenientes do organismo utilizado na sintese, este confere estabilidade a
nanoparticula e pode contribuir para sua atividade biolégica. Essas nanoparticulas tém
apresentado destaque devido a possivel aplicagdo no controle de fitopatdgenos, fato que
desperta interesse em sua composi¢do, mecanismos de acdo e toxicidade. O objetivo deste
trabalho foi estudar a influéncia do recobrimento de duas diferentes nanoparticulas de prata
sintetizadas a partir do fungo Trichoderma harzianum, e avaliar a toxicidade e o potencial das
mesmas contra o fitopatdgeno S. sclerotiorum. O recobrimento das nanoparticulas foi removido
para obtencdo de amostras recobertas e ndo-recobertas, a caracterizacao fisico-quimica foi
realizada por espectrofotometria, espalhamento dindmico de luz, microeletroforese,
rastreamento de nanoparticulas e microscopia de forca atdbmica. Para estudar o recobrimento
foram realizados SDS-PAGE, ensaios enzimaticos e infravermelho. Também foram avaliados
os efeitos das nanoparticulas sobre S. sclerotiorum in vitro e realizados ensaios para avaliar a
citotoxicidade e genotoxidade sobre linhagens celulares e organismos ndo-alvo. Todas as
amostras apresentaram morfologia esférica, sendo observado aumento no didmetro das
nanoparticulas nao-recobertas. A auséncia de picos caracteristicos de proteinas observada por
espectrofotometria e a alteracdo nos grupamentos funcionais determinados por infravermelho
confirmaram a auséncia de recobrimento. Foram observadas bandas de proteina em comum nos
filtrados e nos recobrimentos por SDS-PAGE, e foi detectada a atividade especifica das enzimas
hidroliticas B-1,3-glucanase, NAGase, quitinase e protease 4cida nos filtrados, recobrimentos e
nanoparticulas recobertas pelos ensaios enzimaticos. Em relacdo aos efeitos sobre S.
sclerotiorum, as nanoparticulas recobertas inibiram o fungo, enquanto as ndo-recobertas ndo
apresentaram efetividade. Foram observados efeitos toxicos sobre linhagens celulares e
organismos ndo-alvo, porém as nanoparticulas ndo-recobertas, em geral, apresentaram efeitos
mais intensos. Os resultados sugerem que o recobrimento tem um papel importante no controle
de tamanho e estabilidade, e possivelmente contribui para a atividade bioldgica das
nanoparticulas. Este estudo abre perspectivas para investigacdes quanto a aplicacdo dessas
nanoparticulas para o controle de fitopatdgenos.

Palavras chave: nanoparticulas de prata, sintese biogénica, recobrimento, Trichoderma
harzianum, enzimas hidroliticas, sds-page, ftir
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A nanotecnologia desponta no setor agricola contribuindo de forma significativa para
diversos problemas, entre eles o controle de pragas. Dentre 0os novos nanomateriais destacam-
se as nanoparticulas de prata, as quais apresentam potencial para o controle de microrganismos
fitopatogénicos.® A sintese dessas nanoparticulas pode ser realizada por agentes redutores e
estabilizantes bioldgicos, como fungos, bactérias, plantas e algas,? pela agdo da enzima nitrato-
redutase e outros metabolitos.® Os fungos podem ser empregados na sintese de nanoparticulas
de prata de uma forma limpa e relativamente rapida, sendo considerados nanobioféabricas.® As
nanoparticulas sdo formadas pela interacdo entre enzimas, coenzimas e demais ativos
provenientes desses organismos com um precursor metélico e recebem um recobrimento de
grupamentos bioativos.*®

Nanoparticulas metélicas produzidas por sintese biogénica de um modo geral
apresentam esse recobrimento, o qual confere estabilidade, podendo ainda agregar substancias
com propriedades para atividade especifica, potencializando seus efeitos.®” O recobrimento das
nanoparticulas biogénicas é formado por biomoléculas e compostos provenientes do
metabolismo do fungo ou de outro agente bioldgico, tais como proteinas extracelulares,
enzimas, aminoacidos e metabdlitos.®® No caso de nanoparticulas produzidas por sintese
quimica é necessaria a adicao de agentes de recobrimento, como surfactantes, proteinas e outras
biomoléculas, visando a obtencdo de estabilidade eletrostérica. Esses agentes se ligam a
superficie das nanoparticulas por ligagdes covalentes ou interagdes quimicas, porém nao sao
facilmente degradados.%-*2

O recobrimento, dependendo de sua composicdo, também pode contribuir para a
biocompatibilidade das nanoparticulas, possibilitando a presenca de uma superficie ativa para
interacdo com compostos bioldgicos e conjugacdo com substancias de interesse como
medicamentos, antimicrobianos, material genético e aminoécidos.® Bhunia et al. (2015)
verificaram uma maior biocompatibilidade de nanoparticulas de prata recobertas com proteina,
como hemoglobina humana, em comparagio com nanoparticulas nio-recobertas.’® Devido a
estas caracteristicas, as nanoparticulas biogénicas sdo consideradas mais adequadas para
aplicagOes nas éareas de salde, agricultura e ambiente.}* Entretanto, é importante considerar
que o recobrimento superficial pode influenciar em pardmetros como morfologia, agregagéo e
taxa de dissolucdo, bem como ter efeitos sobre a citotoxicidade.!® Desta forma, com a
perspectiva de aplicacdo dessas nanoparticulas nas areas da saude e agricola, e sua consequente
liberacdo para o ambiente, se faz necessaria a avaliacdo das caracteristicas fisico-quimicas e da

toxicidade.1®
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O mofo branco é uma doenca que atinge mais de 450 espécies de culturas agricolas,
causada pelo fungo Sclerotinia sclerotiorum. Esse fungo € considerado um dos fitopatégenos
mais severos do mundo devido as suas estruturas de resisténcia (esclerddios) de alta viruléncia,
que podem permanecer viaveis no solo por anos.!” O controle dessa doenca ¢ realizado pela
aplicacdo de fungicidas quimicos e agentes de controle biol6gico, porém existem alguns estudos
que relatam os efeitos inibitdrios de nanoparticulas de prata sobre fungos fitopatogénicos.'®
Em um estudo anterior do nosso grupo, foram sintetizadas nanoparticulas de prata a partir do
fungo Trichoderma harzianum com e sem estimulo da producdo enzimatica e as mesmas
inibiram o crescimento micelial e a germinagéo de esclerddios de S. sclerotiorum in vitro.?®

Considerando a importancia do recobrimento das nanoparticulas, o presente estudo
visou comparar as caracteristicas fisico-quimicas de nanoparticulas recobertas e ndo-recobertas,
investigar os recobrimentos por meio de espectroscopia infravermelho, analises de proteina e
ensaios enzimaticos, assim como, verificar a atividade bioldgica sobre o fitopatdgeno S.

sclerotiorum e a toxicidade para linhagens celulares e organismos néo-alvo.

Resultados e Discussao

O procedimento de remocdo do recobrimento das nanoparticulas deu origem a duas
novas amostras ndo-recobertas, desta maneira ao final da remocdo foram obtidas quatro
amostras no total, duas recobertas e duas ndo-recobertas. As amostras foram denominadas e
apresentadas ao longo deste estudo da seguinte forma: AgNP-TSC (recobertas, com estimulo);
AgNP-TC (recobertas, sem estimulo), AgNP-TS (ndo-recobertas, com estimulo) e AgNP-T

(n&o-recobertas, sem estimulo).

Caracterizacdo e estabilidade das nanoparticulas biogénicas

Através de analises UV-Vis foram observados, para todas as amostras, picos de
absorbancia caracteristicos da prata elementar (Ag®), entre 400 e 420 nm. Nas amostras de
nanoparticulas recobertas AQNP-TSC e AgNP-TC foram visualizados picos entre 200 e 300
nm, semelhantes a seus respectivos filtrados, os quais indicam a presenca de compostos
organicos como residuos de aminoacidos, metabdlitos secundarios e proteinas. Na mesma
regido, foram observados ruidos para as amostras AgNP-TS e AgNP-T, o que pode ser
decorrente do processo de remogédo do recobrimento e eliminacdo das biomoléculas (Figura
1A).
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Figura 1 — Caracterizacdo fisico-quimica das nanoparticulas. A: Espectroscopia UV-Visivel
das nanoparticulas e seus respectivos filtrados. B e C: Didmetro hidrodindmico por DLS. D:
Acompanhamento da estabilidade por DLS. AgNP-TSC (recobertas, com estimulo); AQNP-TC
(recobertas, sem estimulo), AgNP-TS (ndo-recobertas, com estimulo) e AgNP-T (ndo-
recobertas, sem estimulo).
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As nanoparticulas apresentaram diferentes distribuicdes de didametro hidrodinamico, as
quais podem estar relacionadas as condicdes de sintese e principalmente a presenca e auséncia
de recobrimento. AgNP-TSC apresentou populagdes de 3 nm (6,0%), 59 nm (88,3%) e 825 nm
(5,6%) (Figura 1B) e AgNP-TC apresentou populactes de 32 nm (39,3%) e 190 nm (60,7%)
(Figura 1C). A formacao de populacgdes de diferentes tamanhos em nanoparticulas sintetizadas
por via biogénica tem sido observada em alguns estudos.?*?> Ap6s a remocao do recobrimento
estas nanoparticulas apresentaram populac6es de 220 nm (100%) para AgNP-TS (Figura 1B) e
uma populacao de 190 nm (100%) para AgNP-T (Figura 1C) , observando-se um aumento dos
didametros. Esse aumento pode ser devido a provavel agregacdo das nanoparticulas quando
ocorreu a remocéo do recobrimento.?®

Em relacdo a polidispersao, as amostras AGNP-TSC, AgNP-TC, AgNP-TS e AgNP-T
apresentaram indices de 0,49, 0,52, 0,42 e 0,25, respectivamente. A AgNP-T apresentou o
menor indice, o qual indica menor variagdo de tamanho entre as nanoparticulas, porém é
importante considerar que estas apresentaram maior diametro, sendo um indicativo de que
sofreram agregacdo e em seguida estabilizaram. Quanto ao potencial zeta, carga formada na
interface entre as nanoparticulas e o meio de dispersdo, todas as amostras apresentaram valores
negativos, sendo estes -16,7 mV; -16,3 mV; -33,3 mV e -15,2 mV para AgNP-TSC, AgNP-TC,
AgNP-TS e AgNP-T, respectivamente, sendo que AgNP-TS apresentou maior

eletronegatividade. De acordo com a literatura, quanto maior o potencial zeta maior a
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estabilidade das nanoparticulas, entretanto, ao se tratar de nanoparticulas biogénicas, a
estabilidade esta principalmente vinculada ao recobrimento de biomoléculas.'? Diferentes
recobrimentos resultam em diferentes cargas de superficie, o que pode influenciar na atividade
das nanoparticulas e em sua citotoxicidade.?”?

A estabilidade das nanoparticulas foi avaliada seis meses e um ano apés a sintese por
meio da analise DLS (Figura 1D). N&o foram observadas alteragdes no didmetro hidrodindmico
das nanoparticulas durante o periodo, com excecdo da amostra AgNP-TC, que inicialmente
apresentava distribuicdo bimodal, porém apds seis meses foi possivel observar um
deslocamento da curva, a qual mostrou um aumento das nanoparticulas de menor didmetro e
ap0s um ano passou a apresentar distribuicdo monomodal, com reducdo do didmetro das
nanoparticulas em relacdo ao inicio do experimento. Mesmo apresentando alteracbes em
relacdo ao diametro, as nanoparticulas recobertas, ap6s um ano, continuaram apresentando
atividade biologica para o controle de S. sclerotiorum e ndo apresentam evidéncias de alteragdo
de cor, floculacéo e sedimentacdo. A continuidade do efeito com o passar do tempo pode estar
relacionada ao envoltério de biomoléculas do fungo que confere as nanoparticulas estabilidade
estérica.?® A estabilidade das nanoparticulas ¢ muito importante para garantir sua atividade
bioldgica.*

Quanto aos valores de pH das dispersbes foi observado que ambas as nanoparticulas
recobertas apresentaram valores proximos ou idénticos a seus respectivos filtrados (7,2-7,3),
enguanto as nanoparticulas ndo-recobertas apresentaram uma reducéo nos valores de pH (4,9-
5,0). Esse efeito sobre o pH se deve, provavelmente, a auséncia dos compostos provenientes do
filtrado envolvendo as nanoparticulas. Durante a sintese, ions OH" fornecem elétrons para a
reducdo dos ions de prata e adsorvem na superficie das nanoparticulas garantindo sua
estabilidade e manutencdo de tamanho, resultando em uma dispersdo mais alcalina.}* Na
remocgdo do recobrimento esses ions OH™ sdo perdidos, ocasionando a alteragdo do pH da
disperséo e, desta forma, a nanoparticula de Ag® fica exposta a solugdo aquosa, iniciando um
processo de ionizagdo e consequentemente perdendo sua estabilidade.® Nanoparticulas néo-
recobertas sdo mais facilmente ionizaveis quando dispersas em sistemas aquosos e quanto

menor o pH da dispersdo maior a possibilidade da dissolu¢do das mesmas.3?33

Analise da morfologia das nanoparticulas

Por meio da microscopia de forga atbmica foi observado que as quatro amostras de

nanoparticulas apresentam morfologia esférica, porém as nanoparticulas ndo-recobertas
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apresentaram maior didmetro médio (Figura 2), o que é condizente com as distribuices de
didmetro obtidas pela andlise DLS. A morfologia e o tamanho das nanoparticulas estdo

diretamente relacionados com as condicdes de sintese.®*

Figura 2 — Microscopia de forca atdbmica (AFM) com distribuicdo de tamanho das
nanoparticulas recobertas AgNP-TSC (A) e AgNP-TC (B) e nédo-recobertas AgNP-TS (C) e
AgNP-T (D), respectivamente.
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Analise das caracteristicas do recobrimento das nanoparticulas

As andlises por espectroscopia de infravermelho com transformada de Fourier (FTIR)
constituem uma ferramenta importante para caracterizar sistemas como aos que se refere este
estudo, pela identificacdo de caracteristicas especificas inerentes das nanoparticulas e de seus
precursores. A deteccdo de proteinas responsaveis pela sintese biogénica e estabilidade de
nanoparticulas de prata, por exemplo, foi relatada por outros estudos.®>%" As interaces dessas

proteinas e residuos de aminoacidos com as nanoparticulas pode ocorrer por ligagdes covalentes



83

aos grupamentos amino, residuos de cisteina, e ligagBes eletrostaticas via grupamentos
carboxila.?®3” Daphedar e Taranath (2018) observaram bandas de grupamentos de proteina por
FTIR em nanoparticulas produzidas por sintese biogénica e confirmaram que 0os componentes
fitoquimicos do extrato utilizado na sintese (proteinas, cidos carboxilicos, flavondides, alcoois
e fenois) atuaram nos processos de reducdo, formagdo do recobrimento e estabilizagéo.®
Assim, pela andlise por espectroscopia de infravermelho das nanoparticulas de prata
deste estudo, foi possivel observar que as nanoparticulas recobertas (AgNP-TSC e AgNP-TC)
apresentaram bandas caracteristicas de grupos funcionais que podem ser correlacionadas a

biomoléculas ativas provenientes dos fungos (Figura 3).

Figura 3 — Espectros infravermelho por FTIR das nanoparticulas recobertas AgNP-TSC,
AgNP-TC e ndo-recobertas AgNP-TS e AgNP-T.
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A banda larga em 3700-3000 cm™ ¢ atribuida as vibragdes de estiramentos O-H dos

grupamentos hidroxilas.>>*? Em 2960 ocorrem os estiramentos do grupo NH associado, em
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amidas provenientes de estruturas protéicas e de enzimas hidroliticas como as glicanases e
quitinases. As bandas em 2917 e 2850 cm™ sdo caracteristicas de estiramentos C-H,*8 e em
1637 e 1535 cm™ sdo atribuidas as amidas associadas | e Il respectivamente.?®*? A banda
intensa em 1371 cm! € atribuida a absor¢do de dobramento C-H de grupos metila 4% e/ou a
banda de absorcdo dos estiramentos C-N de aminas aromaticas.®?42 A banda de baixa
intensidade em 1249 cm refere-se ao estiramento C-N de amina.**> A absorcao em torno de
1024 cm € atribuida aos estiramentos C-O de grupo funcional éter.3>4%42 A presenca desses
grupos funcionais nas nanoparticulas recobertas indica que o recobrimento é formado por
estruturas provenientes do fungo, como proteinas, enzimas hidroliticas, e também residuos de
amino&cidos decorrentes de proteélise via acdo enzimatica.

As caracteristicas apresentadas nos espectros de absorcdo descritas corroboram com
outros estudos presentes na literatura. Gurunathan et al. (2015) sintetizaram nanoparticulas de
prata a partir do filtrado da bactéria Bacillus tequilensis e do fungo Calocybe indica, e em ambas
as nanoparticulas foram observadas bandas espectrais bastante proximas das encontradas para
as amostras de nanoparticulas recobertas no presente estudo.?’ Jain et al. (2011) também
encontraram resultados similares para as nanoparticulas de prata sintetizadas a partir do filtrado
do fungo Aspergillus flavus NJPO8. Ambos os estudos atribuem a formagao de um recobrimento
ao redor das nanoparticulas ao alto potencial de ligacdo de grupamentos C-O dos residuos de
aminoacidos com metais, em que a estabilidade das nanoparticulas esta relacionada a presenca
e interacdo de proteinas.®’

Por outro lado, ndo foram observadas as bandas caracteristicas das nanoparticulas
recobertas para as nanoparticulas que passaram pelo processo de remog¢do do recobrimento.
Essas nanoparticulas apresentaram agora bandas que sdo caracteristicas do composto tampéo
Tris-HCI, no qual as nanoparticulas foram resuspensas.*** A banda larga em 3300 cm™ refere-
se aos estiramentos O-H e em torno de 3226 cm* aos estiramentos simétricos N-H. As bandas
na regido compreendida entre 2957 e 2850 cm™* sdo atribuidas as vibracGes dos estiramentos
simétricos e assimétricos de CH,. Em 1629 e 1552 cm™ ocorrem as bandas caracteristicas da
deformacdo angular simétrica no plano e fora do plano de NH.. A banda em 1463 cm refere-
se a deformacéo de CH2 e em 1400 cm™ a vibragdo C-C. Em 1294 e 1214 cm™ sdo bandas
atribuidas as deformacdes de OH e em 1062 e 1035 as deformacdes de C-O. Por fim, a
deformagdo C-C-C aparece como um duplete em 628 e 592 cm™. Esses resultados corroboram
com o estudo de Jain et al. (2015) em que também foi realizada a remog&o do recobrimento de

nanoparticulas de prata sintetizadas a partir do filtrado de Aspergillus sp. NJP02.32 O perfil do
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espectro de FTIR mudou e as bandas vibracionais referentes a amida I, amida Il e estiramentos
C-N de amina alifatica desapareceram, confirmando assim a remog&o do recobrimento.

Anélise de proteinas presentes no recobrimento das nanoparticulas

O ensaio SDS-PAGE foi realizado com o objetivo de comprovar a permanéncia das
proteinas existentes no filtrado utilizado para a sintese das nanoparticulas no recobrimento das
mesmas. Os perfis de proteina de ambos os filtrados apresentaram bandas que coincidiram com
seus respectivos recobrimentos, sendo um indicio de que as proteinas do filtrado podem

permanecer envolvendo as nanoparticulas (Figura 4).

Figura 4 — Andlise SDS-PAGE das nanoparticulas e seus respectivos filtrados e recobrimentos,
sendo 1. Marcador de peso molecular Blueye Prestained ladder (Invitrogen) 11-245 kDa, 2.
Filtrado de T. harzianum sem estimulo. 3. Recobrimento sem estimulo. 4. AGNP-TC. 5. AgNP-
T. 6. Filtrado de T. harzianum com estimulo. 7. Recobrimento com estimulo. 8. AQNP-TSC. 9.
AgNP-TS.

Foram observadas bandas de 36 kDa e 40 kDa nas amostras de filtrado e recobrimento,
pesos moleculares correspondentes aos das enzimas de T. harzianum B-1,3-glucanase e
quitinase, respectivamente, indicando a possivel presenca dessas enzimas, a qual foi confirmada
pela analise de atividade enzimatica especifica.*®4’ Ndo foram obtidas bandas nitidas para as
amostras de nanoparticulas recobertas e ndo-recobertas. No caso das nanoparticulas recobertas,

as fortes interagdes entre as proteinas e as nanoparticulas previnem a migracao das proteinas no
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gel*” e em relagdo as nanoparticulas ndo-recobertas, as proteinas foram eliminadas das amostras
nos processos de remocdo do recobrimento e dialise.

A obtencdo de bandas com o mesmo peso molecular nos filtrados e recobrimentos €
uma confirmacio da permanéncia das proteinas do filtrado envolvendo as nanoparticulas.®’
Alguns estudos apresentaram resultados semelhantes aos aqui apresentados. Rodrigues et al.
(2013) obtiveram as mesmas bandas de proteina (75, 122, 191 e 328 kDa) para o filtrado e para
0 recobrimento de nanoparticulas sintetizadas a partir de Aspergillus tubingensis, o que
confirma a participacao das proteinas do filtrado na sintese e sua permanéncia envolvendo as
nanoparticulas.® Jain et al. (2011) realizaram a analise SDS-PAGE com o filtrado do fungo
Aspergillus flavus, com as nanoparticulas sintetizadas a partir do fungo e o recobrimento das
nanoparticulas, o qual foi removido por fervura em SDS 1%, e verificaram a presenca de duas
bandas intensas de 35 e 32 kDa no filtrado do fungo, sendo que a banda de 35 kDa também foi
observada no recobrimento das nanoparticulas. De acordo com os autores a sintese ocorre em
duas etapas, na primeira a proteina de 32 kDa teria reduzido os ions de prata em nanoparticulas
e na segunda a proteina de 35 kDa teria se ligado as nanoparticulas conferindo a elas
estabilidade.®” Chowdhury, Basu e Kundu (2014) também constataram a presenca da mesma
banda de 85 kDa no filtrado e no recobrimento de nanoparticulas de prata sintetizadas a partir
de Macrophomina phaseolina, indicando a permanéncia de compostos do fungo envolvendo as
nanoparticulas. Os autores consideram que essa banda seja formada por um componente do

recobrimento, que confere estabilidade as nanoparticulas.®

Avaliagdo da atividade especifica das enzimas hidroliticas de Trichoderma

harzianum

A avaliacdo da atividade especifica de algumas enzimas hidroliticas de T. harzianum
que atuam no controle bioldgico de fitopatdgenos permitiu constatar a presenca e atividade
dessas enzimas nos filtrados, recobrimentos e nanoparticulas recobertas, ndo sendo verificada
atividade nas amostras de nanoparticulas ndo-recobertas. Dentre as enzimas estudadas, de uma
forma geral, foi observada uma maior atividade de NAGase, seguida de -1,3-glucanase,
enguanto quitinase e protease acida apresentaram baixos niveis de atividade. Os perfis de

atividade enzimatica especifica das quatro enzimas estdo apresentados na Figura 5.



87

Figura 5 — Atividade especifica das enzimas hidroliticas de Trichoderma harzianum (U/mg):
N-Acetilglicosaminidase (NAGase), B-1,3-glucanase, Quitinase e Protease acida. Filt TSC=
filtrado com estimulo; Cap TSC= recobrimento com estimulo; TSC=nanoparticulas com
estimulo recobertas; TS=nanoparticulas com estimulo ndo-recobertas; Filt TC= filtrado sem
estimulo; Cap TC= recobrimento sem estimulo; TC= nanoparticulas sem estimulo recobertas;
T= nanoparticulas sem estimulo ndo-recobertas. Diferenca estatistica significativa (p <0,05) é
indicada por * para comparacao entre Filt TC e Filt TSC, £ para Cap TC e Cap TSC, # para TC
e TSC, e -- para T e TS. Maior quantidade de simbolos indica maior significancia estatistica.
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Comparando as amostras entre si, no caso de B-1,3-glucanase foi observada maior
atividade em ambas as nanoparticulas recobertas AQNP-TSC e AgNP-TC, enquanto a NAGase
apresentou maior atividade em ambos os filtrados. Ja a quitinase apresentou maior atividade
em AgNP-TSC, seguida do recobrimento de AgNP-TC, e a protease apresentou maior atividade
no recobrimento de AgNP-TSC. Essas variagfes podem ser decorrentes dos processos aos quais
as amostras foram submetidas, como por exemplo a remocéo do recobrimento, com etapas de
aquecimento e centrifugacéo, considerando diferentes comportamentos das diferentes enzimas.
Especificamente em relacéo ao estimulo da atividade enzimatica utilizando a parede celular de
S. sclerotiorum, tanto as nanoparticulas recobertas sintetizadas com estimulo como as
sintetizadas na auséncia de estimulo apresentaram atividade especifica, sendo observado um
aumento significativo na atividade de quitinase para as nanoparticulas recobertas sintetizadas
com estimulo.

Como principal achado dessas analises, corroborando com os resultados do ensaio SDS-
PAGE e da analise FTIR, foi possivel confirmar a permanéncia e atividade das enzimas do
filtrado nos recobrimentos, assim como nas nanoparticulas recobertas. Tal resultado pode

justificar a melhor atividade inibitoria de ambas as nanoparticulas recobertas em relagdo as néo-
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recobertas sobre o crescimento micelial e a germinacdo de S. sclerotiorum. As enzimas ativas
presentes no recobrimento das nanoparticulas podem estar agindo em sinergia com as
nanoparticulas potencializando o efeito das mesmas. Entretanto, ainda sdo necessarias maiores
investigacoes.

A presenca de proteinas e enzimas em nanoparticulas biogénicas recobertas ¢ uma
questdo interessante a ser investigada devido & importancia desse recobrimento para a
estabilidade, biocompatibilidade e possivel intensificacdo da atividade biologica dessas

nanoparticulas.

Atividade biologica das nanoparticulas sobre o fitopatdgeno Sclerotinia

sclerotiorum

A atividade bioldgica das nanoparticulas foi avaliada sobre o crescimento micelial e a
formagdo de novos esclerddios de S. sclerotiorum em meio de cultura suplementado com as
amostras visando comparar os efeitos das nanoparticulas recobertas e ndo-recobertas. Foi
observada uma reducdo no crescimento micelial do fungo exposto as nanoparticulas recobertas,
com melhores resultados para AgNP-TSC, e auséncia de formacdo de novos esclerddios,
enquanto ambas as nanoparticulas ndo-recobertas apresentaram crescimento micelial por todo
o diametro das placas, equivalente as placas controle, e formacao de novos esclerédios (Figuras
6A e 6B). O aspecto visual das culturas pode ser observado na figura 6C.

Figura 6 — Atividade bioldgica das nanoparticulas AQNP-TSC, AgNP-TS, AgNP-TC e AgNP-
T (3 x 10° NPs.mL™?) sobre S. sclerotiorum A: Diametro micelial. B: NUmero de novos

esclerddios. C: Aspecto visual das culturas. Analise estatistica: a. controle x AgNP; b. AgNP x
AgNP. Diferentes nimeros indicam diferenca estatistica significativa, p<0,05.
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A auséncia de efeito das nanoparticulas ndo-recobertas pode ser decorrente do maior
tamanho, visto que nanoparticulas maiores apresentam menor potencial citotdxico.*34° Além
disso, € importante considerar a permanéncia de compostos ativos provenientes de T.
harzianum nas nanoparticulas recobertas, os quais podem estar contribuindo para a inibicéo do
fitopatogeno. Alguns estudos relatam que no processo de reducdo do nitrato de prata e ao se
ligarem a superficie das nanoparticulas as proteinas ndo sofrem deformacdes das estruturas
secundarias, terciarias e das ligacdes covalentes.?®*’ Dessa forma, podemos considerar a
possibilidade das mesmas ndo perderem suas fungdes, contribuindo assim para a atividade
bioldgica das nanoparticulas.

Conforme as caracteristicas e a composicdo do recobrimento das nanoparticulas
biogénicas podem ser estabelecidas ligagdes com algumas moléculas importantes, conferindo
a elas novas funcdes e melhorando sua estabilidade coloidal,*® além disso podem ser definidas
as vias de internalizacdo das nanoparticulas nas células.>! De acordo com Zewde et al. (2016),
a presenca ou auséncia de recobrimento, o tipo de recobrimento e a densidade do recobrimento
tém grande influéncia sobre os efeitos antimicrobianos e o potencial citotoxico das
nanoparticulas.’®> Diante de tais resultados é possivel sugerir que o recobrimento das
nanoparticulas pode exercer atividade antifingica para o controle de S. sclerotiorum e
contribuir para a manutencdo das propriedades antifungicas préprias das nanoparticulas,
conferindo a elas maior estabilidade.

Vaérios estudos verificaram o potencial de nanoparticulas biogénicas aplicadas no
controle de fungos fitopatogénicos. Elamawi, Al-Harbi e Hendi (2018) sintetizaram
nanoparticulas de prata utilizando o filtrado do fungo Trichoderma longibrachiatum e
avaliaram o potencial destas para o controle dos fungos fitopatogénicos Fusarium
verticillioides, Fusarium moniliforme, Penicillium brevicompactum, Helminthosporium oryzae
e Pyricularia grisea in vitro, obtendo efeito inibitorio sobre todas as espécies. Pelatécnica FTIR
0S autores observaram bandas de proteina, indicando a presenca de proteinas ligadas a
superficie das nanoparticulas, as quais sugerem estar contribuindo para a estabilizacdo e
prevenindo a aglomeracdo.®® Abboud (2018) sintetizou nanoparticulas de prata a partir de
Trichoderma harzianum e avaliou os efeitos sobre Fusarium oxysporum, Alternaria alternata
e Trichoderma harzianum. Foi observada inibicdo da formacgéo de colbnias pelos fungos de
forma concentragdo-dependente.? Mishra et al. (2017) aplicaram nanoparticulas de prata
sintetizadas a partir da bactéria Stenotrophomonas sp. como nanofungicida para o controle de

fitopatogenos foliares como Alternaria alternata, Curvularia lunata e Bipolares sorokiniana e
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do solo, Sclerotium rolfsii. Foi observada inibi¢cdo completa dos conidios e esclerodios dos trés
fitopatdgenos foliares expostos as nanoparticulas em baixas concentracdes.>

Apesar dos varios estudos investigando o potencial de nanoparticulas de prata
biogénicas para o controle de fitopatdogenos da agricultura apresentarem resultados
interessantes, o presente estudo tem o diferencial de considerar a importancia do recobrimento
para a qualidade e atividade biol6gica das nanoparticulas, abrindo perspectivas para um estudo

mais aprofundado, explorando essa especificidade das nanoparticulas biogénicas.

Potencial efeito cito e genotoxico das nanoparticulas sobre linhagens celulares e
Allium cepa

Avaliacédo da citotoxicidade

Foram observadas diferencas na citotoxicidade das nanoparticulas recobertas e néo-
recobertas pelo ensaio MTT, principalmente sobre a linhagem HaCat, na qual ambas as
nanoparticulas ndo-recobertas apresentaram maiores efeitos citotoxicos, entretanto ndo foram
atingidos valores de IC50 para nenhuma das amostras, 0 que indica baixa citotoxicidade nas
concentracdes de exposicdo (Figuras 7A e 7B). Os resultados dos ensaios de viabilidade por
citometria de imagem e azul de tripan foram condizentes com os resultados dos ensaios de
MTT, sendo observados baixos indices de morte celular (Figura 7C e 7D). Pela analise por
citometria de imagem a linhagem celular V79 apresentou maior sensibilidade para todas as
amostras. Diferentes linhagens celulares apresentam diferentes comportamentos quando

expostas a nanoparticulas de prata devido a diferenca metabdlica apresentada entre elas.’®
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Figura 7 — Avaliacdo da citotoxicidade das nanoparticulas AQNP-TSC, AgNP-TS, AgNP-TC
e AgNP-T. A: Ensaio de reducdo do tetrazolio (MTT) comparando AgNP-TSC e AgNP-TS; B:
Ensaio de reducdo do tetrazolio (MTT) comparando AgNP-TC e AgNP-T; C: Viabilidade
celular, necrose e apoptose por citometria de imagem; D: Ensaio de excluséo do azul de tripan.
Analise estatistica: Diferentes nimeros indicam diferenca estatistica significativa, p<0,05.
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A citotoxicidade das nanoparticulas de prata pode variar muito conforme o tipo de
particula e o processo de sintese, pois esta relacionada com fatores como tempo de exposicéo,
concentragdo, temperatura, tamanho, recobrimento e linhagem celular.®>¥® Também ¢
importante considerar que nanoparticulas de prata biogénicas geralmente apresentam menor
citotoxicidade que nanoparticulas comerciais ndo-recobertas e fons de prata.'’ Skladanowski et
al. (2016) sintetizaram nanoparticulas de prata a partir de Streptomyces sp. NH28 e avaliaram
sua citotoxicidade sobre a linhagem celular de fibroblastos de camundongo L929 pelo ensaio
MTT. Foi observado que nas menores concentragdes de exposicao ndo houve citotoxicidade, e
a viabilidade celular foi equivalente ao controle, sendo obtido IC50 apenas em altas
concentragdes.®® Apesar da auséncia ou baixa citotoxicidade, também é importante avaliar os

efeitos genotoxicos das novas nanoparticulas.

Avaliagéo da genotoxicidade

Em relacdo a genotoxicidade, no ensaio Allium cepa, em ambas as concentragGes de

exposicédo, as nanoparticulas ndo-recobertas apresentaram indices de alteraces maiores que as
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nanoparticulas recobertas (Figura 8A). No ensaio cometa foram observados resultados
semelhantes, sendo que as nanoparticulas ndo-recobertas apresentaram maiores indices de
danos quando comparadas as nanoparticulas recobertas (Figura 8B). A linhagem V79
apresentou maior sensibilidade a todas as amostras em comparagdo com as demais linhagens
celulares.

Figura 8 — Avaliagdo da genotoxicidade de AGNP-TSC, AgNP-TS, AgNP-TC e AgNP-T. A:
Indice de alteragcdes cromossdmicas pelo ensaio Allium cepa. B: Indice de danos no DNA pelo

ensaio cometa. Analise estatistica: Diferentes numeros indicam diferenca estatistica
significativa, p<0,05.
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Os maiores efeitos genotdxicos ocasionados pelas nanoparticulas ndo-recobertas podem
estar relacionados ao fato do recobrimento, além de conferir estabilidade as nanoparticulas
impedindo que agreguem e percam suas propriedades, retarda a liberacdo de ions Ag™*, os quais
apresentam maior toxicidade em comparagdo com as nanoparticulas compostas por Ag®.>’ Em
doses ndo citotdxicas, algumas nanoparticulas de prata podem induzir danos no DNA,
aberragBes cromossdmicas e possivel mutagenicidade.’® Daphedar e Taranath (2018)

observaram aberra¢des cromossdémicas dependentes da concentragdo e do tempo de exposigéo
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em raizes meristeméticas da planta Drimia polyantha expostas a nanoparticulas de prata
biogénicas. Segundo os autores, quando as nanoparticulas séo internalizadas nas raizes podem
causar varios tipos de alteracdes cromossémicas como pontes, anafase multipolar, atrasos na
diviséo, falhas no fuso, c-metéfase, entre outras.®

Os estudos de toxicidade de nanoparticulas de prata biogénicas, de uma forma geral,
apresentam resultados bastante variados devido aos diferentes tipos de agentes redutores e
estabilizantes bioldgicos, diferentes composicdes de recobrimento e diferentes condicGes de
sintese, 0os quais ddo origem a nanoparticulas com diferentes caracteristicas e niveis de
toxicidade.*® Além disso, é dificil estabelecer comparacdes devido as diferentes concentragdes
de exposicdo e organismos expostos. Entretanto, € importante considerar a possibilidade de
efeitos toxicos, visando a sintese e aplicacdo desses nanomateriais de forma responsavel e
ambientalmente segura. Os efeitos citotdxicos e genotoxicos ocasionados pelas nanoparticulas
de prata podem ocorrer por meio da internalizacdo das mesmas nas células, causando estresse
oxidativo, danos na membrana, alteragBes no ciclo celular, respostas inflamatdrias, danos no
DNA e aberragGes cromossdmicas,® bem como alteragces na morfologia celular, reducéo da

viabilidade e morte celular por apoptose e necrose.*®

Avaliacdo da toxicidade das nanoparticulas sobre organismos ndo-alvo

Influéncia das nanoparticulas sobre a germinacao de sementes de soja

O resultado do teste de germinacdo de sementes de soja expostas as nanoparticulas nao
mostrou alteracGes significativas para nenhuma das amostras, sendo todas equivalentes a
germinacdo das sementes do controle e das sementes expostas a T. harzianum (Figura 9).
Figura 9 — Avaliacdo dos efeitos das nanoparticulas AgNP-TSC, AgNP-TS, AgNP-TC e

AgNP-T sobre a germinacdo de sementes de soja. Andlise estatistica: a. controle x AgNP.
Diferentes nimeros indicam diferenca estatistica significativa, p<0,05.
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Mustafa et al. (2015) realizaram um estudo no qual constataram que a exposi¢do a
nanoparticulas de prata potencializou o crescimento de plantulas de soja em condi¢fes de
estresse por inundacéo, tendo contribuido para a reducéo do estresse por privagio de oxigénio.>
Pittol et al. (2017) avaliaram os efeitos de nanoparticulas de prata sobre a germinacao e o
desenvolvimento de cebola (Allium cepa) e rabanete (Raphanus sativus) e observaram uma
reducdo de 50% do crescimento das raizes de cebola expostas as hanoparticulas em comparacéo
com o controle negativo, enquanto que no caso dos rabanetes ocorreu um aumento na taxa de
germinacdo de 80% no controle para 100% para as sementes expostas as nanoparticulas.
Segundo os autores, cada espécie de planta apresenta respostas especificas a exposicdo a
nanoparticulas.®® No presente estudo, a auséncia de efeitos das nanoparticulas sobre a
germinacdo das sementes de soja é um fator positivo, caso esse nanomaterial venha a ser

utilizado para o controle de fitopatdgenos que atingem essa cultura.

Avaliacdo da concentracdo inibitéria minima (MIC) sobre microrganismos de

importancia agricola

Os valores de MIC variaram conforme as nanoparticulas e as espécies de
microrganismos de importancia agricola. De uma forma geral, 0s microrganismos apresentaram
susceptibilidade as nanoparticulas recobertas, com maior efeito antimicrobiano de AgNP-TSC,
ndo sendo obtidos valores de MIC para 0s microrganismos expostos as nanoparticulas nao-
recobertas nas concentracOes de exposi¢do (Tabela 1).

Tabela 1 — Valores de MIC para os microrganismos de importancia agricola expostos as
nanoparticulas AQNP-TSC, AgNP-TC, AgNP-TS e AgNP-T.

Microrganismo  AgNP-TSC  AgNP-TC  AgNP-TS  AgNP-T
Bradyrhizobium 3,0 x 10° 3,5 x 10°

japonicum NPs.mL! NPs.mL?
Pseudomonas 2,5 x 10° 3,5x 10°
aeruginosa NPs.mL®  NPs.mL? ) )
Beauveria 1,5 x 10° 3,0 x 10°
bassiana NPs.mL?  NPs.mL™ ) )
Bacillus 4,0 x 10°
thuringiensis1 ~ NPs.mL’ ) ) )
Bacillus 2,0 x 10° 3,5x 10°
thuringiensis 2 NPs.mL" NPs.mL™ ) )
Bacillus 3,5x 10°

thuringiensis 3 NPs.mL!
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A auséncia de efeitos das nanoparticulas nao-recobertas sobre os microrganismos de
importancia agricola pode ser decorrente do maior didmetro hidrodindmico das mesmas e
consequente reducédo do potencial antimicrobiano, visto que nanoparticulas de prata de menor

diametro apresentam maiores efeitos para o controle de microrganismos.>%°

Analises moleculares dos efeitos das nanoparticulas sobre a microbiota do solo por

gPCR

De uma forma geral, as amostras de solo expostas as nanoparticulas recobertas AgNP-
TSC e AgNP-TC, apresentaram resultados mais proximos ao controle, tanto em relacdo a
quantidade como em relacdo as proporgdes dos genes, 0 que pode ser observado com maior
clareza nos resultados referentes ao dia 360 apOs a exposicdo. Os solos expostos as
nanoparticulas nao-recobertas AgNP-TS e AgNP-T apresentaram a quantificacdo dos genes

inferior aos 360 dias apos a exposicao (Figura 10).

Figura 10 — Andlise molecular quantitativa de solos expostos as nanoparticulas AQNP-TSC,
AgNP-TC, AgNP-TS e AgNP-T apos 15, 90, 180 e 360 dias. Em A) resultados da quantificacdo
calculada por 222!, Em B) resultados das proporcdes de cada gene analisado.
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Aos 15 dias apds a exposicdo a alteracdo mais evidente em relacdo ao controle foi um
aumento na proporcao de nifH nas amostras de solo expostas as nanoparticulas AgNP-TSC e
AgNP-TC, o que indica aumento no processo de fixacdo do nitrogénio. Aos 90 dias 0 aumento
da fixacéo ocorreu também em AgNP-TS e AgNP-T, sendo observada uma reducédo da primeira
fase da denitrificacéo pelo gene nirS nas quatro amostras. Nesse periodo também foi observado
aumento de cnorB, envolvido na segunda fase da denitrificagdo, em AgNP-TSC e reducgéo desse
gene em AgNP-T. Aos 180 dias AgNP-TSC apresentou as maiores alteracbes, com o
desaparecimento de nifH e reducdo de cnorB, ndo sendo observadas alteracGes nas demais
amostras em relacdo ao controle. Aos 360 dias as amostras de solo expostas as nanoparticulas
AgNP-TSC e AgNP-TC apresentaram maior semelhanga com o controle em comparagdo com
AgNP-TS e AgNP-T, o que indica que com o tempo a distribuicdo das bactérias expostas as
nanoparticulas recobertas tende a se recuperar. E importante considerar, como pode ser
observado, que o solo controle, livre de exposi¢do as nanoparticulas, passou por alteracGes
proprias do ciclo ao longo do periodo de analise.

Grin et al. (2019) avaliaram os efeitos de nanoparticulas de prata ndo funcionalizadas
e funcionalizadas com grupamentos amina ou grupamentos carboxila sobre bactérias do solo
por meio da quantificagdo dos genes 16s rRNA, nifH e amoA. Foram observadas menores
alteracbes na distribuicdo dos genes na amostra de solo exposta as nanoparticulas
funcionalizadas com grupamentos carboxila, com carga negativa. Os autores atribuiram esse
resultado ao efeito do recobrimento, que reduziu a liberacdo de ions e o contato direto da prata
com os microrganismos, além de ter permitido a liga¢do com cations do solo, aumentando ainda
mais essa barreira de contato.®! Em outro estudo, VandeVoort e Arai (2012) observaram que
nanoparticulas recobertas com polivinilpirrolidona (PVP) apresentaram maior afinidade com o
solo e baixa toxicidade para bactérias envolvidas no processo de denitrificacdo quando
comparadas a nanoparticulas nio-recobertas.®

Em nosso estudo também podemos atribuir as menores alteracfes das nanoparticulas
recobertas, especialmente em relacdo a quantidade de bactérias, a presenca do recobrimento.
Também podemos relacionar esse resultado aos menores efeitos citotdxicos e genotoxicos das
nanoparticulas recobertas nos ensaios com exposicao de culturas de células in vitro e Allium

cepa, 0s quais podem estar vinculados a uma possivel inibicdo da liberacao de ions.
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Concluséao

O presente estudo mostrou que nanoparticulas biogénicas recobertas sintetizadas a partir
de diferentes filtrados do fungo Trichoderma harzianum apresentam atividade bioldgica no
controle do fitopatdgeno Sclerotinia sclerotiorum in vitro e que tais efeitos podem ser
decorrentes da presenca do recobrimento. As nanoparticulas ndo-recobertas apresentaram
aumento no didmetro hidrodindmico e ndo inibiram o desenvolvimento de S. sclerotiorum.
Além disso, por meio da avaliacdo dos recobrimentos foi constatada a permanéncia de proteinas
do filtrado envolvendo as nanoparticulas, sendo detectada atividade especifica de enzimas
hidroliticas de T. harzianum. Em relacdo a toxicidade, de uma forma geral, as nanoparticulas
recobertas apresentaram menores efeitos quando comparadas as ndo-recobertas. Essas
descobertas abrem perspectivas para futuros estudos e uma maior investigacao da composicao
e da importancia do recobrimento de nanoparticulas biogénicas direcionadas para aplicaces no

controle de fitopatdgenos da agricultura.

Materiais e Método
Materiais

Neste estudo foram utilizadas nanoparticulas de prata previamente sintetizadas a partir
de Trichoderma harzianum com estimulo de producdo enzimatica pela presenca da parede
celular de Sclerotinia sclerotiorum, aqui denominadas AgNP-TSC (57,02+1,75 nm;
—18,70+ 3,01 mV e polidispersdo 0,49 + 0,01), e na auséncia deste estimulo, aqui denominadas
AgNP-TC (81,84+0,67nm; —18,30+1,73 mV e polidispersdo 0,52+0,00).22 Em alguns
ensaios também foram utilizados os filtrados de T. harzianum empregados na sintese e 0s
recobrimentos removidos das nanoparticulas.

As linhagens celulares V79 (fibroblasto pulmonar de hamster chinés), 3T3 (fibroblasto
embrionario de swiss albino) e HaCat (queratindcito humano) foram obtidas do Banco de
Células do Rio de Janeiro (Rio de Janeiro, Brasil). Os microrganismos de importancia agricola
Bradyrhizobium japonicum., Pseudomonas aeruginosa, Bacillus thuringiensis e Beauveria
bassiana e o fitopatdgeno Sclerotinia sclerotiorum foram obtidos por doagdo. Thiazolyl Blue
Tetrazolium Bromide (MTT) e Resazurin foram adquiridos da Sigma-Aldrich™. Agar batata
dextrose foi adquirido da Kasvi™. O marcador de peso molecular de proteinas Blueye
Prestained, o kit Apoptose Annexin V AlexaFluor™ 488 e lodeto de Propidio, o kit de
quantificacdo de DNA Qubit dsDNA HS e o SYBR Green foram adquiridos da Invitrogen™.
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As membranas de dialise Visking MWCO 12.000-14.000 foram adquiridas de Serva™.O kit
de extracdo de DNA do solo Power Soil foi obtido da QIAGEN™.,

Meétodos

Remocéo do recobrimento das nanoparticulas

Para analisar possiveis diferencas entre nanoparticulas recobertas e ndo-recobertas foi
realizada a remocdo do recobrimento de metade do volume das amostras, conforme
metodologia descrita por Jain et al. (2015).*> As dispersdes de nanoparticulas foram
centrifugadas, e os pellets foram resuspensos e fervidos em Dodecil Sulfato de Sédio (SDS)
1%, seguido de nova centrifugacdo. Os sobrenadantes contendo os recobrimentos foram
armazenados a -20°C para posteriores analises de proteinas e enzimas. Para a obtencdo das
nanoparticulas sem recobrimento os pellets foram fervidos em Tris-HCI, seguido por dialise
utilizando membrana Visking MWCO 12.000-14.000 (Serva). As nanoparticulas n&o-
recobertas foram denominadas AgNP-TS (ndo-recobertas, com estimulo) e AgNP-T (ndo-

recobertas, sem estimulo).

Caracterizacdo e estabilidade das nanoparticulas biogénicas

Apoés a remogdo do recobrimento das nanoparticulas foram realizadas as analises das
quatro amostras e dos respectivos filtrados de T. harzianum por espectroscopia UV-Visivel na
faixa de comprimento de onda entre 200 e 800 nm, com resolucdo de 1 nm, utilizando o
espectrofotdbmetro Multispec 1501 - Shimadzu. Também foi realizada a medicdo do pH das
nanoparticulas e de seus respectivos filtrados utilizando o medidor de pH HMMPB-210.

As técnicas de espalhamento dindmico de luz (DLS) e microeletroforese foram
empregadas para investigar o didametro hidrodinamico, a polidispersao e o potencial zeta das
amostras (ZetaSizer Nano ZS90 - Malvern Instruments). As leituras foram realizadas em
triplicata, a 25°C, com um angulo fixo de 90°. Para verificar a estabilidade das nanoparticulas,
essas andlises foram repetidas nos periodos de seis meses e um ano apo0s a sintese. As
concentragfes das amostras foram obtidas pela técnica de rastreamento de nanoparticulas
(NTA) (NanoSight LM 10 cell/NanoSight v. 2.3) e padronizadas para uma concentracdo de
trabalho dispersando-se em agua.
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Anélise da morfologia das nanoparticulas

A morfologia das nanoparticulas recobertas e nédo-recobertas foi avaliada por
microscopia de forca atdmica (AFM). Aliquotas das nanoparticulas foram diluidas em agua
ultrapura e 10 pL dessas amostras foram gotejadas em placas de silicio para AFM e mantidas
em dessecador até secagem completa. As amostras foram analisadas em um Microscopio de
Forca Atdémica Easy Scan 2 Basic BT002217 (Nanosurf, Switzerland) operado em modo néo
contato. O instrumento foi equipado com cantilevers TapAl-G (BudgetSensors, Bulgaria) e
operado a uma taxa de scan de 90 Hz. As micrografias adquiridas foram analisadas utilizando

o software Gwyddion.

Analise das caracteristicas do recobrimento das nanoparticulas

Para as andlises por espectroscopia de infravermelho das nanoparticulas recobertas e
nédo-recobertas foi utilizado um espectrémetro Jasco (FT/IR — 410). Foram confeccionadas
pastilhas de brometo de potéssio (KBr) com uma proporcdo de 1,5% de amostras de
nanoparticulas, cujo solido foi obtido por liofilizacdo de dispersdes aquosas. Os espectros foram

obtidos em uma faixa de 4000 a 400 cm™, 32 varreduras e resolucéo de 8 cm™.

Anélise de proteinas presentes no recobrimento das nanoparticulas

A técnica de eletroforese de proteinas em gel de poliacrilamida SDS-PAGE foi realizada
para verificar a presenca de proteinas provenientes de T. harzianum nos filtrados utilizados para
a sintese e nos recobrimentos resultantes do processo de remocdo, assim como nas proprias
amostras de nanoparticulas recobertas e ndo-recobertas. O ensaio foi realizado com base na
metodologia de Chowdhury et al. (2014) com algumas adaptacdes®®. As amostras foram
misturadas com tampdo de amostra na propor¢do 1:1, aquecidas a 95°C por 10 minutos,
centrifugadas a 14.000 rpm por 1 minuto e carregadas no gel na seguinte ordem: 1. Marcador
de peso molecular Blueye Prestained ladder (Invitrogen) 11-245 kDa, 2. Filtrado de T.
harzianum sem estimulo. 3. Recobrimento sem estimulo. 4. AQNP-TC. 5. AgNP-T. 6. Filtrado
de T. harzianum com estimulo. 7. Recobrimento com estimulo. 8. AGNP-TSC. 9. AgNP-TS. A
eletroforese foi conduzida com voltagem constante de 200V, 20 kV até o corante atingir a regido
inferior do gel. O gel foi corado utilizando solucdo de prata amoniacal e a analise dos perfis

proteicos foi realizada visualmente com base no marcador de peso molecular.
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Avaliacdo da atividade especifica das enzimas hidroliticas de Trichoderma

harzianum

Inicialmente, foi determinada a concentracdo de proteinas nas amostras de filtrado,
recobrimento e nanoparticulas utilizando o reagente de Bradford (1976) e albumina sérica
bovina (1 mg.mL?, 0,500 mg.mL?, 0,250 mg.mL? e 0,125 mgmL™) como padrdo.®® A
avaliacdo da atividade especifica das enzimas hidroliticas N-acetylglucosaminidase (NAGase),
B-1,3-glucanase, quitinase e protease acida de T. harzianum nos filtrados, recobrimentos e
nanoparticulas foi realizada com base na metodologia descrita por Qualhato et al. (2013).%*
Foram realizados ensaios em microplacas de 96 pocos utilizando as amostras: filtrado de T.
harzianum sem estimulo, recobrimento sem estimulo, AgNP-TC, AgNP-T, filtrado de T.

harzianum com estimulo, recobrimento com estimulo, AQNP-TSC e AgNP-TS.

Atividade biolégica das nanoparticulas sobre o fitopatogeno Sclerotinia

sclerotiorum

Com o objetivo de comparar a atividade das nanoparticulas recobertas e ndo-recobertas
no controle de S. sclerotiorum foi realizado o ensaio de crescimento do fitopatdgeno em agar
batata-dextrose suplementado com as amostras na concentragdo de 3 x 10° NPs.mL1.1923 Apds
15 dias de cultura foi realizada a medicdo dos halos de crescimento micelial e a contagem de

novos esclerodios.

Potencial efeito cito e genotdxico das nanoparticulas sobre linhagens celulares e

Allium cepa

As andlises de citotoxicidade e genotoxicidade foram realizadas visando comparar 0s
efeitos das nanoparticulas recobertas AQNP-TSC e AgNP-TC com suas respectivas amostras
ndo-recobertas AgQNP-TS e AgNP-T.

Avaliagéo da citotoxicidade

A citotoxicidade foi avaliada sobre as linhagens celulares V79, 3T3 e HaCat pelos
ensaios de atividade mitocondrial por reducdo do tetrazolio (MTT), viabilidade celular,
apoptose e necrose por citometria de imagem e viabilidade celular por excluséo do corante azul

de tripan. Para o ensaio MTT as células foram plaqueadas (5x10* células/pogo) e expostas as
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nanoparticulas nas concentragdes entre 0,1 e 3,5 x 10° NPs.mL™ por 24 horas. Em seguida foi
adicionada solugdo de MTT (5 mg.mL™?), incubado por 3 horas, com posterior fixagdo com
DMSO e leitura a 540 nm. Para as andlises de citometria de imagem e excluséo de azul de tripan
a exposicdo das células foi realizada por 1 hora na concentragdo 3 x 10° NPs.mL™. As analises
de viabilidade celular, apoptose e necrose por citometria de imagem foram realizadas utilizando
0 kit Apoptose Annexin V AlexaFluor® 488 e lodeto de Propidio (Invitrogen) conforme
especificacdo do fabricante e as leituras foram realizadas utilizando citbmetro de imagem
(Tali™ image cytometer). Para o ensaio de exclusdo do azul de tripan, logo ap6s o final da
exposicdo as nanoparticulas na concentracdo 3 x 10° NPs.mL™, as células foram coradas com
azul de tripan, sendo entdo realizada contagem em microscopio Otico, em triplicata,

considerando mortas as células coradas de azul.

Avaliagéo da genotoxicidade

Para avaliar a genotoxicidade das nanoparticulas foram realizados os ensaios Allium
cepa e cometa. O ensaio Allium cepa foi realizado com base em Lima et al. (2010).% A
exposicao as amostras de nanoparticulas foi realizada nas concentracdes 1 x 101 NPs.mL* e 3
x 10° NPs.mL™ por 24 horas, seguida de fixagdo e hidrolise das raizes, preparo das laminas em
triplicata e andlise por microscopia Otica. Do total de células foram contabilizadas as que se
apresentavam em divisdo celular (Indice mitdtico — IM) e destas, as que apresentavam
alteracdes cromossdmicas (Indice de alteracdes — IA).

O ensaio cometa foi realizado conforme metodologia adaptada de Singh et al. (1988).
As mesmas linhagens celulares utilizadas nos ensaios de citotoxicidade foram expostas as
amostras a 3 x 10° NPs.mL™ por 1 hora e em seguida foram preparadas as laminas, as quais
foram mantidas em solucdo de lise por 1 hora, neutralizadas, mantidas em tampdo de
eletroforese por 20 minutos e submetidas a eletroforese a 22 V, 300 mA por 20 minutos. Foi

entdo realizada fixagdo, coloracdo e analise microscopica por scoring visual.®’

Avaliacéo da toxicidade das nanoparticulas sobre organismos ndo-alvo
Avaliacdo dos efeitos das nanoparticulas sobre a germinacéo da soja
As sementes de soja foram previamente descontaminadas em hipoclorito 2%, lavadas

em agua ultrapura e colocadas para germinar sobre filtro de papel embebido com as

nanoparticulas na concentracdo de 3 x 10° NPs.mL™ em placas de petri. Foram colocadas 13
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sementes por placa, com 3 placas por tratamento, utilizando como controle replicatas com filtro
de papel embebido com agua ultrapura e replicatas contendo T. harzianum (127 pg. mL™t). As
placas foram mantidas em estufa a 25°C, no escuro, pelo periodo de 5 dias e em seguida foi

realizada contagem das sementes que germinaram.

Avaliacdo da concentracdo inibitoria minima (MIC) sobre microrganismos de

importancia agricola

O teste MIC foi realizado utilizando os microrganismos de importancia agricola
Bradyrhizobium japonicum, Pseudomonas aeruginosa, Beauveria bassiana e trés diferentes
cepas de Bacillus thuringiensis (BT1, BT2 e BT3). Os microrganismos foram cultivados por
24 horas, transferidos para placas de 96 pogos em uma concentragdo de 5x10° UFC/mL e
expostos as nanoparticulas em concentragdes decrescentes, entre 4,0 x 10° NPs.mL* e 1,0 x 108
NPs.mL1. Ap6s incubacio a 37°C por 24 horas foi adicionada solugdo de Resazurina (6,75
mg.mL™) e as placas foram incubadas por mais 24 horas, sendo entdo realizada analise visual

da coloracéo.

Analises moleculares dos efeitos das nanoparticulas sobre a microbiota do solo por
gPCR

Para verificar os possiveis efeitos das nanoparticulas sobre as bactérias do solo que
atuam no ciclo do nitrogénio, nos processos de fixacdo, nitrificacdo e denitrificacdo, foi
realizada exposicdo do solo as nanoparticulas na concentragio de 3 x 10° NPs.mL?, em
microcosmos contendo 10 g de solo.%® Também foi preparado um controle com agua ultrapura.
Os microcosmos foram mantidos em temperatura ambiente, na auséncia de luz. No dia da
exposicéo foi realizada extracdo do DNA de uma amostra de solo sem tratamento (denominada
solo zero), indicando as condigdes iniciais. As extracdoes de DNA de todas as amostras foram
entdo realizadas nos intervalos de 15, 90, 180 e 360 dias ap0s a exposicao, utilizando o kit
Power Soil DNA Isolation (QIAGEN™) e o DNA foi quantificado utilizando o kit de
quantificacgdo de DNA Qubit dsDNA HS (Qubit 3.0 Fluorometer™) e diluido para a
concentracdo final de 100 ng/mL. A quantificacdo de genes de bactérias do ciclo do nitrogénio
foi realizada com primers especificos através de reacdo em cadeia de polimerase em tempo real
(QPCR), utilizando Syber Green.®® Para a quantificacdo relativa do DNA foi utilizado como

gene referéncia 16srRNA, sendo todas as amostras avaliadas em triplicata.
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Analises estatisticas

As analises estatisticas foram realizadas pela analise de variancia one way (ANOVA)
seguida do teste de Tukey, com nivel de significancia de p<0,05, utilizando o programa
GraphPad Prism 7.0.
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3.4 CAPITULO IV - SINTESE BIOGENICA DE NANOPARTICULAS DE PRATA
EM MAIOR ESCALA, CONTROLE DE Sclerotinia sclerotiorum E AVALIACAO
DOS EFEITOS SOBRE PLANTAS DE SOJA

O quarto capitulo traz um artigo no qual uma das nanoparticulas apresentadas nos
capitulos anteriores foi selecionada para sintese em maior escala. A nanoparticula recoberta,
sem estimulo, foi selecionada devido a conhecida eficiéncia para o controle do fitopatégeno
Sclerotinia sclerotiorum e ao processo de sintese com menos etapas. Apos a sintese foi realizada
caracterizagdo fisico-quimica e avaliacdo do potencial inibitorio das nanoparticulas sobre o
fungo fitopatogénico Sclerotinia sclerotiorum. Considerando a importancia de se conhecer os
possiveis efeitos das nanoparticulas sobre organismos ndo-alvo e que a soja € uma das culturas
mais atingidas pelo fitopatdgeno, foram analisados parametros morfoldgicos e fisioldgicos de

plantas de soja cultivadas em solo exposto as nanoparticulas.
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Resumo

Nanoparticulas biogénicas de prata apresentam potencial fungicida e vém se destacando como
alternativa para o controle de fitopatdgenos. Entretanto, aumentar o volume da sintese é um
desafio. Neste estudo sintetizamos nanoparticulas de prata em maior escala utilizando o filtrado
do fungo Trichoderma harzianum. Avaliamos o potencial dessas nanoparticulas para o controle
do fungo fitopatogénico Sclerotinia sclerotiorum in vitro e investigamos 0s possiveis efeitos
sobre o desenvolvimento e morfologia, a fotossintese, o estresse oxidativo e a expressao de
genes envolvidos na lignificacdo, em plantas de soja cultivadas em vasos em casa de vegetacao.
A sintese resultou em 3,13 litros de nanoparticulas, as quais apresentaram um maior rendimento
e caracteristicas fisico-quimicas muito proximas das nanoparticulas sintetizadas em menor
escala. Em relagdo aos efeitos sobre S. sclerotiorum, as nanoparticulas inibiram o crescimento
micelial e a formacdo de novos esclerddios in vitro. As plantas de soja expostas as
nanoparticulas apresentaram maior area foliar e menor matéria seca das raizes em comparagéo
com as plantas controle. Nos parametros relacionados as trocas gasosas ocorreu reducdo da
conduténcia estomatica e aumento da eficiéncia intrinseca do uso da &gua, ndo sendo
observadas alteracfes nas taxas fotossintética e de pigmentos. Foi observado aumento dos
niveis de peroxido de hidrogénio nas folhas e raizes, porém n&o ocorreu aumento de
peroxidacao lipidica, nem aumento da expressdo de genes da lignificacdo. Portanto, € possivel
ampliar a sintese de nanoparticulas de prata a partir de T. harzianum, obtendo nanoparticulas
com atividade antifingica. Além disso, é destacada a importancia de se investigar os efeitos
desses nanomateriais sobre culturas vegetais, visando explorar seu potencial com maior
seguranga.

Palavras-chave: nanoparticulas de prata, biossintese, maior escala, Trichoderma harzianum,
soja, Sclerotinia sclerotiorum
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Introducéo

A populacdo mundial vem crescendo e despertando preocupacdo em relacdo aos
recursos alimentares. De acordo com a FAO (Food and Agriculture Organization of the United
Nations, 2017), estima-se que a populacéo atinja 10 bilhdes até o ano de 2050, aumentando a
demanda da producéo agricola.! Junto a essa preocupacio surge a necessidade de praticas para
0 controle de pragas que causam grandes perdas na produgéo de alimentos, tais como fungos e
bactérias fitopatogénicos. O controle desses fitopatdgenos é realizado, mais comumente, por
meio da aplicacdo de agrotoxicos, porém estes nem sempre apresentam a efetividade desejada,
podem desenvolver a resisténcia dos microrganismos e oferecem grandes prejuizos a salde e
a0 ambiente.?

A nanotecnologia se destaca como uma ferramenta promissora para a agricultura, com
diferentes alternativas para o controle de pragas e a promocéo do desenvolvimento das plantas,
buscando maior seguranca em relagdo a saide e ao ambiente.>® Dentre os nanomateriais
direcionados para esse proposito estdo as nanoparticulas de prata, as quais apresentam potencial
antimicrobiano bastante explorado.5’

Na pesquisa voltada para a area agricola, diversos estudos apresentam resultados
favoraveis de nanoparticulas de prata para o controle de fitopatdgenos.®* Nanoparticulas de
prata sintetizadas por via biogénica a partir da bactéria Serratia sp. BHU-S4 apresentaram
atividade no controle do fungo Bipolaris sorokiniana, causador de uma doenca foliar no trigo,
inibindo completamente a formacgdo de conidios.’® No estudo de Shyla et al. (2014) foi
observada alta atividade antifungica de nanoparticulas de prata em baixas concentracfes sobre
o fitopatdgeno Macrophomina phaseolina.!? Utilizando este mesmo fungo fitopatogénico
Spagnoletti et al. (2019) sintetizaram nanoparticulas de prata as quais inibiram bactérias gram-
positivas e gram-negativas.®

Em comparacdo com 0s agroquimicos convencionais, as nanoparticulas séo
consideradas menos impactantes para 0 ambiente, visto que Sd0 necessarias baixas
concentracgOes para se obter efetividade e além disso, ndo requerem aplicagBes sucessivas.™
Porém, apesar do menor impacto em comparagdo com agroquimicos, essas nanoparticulas
geralmente sdo sintetizadas por métodos quimicos, os quais requerem o uso de substancias
toxicas, podendo ocasionar impactos ambientais.!* Uma alternativa a esse tipo de sintese é a
sintese biogénica, na qual sdo empregados organismos como bactérias, fungos e plantas, e/ou o
produto de seu metabolismo, para a reducdo do precursor do metal e a estabilizagdo das

nanoparticulas.’>® As nanoparticulas biogénicas apresentam um recobrimento de biomoléculas
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provenientes do organismo utilizado na sintese, e esse recobrimento, além de conferir melhor
estabilidade, contribui para a reducdo da toxicidade, tornando o processo de ionizagédo do metal
mais lento.1"18

Um dos desafios da sintese biogénica € a transposicdo das reacdes em pequena escala
para a producdo em maior escala visando uma melhor exploracdo das aplicagdes das
nanoparticulas. Nanoparticulas de prata foram sintetizadas em maior escala (7 litros) utilizando
o filtrado do fungo endofitico Trichoderma harzianum SY A.F4 isolado de tomate e as mesmas
apresentaram potencial contra os fitopatdgenos Helminthosporium sp., Alternaria alternata,
Phytophthora arenaria e Botrytis sp in vitro.!°

Considerando a aplicagdo dessas nanoparticulas para o controle de pragas agricolas faz-
se necessaria a investigacdo dos possiveis efeitos sobre as plantas. Existem relatos de efeitos
negativos causados pela exposicao de plantas a nanoparticulas de prata,?%?! porém é necessario
considerar que no caso de nanoparticulas biogénicas as mesmas podem apresentar diferentes
caracteristicas e propriedades. Devido a uma maior biocompatibilidade e toxicidade reduzida,
as nanoparticulas biogénicas podem ser uma melhor opcdo para aplicagcbes em culturas
vegetais.??3

A maioria dos estudos apresentados na literatura avaliou os efeitos de nanoparticulas
comerciais produzidas por sintese quimica sobre as plantas, sendo que poucos trazem efeitos
de nanoparticulas biogénicas. Diante dessas consideracdes, 0s objetivos do presente estudo
foram sintetizar nanoparticulas de prata por via biogénica em maior escala a partir do filtrado
do fungo Trichoderma harzianum, avaliar o potencial das mesmas para o controle do fungo
fitopatogénico Sclerotinia sclerotiorum in vitro e investigar os possiveis efeitos sobre o
crescimento e fisiologia de plantas de soja.

Secéo Experimental
Sintese biogénica de nanoparticulas de prata em maior escala

A sintese biogénica das nanoparticulas foi realizada utilizando o filtrado do fungo
Trichoderma harzianum, conforme metodologia de Guilger et al. (2017).2* O volume inicial de
caldo batata-dextrose para a cultura do fungo foi adaptado para 4.000 mL, sendo adicionados
discos de micélio na proporcéo de 1 disco para cada 75 mL de caldo, totalizando 106,6 discos.
Paralelamente, para fins comparativos, foi realizada a sintese em menor escala iniciando a

cultura do fungo em 150 mL de caldo. Para a sintese das nanoparticulas foi adicionado nitrato
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de prata ao filtrado de T. harzianum resultante do processo para a concentragao final de 1 mM.
A mistura foi mantida sob agitacdo em agitador magnético por 72 horas.

Caracterizacao fisico-quimica das nanoparticulas

Logo ap6s o processo de sintese foi realizada leitura das nanoparticulas em
espectrofotometro UV-Visivel (Shimadzu Multispec 1501) para confirmar a formacdo das
nanoparticulas. Foi realizada leitura da amostra pura na faixa de comprimento de onda entre
200 e 800 nm, com resolucdo de 1 nm. As analises de didametro hidrodindmico, indice de
polidispersao e potencial zeta foram realizadas pelas técnicas de espalhamento dindmico de luz
e microeletroforese, utilizado o equipamento analisador de particulas ZS90 (Malvern). As
leituras foram realizadas em triplicata a um angulo fixo de 90° e temperatura de 25°C. Também
foi realizada a analise de rastreamento de nanoparticulas para a obtencéo da distribuicdo de
tamanho e concentracdo das nanoparticulas utilizando o equipamento NanoSight LM10 cell
(Malvern Analytical) acoplado a uma camara com o software NanoSight v. 2.3.

Avaliacao dos efeitos das nanoparticulas sobre Sclerotinia sclerotiorum in vitro

Os efeitos das nanoparticulas para o controle de Sclerotinia sclerotiorum foram
avaliados em placas contendo &gar batata-dextrose suplementado com as nanoparticulas na
concentracéo de 3 x 10° NPs.mL™. Apds a solidificagdo do agar foi inoculado um esclerddio
no centro de cada placa, sendo as placas preparadas em triplicata, com controles negativos. As
culturas de S. sclerotiorum foram mantidas em temperatura ambiente, com fotoperiodo de 12
horas, durante 15 dias. Apds esse periodo foi analisado o crescimento micelial e realizada a

contagem de novos esclerddios.

Avaliacdo dos efeitos das nanoparticulas em plantas de soja
Plantio e manutencdo das plantas

As avaliagdes dos efeitos das nanoparticulas sobre a soja (Glycine max L. Merr. cv. BRS
257) foram realizadas na Universidade Estadual de Londrina. A soja foi cultivada em vasos
plasticos com 14 cm de diametro superior, 9,5 cm de diametro inferior e 10,5 cm de altura, em
solo de baixa fertilidade previamente tratado com as nanoparticulas (1,53x10%® NPs/m?). A
quantidade de nanoparticulas foi definida transpondo a concentragdo de nanoparticulas
utilizada no teste realizado com Sclerotinia sclerotiorum in vitro para a area do vaso. Foram

preparados cinco vasos, com cinco plantas por vaso, sendo que cada vaso correspondeu a uma
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repeticdo. Como controle foi cultivada a mesma quantidade de plantas, com as mesmas
repeticdes, em solo livre da exposicao as nanoparticulas.

As caracteristicas do solo utilizado no experimento foram as seguintes: pH 5,8, matéria
organica 4 g/dm?, fésforo 7 mg/dm?3, potéssio 0,04 cmolc/dm3, célcio 0,8 cmolc/dm?, magnésio
0,7 cmolc/dm?®, H+Al, cmolc/dm?®, SB (soma de bases) 1,5 cmolc/dm3, CTC 3,5 cmolc/dm?,
V% 44, enxofre 9 mg/dm?, boro 0,08 mg/dm?, cobre 0,1 mg/dm?, ferro 1 mg/dm?®, manganés
0,2 mg/dm? e zinco 0,2 mg/dm?.

As plantas foram mantidas em casa de vegetacdo em temperatura ambiente e condicfes
naturais de umidade e luminosidade, sendo irrigadas diariamente, pelo periodo de 25 dias, com
aplicagdo de 50 mL de solucéo nutritiva (1 mM KH2POs, 4 mM Ca(NO3z)2.4H20, 2 mM K>SOy,
4 mM (NH4)2SO04, 2 MM MgS04.7H20, 92,5 uM H3BOs3, 18 uM MnCl,.4H20, 1,5 uM ZnCly,
0,56 uM Na2M004.2H>0, 0,66 uM CuCl,.2H-0, 100 uM FeSOs) na metade desse periodo.

Analises morfoldgicas

As analises de morfologia foram realizadas em duas plantas de cada vaso. Além das
medicdes de comprimento de parte aérea e de raiz com o auxilio de uma régua, a area foliar
total foi determinada com um medidor de area foliar LI13000C (LI-COR® Biosciences, Lincoln,
EUA). Para obtencdo de massa seca de parte aérea e raiz, o material foi mantido em estufa a
60°C por 72 horas.

Analises de trocas gasosas e pigmentos fotossintéticos

As analises de trocas gasosas foram realizadas entre 9:00 h e 11:00 h da manhd em um
dia ensolarado, anteriormente a coleta das plantas. Utilizou-se um analisador portatil de gases
por infravermelho (Irga) modelo LI1-6400 XT (LI-COR® Biosciences, Lincoln, EUA) acoplado
a uma camara com 6 cm?, ajustada a uma PAR saturante de 1500 pumol m? s, Para as medidas,
foi escolhido o foliolo central da folha mais jovem completamente expandida de duas plantas
de cada vaso. Foram obtidas as taxas de fotossintese liquida e a conduténcia estomatica, e a
razdo entre elas foi calculada para obtengéo da eficiéncia intrinseca no uso da agua.

Para a andlise de pigmentos fotossintéticos, foram pulverizados 0,05 g de folhas em
nitrogénio liquido e adicionados 5 mL de uma solugéo de acetona (80%) em tampao fosfato de
sodio (2,5 mM; pH 7,8), mantendo as amostras em gelo. Foi entdo realizada agitacdo em vortex
seguida de centrifugagdo a 1800 xg por 10 minutos. A leitura das absorbancias dos

sobrenadantes foi realizada nos seguintes comprimentos de onda: 663,2 nm, 646,8 nm e 470
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nm, e os teores de clorofilas a e b e de carotenoides foram calculados utilizando as equagdes
propostas por Wellburn (1994).%°

Marcadores de estresse oxidativo

Peroxido de hidrogénio, malondialdeido (MDA\) e dienos conjugados foram dosados em
folhas e raizes como marcadores de estresse oxidativo.

Para extracdo de peroxido de hidrogénio e MDA, os tecidos vegetais (0,1 g) foram
pulverizados em nitrogénio liquido e homogeneizados com 1 mL de acido tricloroacético (0,2
%) diluido em metanol gelado. Apds centrifugacdo a 13700 xg, a 4°C por 5 minutos, 0
sobrenadante foi utilizado para a dosagem de perdxido de hidrogénio através da reacdo com
iodeto de potassio (KI) 1M em tampéo fosfato?® e de MDA através da determinacio das
substancias reativas ao acido tiobarbittirico (TBARS).?’

Para extracdo de dienos conjugados, os tecidos vegetais (0,1 g) foram pulverizados em
nitrogénio liquido e homogeneizados com 1 mL de etanol 96% gelado. Apds centrifugacdo a
13700 xg, a 4°C por 5 minutos, a absorbancia a 234 e 500 nm do sobrenadante foi determinada

e o contetido de dienos conjugados estimado conforme descrito por Boveris et al. (1980).28

Expresséo de genes da lignificagdo

Para a analise da expressdo de genes envolvidos no processo de lignificacdo das raizes
das plantas de soja, foi realizada extracdo do RNA total conforme metodologia de Bittencourt
et al. (2011)® e quantificacdo utilizando o Qubit™ RNA HS Assay Kit. Em seguida foi
realizada transcricdo reversa para sintese do cDNA utilizando SUPERSCRIPT™ 111 RT e PCR
em tempo real utilizando os primers para analise da expressdo dos genes de Phenylalanine
ammonia-lyase, Cinnamate 4-hydroxylase, Cinnamyl alcohol dehydrogenase, Peroxidase 2,
Peroxidase 4 e Peroxidase 7, com base no estudo de Nair e Chung (2014).%° Como controle foi

utilizada amostra de raizes de soja cultivada em solo livre da exposi¢do as AgNPs.

Analise estatistica
Os dados obtidos para as variaveis morfoldgicas, fotossintese, pigmentos e marcadores
de estresse oxidativo foram comparados por teste t (p<0,05) para avaliar a diferenca

significativa entre as médias das plantas controle e das plantas expostas as nanoparticulas.



115

Resultados e Discussao
Rendimento da sintese e caracterizacao fisico-quimica das nanoparticulas

A tabela 1 apresenta o rendimento das nanoparticulas de prata sintetizadas a partir de
Trichoderma harzianum em maior escala em compara¢do com as nanoparticulas sintetizadas

em menor escala.

Tabela 1 — Rendimento da sintese de nanoparticulas em menor e maior escala.

) Volume Nitrato Volume
Discos  Volume de

Biomassa de de finalde  Concentragdo
Sintese de caldo )
o (9) filtrado  prata sintese (NPs.mL™)
micélio (mL)
(mL) () (mL)

Menor escala 4 150 10 100 0,017 100 1,52 x 1010
Maior escala 106,6 4.000 313 3.130 0,532 3.130 1,32 x 1010
Rendimento

26,7 X - 31,3 x 31,3 x - 31,3 x -

(Indice relativo)

Observamos que as nanoparticulas sintetizadas em menor escala apresentaram um
rendimento de 66,66 % em relacdo ao volume de caldo inicial utilizado para o crescimento de
T. harzianum, enquanto as nanoparticulas sintetizadas em maior escala apresentaram
rendimento de 78,25%, indicando um aumento no rendimento com a ampliacéo da sintese.

Ambas as sinteses foram concluidas em 72 horas, sendo observada ao final desse
periodo uma coloracdo marrom avermelhada. Pela analise UV-Vis ambas as nanoparticulas
apresentaram pico de 413 nm indicativo da presenca de prata elementar. Pelas analises de
espalhamento dindmico de luz e microeletroforese as nanoparticulas sintetizadas em menor
escala e maior escala apresentaram didmetro hidrodindmico, indice de polidispersdo e potencial
zeta similares (Figura 1A). Pela andlise de rastreamento de nanoparticulas foi observado
tamanho de 1255 nm e concentracdo de 1,52 x 10° NPs.mL™ para as nanoparticulas
sintetizadas em menor escala e tamanho de 130 nm e concentragdo de 1,32 x 10'° NPs.mL

para as nanoparticulas sintetizadas em maior escala (Figura 1B).
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Figura 1 — Caracterizacdo fisico-quimica das nanoparticulas sintetizadas em menor e maior
escala. A: Didmetro hidrodindmico, indice de polidisperséo e potencial zeta. B: Tamanho e
concentragdo em NPs.mL™,
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Efeitos das nanoparticulas sobre Sclerotinia sclerotiorum

As nanoparticulas de prata biogénicas apresentaram potencial para o controle do
crescimento micelial e da formacao de novos esclerddios de S. sclerotiorum. As culturas em
meio agar suplementado com as nanoparticulas ndo apresentaram expansdo micelial pelas
placas nem formacdo de novos esclerddios a partir dos esclerddios precursores (Figura 2). Foi
observada reducdo total da formacdo de novos esclerodios nas culturas expostas as
nanoparticulas em comparagdo com as culturas controle.

Figura 2 — Efeitos inibitdrios das nanoparticulas sobre o crescimento micelial e a formacéo de
novos esclerddios de S. sclerotiorum in vitro. A: controle; B: AgNP.

As nanoparticulas de prata sdo reconhecidas como eficientes agentes antifungicos com
aplicagdes na area agricola. Elas apresentam mecanismos variados para o controle dos fungos
e devido a isso a probabilidade de desenvolvimento de resisténcia por esses microrganismos €
bastante reduzida em comparagdo com fungicidas quimicos convencionais.®! Diversos estudos

apresentam resultados promissores dessas nanoparticulas para o controle de fungos
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fitopatogénicos, sendo que as produzidas por meio da sintese biogénica se destacam devido a
melhor estabilidade, biocompatibilidade, toxicidade reduzida e baixo custo.3*%
Nanoparticulas de prata sintetizadas a partir de Trichoderma harzianum inibiram a
formacéo de coldnias pelos fungos fitopatogénicos Fusarium oxysporum e Alternaria alternata
de forma concentracdo dependente.®* Mishra et al. (2017) obtiveram efeitos inibitorios de
nanoparticulas de prata sintetizadas utilizando a bactéria Stenotrophomonas sp. sobre 0s
fitopatdgenos foliares Alternaria alternata, Curvularia lunata e Bipolaris sorokiniana, e sobre
o fitopatdgeno do solo Sclerotium rolfsii.*> No estudo de Ali et al. (2015) nanoparticulas de
prata sintetizadas a partir do filtrado da planta Artemisia absinthium inibiram o
desenvolvimento de Phytophthora spp., impedindo o crescimento micelial, a germinacao e
producdo de zoosporos, e 0 alongamento do tubo germinativo. Também foram observados
efeitos in vivo, prevenindo a infeccdo em plantas de Nicotiana benthamiana e promovendo a
sobrevivéncia das plantas.>’ No estudo de Mendes et al. (2014) foram observados efeitos
inibitorios de nanoparticulas de prata sobre o fungo Phomopsis sp. em sementes de soja, com

100% de inibicao nas maiores concentragdes.®

Avaliacdo dos efeitos das nanoparticulas em plantas de soja
Morfologia

Em relacdo aos efeitos das nanoparticulas biogénicas sobre as caracteristicas
morfoldgicas das plantas de soja, ndo foram observadas alteracbes no comprimento de parte
aérea e raiz, porém ocorreu um aumento de 16% da area foliar e uma reducéo de 35% da massa
seca das raizes em comparagdo as plantas controle (Figura 3). O menor investimento em

biomassa nas raizes indica um efeito fitotoxico das nanoparticulas.



118

Figura 3 — Parametros morfoldgicos das plantas de soja expostas as AgNPs. A: comprimento
de parte aérea e raiz; B: massa seca de parte aérea e raiz; C: area foliar; D: aspecto das plantas
controle; E: aspecto das plantas expostas as AgNPs. * indica diferenca significativa entre
plantas expostas as AgNPs e plantas controle, de acordo com teste t de Student (p < 0,05). As

barras sdo médias + desvio padréo (n = 10).
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Diversos estudos relatam os efeitos de nanoparticulas de prata sobre o crescimento de
plantas, sendo que a maioria deles apresenta resultados negativos.®’ A intensidade desses efeitos
pode variar dependendo da espécie de planta, estagio de desenvolvimento, nutri¢do, via de
aplicacdo, tipo de sintese e concentracdo de nanoparticula.®3840

Nanoparticulas de prata comerciais ocasionaram a reducdo dose-dependente do
comprimento da parte aérea e raizes de plantulas de trigo e consequentemente a reducdo da
massa seca. 22 Em plantas de arroz expostas a esse tipo de nanoparticulas foi observada reducdo
do comprimento das raizes, e da massa fresca de parte aérea e raizes.>° Também foi observada
reducdo da biomassa de plantas de soja transgénicas e nao transgénicas cultivadas em exposi¢ao
ananoparticulas de prata.** Nanoparticulas de prata biogénicas sintetizadas a partir de Aloe vera
reduziram o comprimento das raizes e parte aérea, e massa fresca de plantas de Brassica sp..*?
Efeitos semelhantes foram observados em plantas de Lupinus termis expostas a nanoparticulas

de prata sintetizadas utilizando extrato de folhas de Coriandrum sativum.*3

Trocas gasosas e pigmentos fotossintéticos

Em relacdo aos efeitos das nanoparticulas sobre os parametros de trocas gasosas, ndo
foram observadas alteraces na taxa de fotossintese liquida. Todavia, houve uma reducédo de
16% na condutancia estomatica e um aumento de 18% na eficiéncia intrinseca do uso da dgua

(Figura 4). Essas alteracdes nas trocas gasosas podem ser um mecanismo adaptativo para ajustar
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a perda de 4gua ao menor investimento em raizes (estruturas de absorcdo de dgua do solo) e
maior area foliar (mais superficie de transpiracdo), evitando-se assim o déficit hidrico. Todavia,
é importante frisar a manutencao da taxa fotossintética mesmo com a reducdo da condutancia

estomatica, resultando no uso mais eficiente da agua.

Figura 4 — Efeitos das nanoparticulas sobre os parametros de trocas gasosas das plantas de soja.
A: taxa fotossintética liquida; B: condutancia estomética; C: eficiéncia intrinseca do uso da
agua. * indica diferenca significativa entre plantas expostas as AgNPs e plantas controle, de
acordo com teste t de Student (p < 0,05). As barras sdao médias + desvio padrdo (n = 10).
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Em plantas de abobora (Curcubita pepo) em cultivo hidropdnico, a exposicao a
diferentes concentracdes de nanoparticulas de prata ocasionou reducdes da transpiracdo de 84
a 91%, resultando em plantas com menor biomassa.***> Também foi observada reducio da
eficiéncia fotossintética em plantas de Arabidopsis thaliana expostas a nanoparticulas de
prata.*®

Em relacdo aos pigmentos, ndo foram encontradas alteracGes significativas nos niveis
de clorofila total, clorofila a, clorofila b e carotenoides das plantas de soja expostas as

nanoparticulas (Figura 5), o que foi relevante para a manutencdo da taxa fotossintética.

Figura 5 — Pigmentos fotossintéticos das plantas de soja cultivadas em solo exposto as
nanoparticulas. As barras sdo médias + desvio padrdo (n = 5).

41

H

H

Leaf pigments (mg g™' FW)
- N

l..

Total Chlorophyll Chlorophyll a Chlorophyll b Carotenoids

(=]

= Control El AgNP



120

Ao contrério dos resultados aqui expostos, a maioria dos estudos que avaliam os efeitos
de nanoparticulas de prata sobre pigmentos foliares apresenta redugdes nos niveis desses
pigmentos. Em um estudo no qual plantas de Brassica sp foram expostas a nanoparticulas de
prata sintetizadas a partir de Aloe vera foi observada reducéo nos niveis totais dos pigmentos
clorofila e carotenoides.*? A fitotoxicidade de nanoparticulas de prata também foi observada
em plantas de Lycopersicon esculentum (tomate) levando a reducéo dos teores de clorofilas*’ e
plantas de Oryza sativa (arroz), levando & reducio dos niveis de clorofila total e carotenoides.*
Outro estudo relata 0 aumento dos niveis de clorofila a, clorofila b e carotenoides em plantas
de Phaseolus vulgaris (feijdo) e Zea mays (milho) expostas a baixa concentragédo de
nanoparticulas de prata comerciais, e a redugdo desses niveis com o aumento da concentragdo

de exposigdo.*®

Marcadores de estresse oxidativo

Nanoparticulas de prata podem ocasionar alteracBes bioquimicas, fisiologicas e
moleculares nas plantas, levando a formacao de espécies reativas de oxigénio que ocasionam o

estresse oxidativo e a efeitos genotdxicos.**>°

As analises dos dados mostraram que as nanoparticulas de prata biogénicas nédo
ocasionaram aumento nos niveis de MDA nas folhas e raizes. J& em relacdo aos niveis de
peroxido de hidrogénio, foi observado aumento de 22% nas folhas e de 58% nas raizes das
plantas expostas as nanoparticulas em relacédo a seu respectivo controle. Os niveis de dienos
conjugados nas raizes também apresentaram um aumento de 37% em relacdo ao controle
(Figura 6). Esses resultados indicam que as nanoparticulas induziram estresse oxidativo apenas
nas raizes das plantas de soja. Nas folhas foi observado um pequeno aumento de peréxido de
hidrogénio, ndo acompanhado de maior peroxidacao lipidica. Esse efeito foi mais acentuado
nas raizes devido a se tratar de estruturas que entram mais em contato com as nanoparticulas
presentes no solo. A menor massa seca apresentada nas raizes expostas as nanoparticulas

também pode estar relacionada ao maior estresse oxidativo nessa parte da planta.
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Figura 6 — Efeitos das nanoparticulas sobre marcadores de estresse oxidativo em raizes e folhas
de plantas de soja. A: Peroxido de hidrogénio (H202); B: malondialdeido (MDA); C: dienos
conjugados. * indica diferenca significativa entre plantas expostas as AgNPs plantas controle,
de acordo com teste t de Student (p < 0,05). As barras sdo médias * desvio padréo (n = 10).
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A maioria dos estudos que avaliam os efeitos de nanoparticulas de prata em plantas
apresenta inducdo do estresse oxidativo.>” Foi observado aumento da expressdo de genes
relacionados ao estresse oxidativo em Arabidopsis thaliana exposta a nanoparticulas de prata.>*
Em plantas de Oryza sativa (arroz) foi observado aumento dos niveis de H.O> e peroxidacéo
lipidica.®® Também foi relatada a induc&o de estresse oxidativo por nanoparticulas de prata em
plantas de Brassica sp.,*? Solanum tuberosum L. (batata),>? Wolffia globosa (lentilha-d’agua)®
e soja.>

As vias e concentragdes de exposicdo das plantas, bem como as caracteristicas das
nanoparticulas, sdo importantes fatores a serem considerados em relagéo a fitotoxicidade. Li et
al. (2017) avaliaram os efeitos de nanoparticulas de prata sobre a soja e observaram maiores

niveis de MDA e H»O; nas folhas das planta ap0s exposicao via raizes em comparagdo com a
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exposicao foliar.® No estudo de Panda et al. (2011), ao comparar os efeitos de nanoparticulas
de prata biogénicas e comerciais sobre Allium cepa, foi observado que ambas as nanoparticulas
aumentaram a geracdo de superoxido e H20», e induziram a morte celular e danos no DNA,
porém a nanoparticula comercial apresentou efeitos mais intensos.>® Segundo Taran et al.
(2016), baixas doses de nanomateriais com aplicacdes periddicas podem resultar em baixos
niveis de estresse e respostas adaptativas pelas plantas.®® Em nosso estudo a exposicdo foi
realizada pelo preparo do solo com as nanoparticulas anteriormente ao plantio, com base na
concentracdo efetiva para o controle do fitopatdgeno S. sclerotiorum in vitro. Essa exposi¢do
estd mais proxima do que seria realizado em campo, trazendo resultados mais realistas em
comparacao com a maioria dos estudos que avaliam os efeitos de nanoparticulas sobre plantas,

nos quais s&o utilizados sistemas de hidroponia ou testes in vitro em meio de cultura.>°354

Expresséo de genes da lignificagdo

A lignina é um dos principais componentes da parede celular e esta envolvida no
crescimento e desenvolvimento das plantas.>” O aumento no processo de lignificagdo ¢ uma das
respostas de defesa das plantas a condicdes de estresse. Quando a planta é exposta a substancias
com altos niveis de toxicidade ocorre um aumento nos niveis de H20-, que pode desencadear
um aumento da expressdo dos genes envolvidos na sintese de lignina.>®*° Em nosso estudo,
apesar do aumento de niveis de H2O>, ndo foi observado aumento na expressdo de nenhum
desses genes nas raizes de soja, contrariamente, houve uma reducdo em comparacao com 0

controle (Figura 7).

Figura 7 — Efeitos das nanoparticulas sobre a expressao de genes envolvidos no processo de
lignificacdo e peroxidacdo das raizes de soja.
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A reducéo na expressao dos genes de lignificacdo em comparagdo com o controle pode
estar relacionada ao fato de que as plantas mostraram alguns indicios de adaptacdo ao estresse,
como por exemplo a reducdo da condutancia estomatica, aumento da area foliar e aumento da
eficiéncia intrinseca do uso da dgua. Porém, mais estudos sdo necessarios para investigar esse

comportamento frente a exposicao as nanoparticulas.

Conclusédo

O presente estudo mostrou que é possivel ampliar a propor¢éo da sintese biogénica de
nanoparticulas de prata utilizando o fungo Trichoderma harzianum. As nanoparticulas obtidas
apresentaram caracteristicas fisico-quimicas desejaveis, indicando boa distribui¢do de tamanho
e estabilidade. Foi observado efeito inibitorio sobre Sclerotinia sclerotiorum in vitro, o que abre
perspectivas para a aplicacdo desse nanomaterial no combate a fitopatdgenos que atingem
culturas agricolas. A contaminacdo do solo com as nanoparticulas induziu estresse oxidativo e
reduziu a massa seca das raizes das plantas de soja, indicando sua fitotoxicidade. Todavia as
plantas apresentaram respostas adaptativas, como aumento de area foliar, reducdo da
condutancia estomatica e aumento da eficiéncia no uso da dgua. Também foi observada uma
reducdo da expressdo de genes envolvidos no processo de lignificacdo das raizes em
comparagdo com o controle, cujo aumento seria um indicativo de estresse. Maiores avaliagdes
em relacdo aos efeitos de nanoparticulas biogénicas sobre plantas devem ser realizadas,
principalmente a longo prazo, acompanhando todo o periodo de desenvolvimento da cultura.
Além disso, € necessario investigar possiveis respostas adaptativas, compreender 0s
mecanismos de tolerancia das plantas as nanoparticulas e explorar o potencial antipatogénico
das mesmas com maior confianca, dada sua alta efetividade contra o fitopatogeno S.

sclerotiorum.
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4  CONSIDERACOES FINAIS

Diversos estudos sobre a sintese de nanoparticulas de prata por fungos vém sendo
publicados, porém poucos investigam a composi¢cdo e a importancia do recobrimento das
nanoparticulas. Além disso, a maioria apresenta o processo de sintese, a caracterizacao fisico-
quimica e a aplicacéo, sem maiores investigagdes em relacdo ao potencial toxico desses novos
nanomateriais. Outro fator bastante evidente é que sdo poucas as publicagdes que direcionam
essas nanoparticulas para o controle de pragas agricolas e investigam possiveis efeitos sobre
organismos nao-alvo.

Diante deste contexto, nesta tese foi exposto que € possivel realizar a sintese de
nanoparticulas por via biogénica de forma direcionada para a aplicacdo de interesse, bem como
ampliar a producdo para uma maior escala. Além disso, foi observado que o recobrimento das
nanoparticulas composto por biomoléculas provenientes do fungo Trichoderma harzianum
contribui para o controle do fungo fitopatogénico S. sclerotiorum, ocasionando a inibi¢do do
crescimento micelial e da germinacdo de novos esclerodios. Foi observado, ainda, que as
nanoparticulas recobertas apresentam menor toxicidade para linhagens celulares e organismos
ndo-alvo quando comparadas as nao-recobertas. Também foi constatado que as nanoparticulas
causam algumas alteracGes na morfologia e fisiologia de plantas de soja, porém com indicios
de uma resposta adaptativa.

Com base no levantamento de publicacdes que realizamos para a elaboragédo da revisao
da literatura apresentada no capitulo I, esse é o primeiro trabalho que investiga a influéncia do
recobrimento no potencial de nanoparticulas biogénicas para o controle de um fitopatégeno.
Além disso, a realizagdo de ensaios para a avaliacdo dos possiveis efeitos toxicos das
nanoparticulas evidencia a importancia de se desenvolver nanomateriais ambientalmente
seguros. Apesar dos resultados satisfatdrios, ainda se fazem necessarios muitos outros estudos
para 0 aprimoramento da sintese e para um melhor conhecimento dos mecanismos de acdo
contra o fitopatdgeno. A nanotecnologia € uma ciéncia nova que vem se expandindo e podera

contribuir fortemente para melhorias no setor agricola.
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Synthesis of Silver Nanoparticles
Mediated by Fungi: A Review

Mariana Guilger-Casagrande and Renata de Lima*

Laboratory for Evaluation of the Bicactivity and Toxicology of Nanomaterials, University of Sorocaba, Sorccaba, Brazil

The use of fungi as reducing and stabilizing agents in the biogenic synthesis of silver
nanoparticles is attractive due to the production of large quantities of proteins, high
yields, easy handling, and low toxicity of the residues. Furthermore, this synthesis
process coals the nanoparticles with biomolecules derived from the fungus, which
can improve stability and may confer biological activity. The aim of this review is to
describe studies in which silver nanoparticles were synthesized using fungi as reducing
agents, discussing the mechanisms and optimization of the synthesis, as well as the
applications. The literature shows that various species of fungus have potential for use in
biogenic synthesis, enabling the production of nanoparticles with different characteristics,
considering aspects such as their size, surface charge, and morphology. The synthesis
mechanisms have not yet been fully elucidated, although it is believed that fungal
biormolecules are mainly responsible for the process. The synthesis can be oplimized by
adjusting parameters such as temperature, pH, silver precursor concentration, biomass
amount, and fungus cultivation time. Silver nanopatrticles synthesized using fungi enable
the control of pathogens, with low toxicity and good biocompatibility. These findings
open perspectives for future investigations concerning the use of these nanoparticles as
antimicrobials in the areas of health and agriculture.

Keywords: biogenic synthesis, silver nanoparticles, fungi, biclogical activity, biomolecules

INTRODUCTION

Among the different types of metallic nanoparticles, silver nanoparticles can be highlighted for
their broad-spectrum antimicrobial potential (Prabhu and Poulose, 2012; Rai et al.,, 2014; Gupta
et al., 2017; Loo et al., 2018). These nanoparticles adhere to the cell walls and membranes of
microorganisms and may reach the cell interior. They damage the cellular structures, induce the
production of reactive oxygen species, and alter the mechanisms of signal transduction (Kim et al.,
2011; Dakal et al., 2016). Several studies report applications in which good results have been
obtained using silver nanoparticles for the control of pathogenic microorganisms in the areas of
health and agriculture (Kim et al., 2012; Mishra and Singh, 2015; Burdusel et al., 2018).

The commonest method used to produce silver nanoparticles is chemical synthesis, employing
reagents whose function is to reduce the silver ions and stabilize the nanoparticles. These reagents
are toxic and can present risks to health and the environment (Ahmed et al., 2016; Zhang et al.,
2016), which has led to increasing interest in biogenic synthesis methods. Such processes enable
nanoparticles to be obtained that present lower toxicity, better physicochemical characteristics, and
higher stability (Iravani et al., 2014).

Biogenic synthesis of nanoparticles can be performed using organisms such as bacteria, fungi,
and plants, or the byproducts of their metabolism, which act as reducing and stabilizing agents

Frontiers in Bioenginesring and Biotechnaology | www. frontiersin.org 1
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ANEXO B - Artigo publicado na revista cientifica internacional Scientific Reports,

apresentado no capitulo 11 desta tese.

www.nature.com/scientificreports
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natureresearch
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Biogenic synthesis of silver nanoparticles employing fungi offers advantages, including the formation
of a capping from fungal biomolecules, which provides stability and can contribute to biological activity.
In this work, silver nanoparticles were synthesized using Trichoderma harzianum cultivated with
(AgNP-TS) and without enzymatic stimulation (AgNP-T) by the cell wall of Sclerotinia sclerotiorum. The
nanoparticles were evaluated for the control of 5. sclerotiorum. The specific activity of the T. harzianum
hydrolytic enzymes were determined in the filtrates and nanoparticles. Cytotoxicity and genotoxicity
were also evaluated. Both the nanoparticles exhibited inhibitory activity towards 5. sclerotiorum, with
no new sclerotia development, however AgNP-TS was more effective against mycelial growth. Both
the filtrates and the nanoparticles showed specific enzymatic activity. Low levels of cytotoxicity and
genotoxicity were observed. This study opens perspectives for further exploration of fungal biogenic
nanoparticles, indicating their use for the control of 5. sclerotiorum and other agricultural pests.

The biogenic synthesis of silver nanoparticles is an attractive nanotechnological alternative to other chemical
and physical methods, offering simplicity, relatively low cost, lower generation of toxic waste, lower energy con-
sumption, and higher yields. Bacteria, yeasts, fungi, plant extracts, and algae can be used in this type of synthesis,
acting as reducing agents and stabilizers'. The ability of such organisms to alter the chemical nature of metals is
due to their development of mechanisms of defense against toxic agents, with the products being nanoparticles
with lower toxicity’. The process of extracellular biogenic synthesis is probably mediated by the nitrate reductase
enzyme, which acts in the reduction of metals, leading to the formation of nanoparticles®.

Fungi have been extensively used in the synthesis of metallic nanoparticles due to their ease of handling and
cultivation, high biomass production, and the secretion of large quantities of metabolites, enzymes, and extra-
cellular proteins. These biomolecules not only act in the reduction process of the metal precursor, but also form
a capping on the nanoparticles, hence providing better control of size and stability**. The biogenic synthesis
of silver nanoparticles can be achieved using a wide range of filamentous fungi and yeasts, including Fusarium
oxysporum’, Aspergilius spt., Trichoderma harzianum®", Trichederma asperellum'!, Beauveria bassiana'!?,
Penicillium sp*. and Candida albicans'®. Depending on the species of fungus used in the synthesis (due to the
different extracellular enzyme profiles), the nanoparticles produced can have different physicochemical charae-
teristics and biological activities'é, making them promising materials for use in the areas of health, agriculture,
and the environment.

In addition to the different characteristics of nanoparticles according to the fungal species used, differences
canalso occur using the same species under different culture conditions. Variations of culture medinm composi-
tion, pH, temperature, growth time, and agitation can alter the metabolism of the microorganisms, consequently
influencing the physicochemical characteristics of the nanoparticles and the composition of the capping, which
can either enhance the synthesis or make it unviable'”'®.

*Laboratory for Evaluation of the Bioactivity and Toxicology of Nanomaterials, University of Sorocaba (UNISQ),
Sorocaba, Sdo Paule, Brazil. 2Laboratory of Environmental Nanctechnology, State University of Sao Paulo (UNESP),
Sorocaba, Sdc Paulo, Brazil. Correspondence and requests for materials should be addressed to R.d.L. (email: renata.
lima@prof.uniso.br)
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ANEXO C - Orientacdes do Programa de Pos-Graduacdo em Ciéncias Farmacéuticas da

Universidade de Sorocaba

Orientacdes para apresentacdo de dissertagdes/teses do Programa de Pos-
Graduacao em Ciéncias Farmacéuticas da Universidade de Sorocaba

As dissertagdes/teses do Programa de Pos-Graduagdo em Ciéncias Farmacéuticas da
Universidade de Sorocaba (PPGCF-Uniso) poderdo ser apresentadas em dois formatos: o tradicional ou
em formato de artigo(s) cientifico(s).

Os trabalhos de investigacao que possam resultar em patentes poderao ser apresentados na forma
convencional, a critério do grupo de pesquisadores envolvidos, reservadas as particularidades exigidas
em relagéo ao sigilo.

O formato tradicional segue o padrdo descrito nas normas do “Manual para normalizagdo de
trabalhos académicos” da Universidade de Sorocaba.

As dissertacOes entregues no formato de artigo cientifico t€ém como exigéncia a publicagido ou, no
minimo, a submissdo prévia de pelo menos um artigo em revista cientifica com classificacdo minima
Qualis/Capes B2 (de acordo com a categorizagdo da WebQualis mais recente, na data do
envio/publicacdo) e podem ser inseridos no idioma e na formatacdo estabelecida pelo(s) respectivo(s)
periédico(s). Os demais artigos podem ndo ter sido submetidos ainda.

As teses entregues no formato de artigo cientifico t€ém como exigéncia a publicacdo ou, no
minimo, a submissdo prévia de pelo menos dois artigos em revista cientifica com classificagdo
minima Qualis/Capes B2 (de acordo com a categorizacdo da WebQualis mais recente, na data do
envio/publicacdo) e podem ser inseridos no idioma e na formatacéo estabelecida pelo(s) respectivo(s)
periddico(s). Os demais artigos podem ndo ter sido submetidos ainda.

Para aclarar membros da banca que desconhecem esta versao alternativa da dissertagéo/tese recomenda-
se anexar este documento no final das versdes encaminhadas aos membros da banca.

A dissertacdo/tese no formato de artigo(s) cientifico(s) deverd possuir os elementos apresentados
no Quadro 1.

Quadro 1 - Elementos para a construgdo da dissertacdo no formato de artigo(s) cientifico(s).

Elementos pré- | 1. Folha de rosto

textuais 2. Errata (Opcional)

3. Folha de aprovacéo

4. Dedicatdria (Opcional)

5. Agradecimentos (Opcional)

6. Epigrafe (Opcional)

7. Resumo na lingua vernacula
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8. Resumo em inglés (Abstract)

9. Lista de abreviaturas e siglas; lista de tabelas e lista de simbolos (opcionais).
Estas listas ndo devem conter as informages apresentadas nos artigos cientificos.

10. Sumario

Elementos

textuais

11. Introducéo ou apresentacao: trata-se da parte inicial do texto com formulagéo
clara e simples do tema investigado, constando a delimitacdo do assunto tratado,

sua relevancia e justificativa.

12. Reviséo de literatura: quando a revisao de literatura for concebida como artigo

de revisdo, este item devera ser incluido no item resultado(s).

13. Obijetivos: geral e especifico

14. Material e Métodos (opcional). Quando parte dos resultados nao for
apresentada no formato de artigo, este item deverd ser incluido apds os objetivos
especificos. Quando o autor quiser apresentar o(s) método(s) de forma mais
detalhada do que no artigo, este item pode também ser apresentado em separado.

15. Resultados (pode ser apresentado no formato de artigos): deve(m) ser
inserida(s) a(s) cépia(s) de artigo(s) derivado(s) da dissertacdo, previamente
publicados, submetidos ou ndo para publicagdo em revistas cientificas. Sugere-se
que cada artigo seja antecedido de uma breve apresentagdo seguida dos elementos
de identificagdo do artigo (autores, titulo, revista de publicagdo, volume, paginas).
Os artigos anexados poderdo ser apresentados nos formatos exigidos pelas
revistas, as quais os artigos foram publicados e/ou submetidos. Parte dos

resultados pode ser apresentada em separado dos artigos, quando conveniente.

16. Discussdo (opcional): O autor pode ampliar a discussdo dos resultados,

guando conveniente.

17. Concluséo ou Consideragdes finais: esta parte devera conter a conclusdo do
trabalho ou as consideragdes do autor sobre os resultados alcancados frente aos

objetivos propostos.

Elementos pos-

textuais

18. Referéncias: Devem seguir as normas do “Manual para normalizacdo de
trabalhos académicos” da Universidade de Sorocaba.

N&o devem ser inseridas as referéncias apresentadas nos artigos.

19. Apéndices (Opcional)

20. Anexos (Opcional)




