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Resumo

POLIPROPILENO MODIFICADO COM SEMICONDUTORES A BASE DE
PRATA: COMPOSITOS COM ALTA POTENCIALIDADE CONTRA SARS-CoV-2
E OUTROS PATOGENOS

O surto mundial da pandemia de coronavirus (COVID-19) e outras infeccoes
emergentes sao dificeis e as vezes impossiveis de tratar, tornando-as um dos
principais problemas de saude publica dos ultimos tempos. Vale ressaltar que
os semicondutores baseados em Ag podem ajudar a orquestrar varias
estratégias para combater este grave problema social. Neste trabalho de tese,
apresentamos a sintese de Ag3PO4, a-AgoWO4, B-AgoMoOs e AgoCrOs4 e sua
imobilizacao em polipropileno (PP) nas quantidades de 0,5, 1,0 e 3,0% em peso,
respectivamente. Os materiais fabricados foram caracterizados por DRX,
espectroscopia Raman, espectroscopia FTIR, AFM, espectroscopia UV-vis,
reologia, MEV e angulo de contato para confirmar sua integridade estrutural. A
atividade dos compositos foi investigada contra a bactéria Gram-negativa
Escherichia coli, a bactéria Gram-positiva Staphylococcus aureus e o fungo
Candida albicans. A melhor eficiéncia antimicrobiana foi obtida pelo compdésito
com a-AgoWOs4, que eliminou completamente os microrganismos em até 4 h de
exposicdo. Os compositos foram também testados para a inibicao do virus
SARS-CoV-2, mostrando eficiéncia antiviral superior a 98% em apenas 10 min.
Além disso, foi proposto com base nos resultados dos calculos DFT um
mecanismo de reacao plausivel para os eventos iniciais associados a geracao de
ambos os radicais hidroxila *OH e anion radical superéxido *O2- na superficie
mais reativa (110) do semicondutor AgsPO4. Foram avaliadas a estabilidade da
atividade antimicrobiana, resultando em inibicao constante, mesmo apods o
envelhecimento do material. A atividade antimicrobiana dos compostos foi
atribuida a producado de espécies reativas de oxigénio pelos semicondutores,
que podem induzir alto estresse oxidativo local, causando a morte desses
microrganismos. Os compositos semicondutores/PP provaram ser uma saida
atraente para fornecer aos seres humanos um amplo espectro de atividade
biocida.

Palavras-Chaves: compositos, prata, polipropileno, biocida, SARS-CoV-2
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Abstract

POLYPROPYLENE MODIFIED WITH SILVER-BASED SEMICONDUCTORS:
COMPOSITES WITH HIGH POTENTIAL AGAINST SARS-CoV-2 AND OTHER
PATHOGENS

The worldwide outbreak of the coronavirus (COVID-19) pandemic and other
emerging infections is difficult and sometimes impossible to treat, making them
one of the major public health issues of recent times. It is noteworthy that Ag-
based semiconductors can help to orchestrate several strategies to combat this
serious social problem. In this thesis, we present the synthesis of AgsPO4, a-
AgoWOs4, B-AgoMo0O4 and AgoCrO4 and their immobilization in polypropylene in
amounts of 0.5, 1.0 and 3.0% (w/w), respectively. Synthesized materials were
characterized by XRD, Raman spectroscopy, FTIR spectroscopy, AFM, UV-vis
spectroscopy, rheology, SEM and contact angle to confirm their structural
integrity. The activity of the composites was investigated against the Gram-
negative bacteria Escherichia coli, the Gram-positive bacteria Staphylococcus
aureus and the fungus Candida albicans. The best antimicrobial efficiency was
obtained by the composite with a-AgoWO4, which completely eliminated
microorganisms within 4 h of exposure. The composites were also tested for
inhibition of the SARS-CoV-2 virus, showing antiviral efficiency greater than
98% in just 10 min. Furthermore, based on the results of first principles
calculations at the density functional level, a plausible reaction mechanism for
the initial events associated with the generation of both hydroxyl radicals «OH
and superoxide radical anion *O2- on the more reactive surface (110) of the
Ag3PO4 semiconductor. The stability of the antimicrobial activity was evaluated,
resulting in constant inhibition, even after the aging of the material. The
antimicrobial activity of the compounds was attributed to the production of
reactive oxygen species by semiconductors, which can induce high local
oxidative stress, causing the death of these microorganisms. Ag/PP-based
semiconductor composites have proven to be an attractive outlet for providing
humans with a broad spectrum of biocidal activity.

Keywords: composites, silver, polypropylene, biocide, SARS-CoV-2
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Resumen

POLIPROPILENO MODIFICADO CON SEMICONDUCTORES DE PLATA:
COMPOSITES CON ALTO POTENCIAL CONTRA EL SARS-CoV-2 Y OTROS
PATOGENOS

El brote mundial de la pandemia de coronavirus (COVID-19) y otras infecciones
emergentes son dificiles y, a veces, imposibles de tratar, lo que las convierte en
uno de los principales problemas de salud publica de los ultimos tiempos. Cabe
senalar que los semiconductores basados en Ag pueden ayudar a orquestar
varias estrategias para combatir este grave problema social. En esta tesis
doctoral presentamos la sintesis de AgzPO4, a-AgoWO4, 3-AgoMoO4 v AgoCrOs y
su inmovilizacion en polipropileno en cantidades de 0.5, 1.0 y 3.0% en peso,
respectivamente. Los materiales fabricados se caracterizaron por XRD,
espectroscopia Raman, espectroscopia FTIR, AFM, espectroscopia UV-vis,
reologia, SEM y angulo de contacto para confirmar su integridad estructural. La
actividad de los compuestos se investigdo contra la bacteria Gram-negativa
Escherichia coli, la bacteria Gram-positiva Staphylococcus aureus y el hongo
Candida albicans. La mejor eficacia antimicrobiana se obtuvo para el composite
a-Ag2W04, que elimindé por completo los microorganismos a las 4 h de
exposicion. Los composites también se probaron para la inhibicion del virus
SARS-CoV-2, mostrando una eficacia antiviral superior al 98 % en solo 10
minutos. Ademas, en base a los resultados de los calculos DFT (teoria de
funcional de densidad), se ha propuesto un mecanismo de reaccion plausible
para los eventos iniciales asociados con la generacion de radicales hidroxilos
*OH y anion radical superoxido *O? en la superficie mas reactiva (110) del
semiconductor AgsPO4. Se evaluo la estabilidad de la actividad antimicrobiana,
resultando en una inhibicidon constante, incluso después del envejecimiento del
material. La actividad antimicrobiana de los compuestos se atribuyo a la
produccion de especies reactivas de oxigeno por parte de los semiconductores,
que pueden inducir un elevado estrés oxidativo local, provocando la muerte de
estos microorganismos. Los compuestos semiconductores basados en Ag/PP
han demostrado ser una alternativa atractiva para proporcionar a los seres
humanos un amplio espectro de actividad biocida.

Keywords: composites, plata, polipropileno, biocida, SARS-CoV-2
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Capitulo 1

Introducao

A presente tese teve como motivacado uma série de intervencoes para
reduzir a transmissao de um virus, o SARS-CoV-2, mundialmente conhecido.
Iniciei meu doutorado em 2019, ano em que o mundo se deparou com a
COVID-19. No inicio daquele ano, o meu projeto de pesquisa previa o
desenvolvimento de materiais semicondutores com propriedades o6ticas que
poderiam ser aplicados em sistemas biologicos, fotocataliticos, luminescentes,
e, até mesmo, cataliticos. Com a chegada da COVID-19 no Brasil, em 2020, o
Laboratorio Interdisciplinar de Eletroquimica e Ceramica (LIEC), situado no
Centro de Desenvolvimento de Materiais Funcionais (CDMF) financiado pela
Fundacao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP), nao mediu
esforcos para direcionar suas pesquisas a fim de diminuir o contagio do SARS-
CoV-2. Era o minimo que poderiamos fazer para proteger nossa espécie diante
da revolta que a natureza havia preparado para os anos seguintes — nao sei
dizer se € uma revolta, ou apenas a natureza fazendo seu papel. Diante do
cenario que presenciavamos, a atitude mais viavel seria direcionar os estudos
dos materiais semicondutores as aplicacoes biocidas. O CDMF possui
experiéncia ha mais de 10 anos em materiais para aplicacoes biologicas.
Portanto, a mudanca do meu projeto de doutorado abriu uma nova linha de
pesquisa, dentro do CDMF, que alinha nado s6 a pesquisa, como também, a
transferéncia de tecnologia para a sociedade. Vale ressaltar que os resultados
das pesquisas apresentados sao esforcos de uma equipe formada por bidlogos,
quimicos experimentais, quimicos teoricos, fisicos e engenheiros. Portanto, uma

pesquisa multidisciplinar.



1.1. Organizacao Estrutural da Tese

Os resultados das pesquisas serdo apresentados nessa tese e estao
organizados de acordo com as publicacoes realizadas durante o doutorado. A

organizacao estrutural dessa tese € apresentada nos paragrafos seguintes.

Capitulo 1 apresenta a fundamentacao teorica e a justificativa para o
desenvolvimento da tese. O Capitulo 2 aborda os primeiros resultados sobre a
sintese do composito de polipropileno com o AgzPO4 e a potencialidade desse
composito sobre a inativacao de bactérias, fungos e virus. O Capitulo 3 € a
continuidade dos resultados promissores obtidos no Capitulo 2, na formacao de
compositos a partir de semicondutores com polipropileno. Nessa etapa, foram
testados mais 3 semicondutores na producdo do composito. Os resultados
apresentados neste capitulo demostram que excelentes propriedades podem ser
modeladas a partir da escolha do semicondutor. Os Apéndices A e B fornecem

informacoes complementares aos capitulos 2 e 3, respectivamente.

O capitulo 4 apresenta as conclusoes da tese e o capitulo 5 apresenta as
consideracoes finais relacionadas aos impactos causados pelas novas

investigacoes em aberto e novas perspectivas.

1.2. Semicondutor como um material biocida

Quando fornecido energia, os semicondutores podem conduzir
eletricidade igual ou superior ao bang gap. Nestas condicoes, a condutividade
elétrica ocorre devido a excitacao dos elétrons (e) da banda de valéncia (BV)
para a banda de conducao (BC). Uma vez transferidos para a BC, estes elétrons
agora estao livres para se locomoverem. A remocao dos elétrons da BV resulta
na formacao de buracos (h*) com carga positiva (DUTTA et al., 2014). Além dos
elétrons, os buracos também podem se mover; isto ocorre quando os elétrons,
vizinho ao buraco gerado, sado transferidos para o buraco adjacente, gerando
assim o buraco no local onde o elétron foi transferido. Este processo contribui

para a formacao de espécies reativas de oxigénio (EROs), com a oxidacao da



H20 e reducao do Oz (TRENCH et al., 2018). As EROs estao envolvidas em uma
reacao em cadeia com a formacao de outros oxidantes altamente reativos, por
exemplo, oxigénio singleto (102), radical hidroperoxila (*O2) ou peréxido de
hidrogénio (H202) para iniciar as reacoes de oxidacado associadas a atividade

biocida.

Thiyagarajan et al. (2016) sintetizou nanoparticulas de AgsPO4 para a
aplicacao na degradacao de corantes organicos e atividade antimicrobiana.
Através de microscopia de fluorescéncia os autores sugeriram a geracao de
EROs intracelular na Escherichia coli levando a completa inibicdo do patégeno
apos 15 minutos de tempo de incubacao (THIYAGARAJAN; SINGH; BAHADUR,
2016). Em 2017 Foggi et al. (2017) testou a eficacia antimicrobiana dos
microcristais de a-AgaWO4 contra a bactérias resistentes a meticilina e em 2020
Foggi et al. (2020) testou a eficacia antimicrobiana dos microcristais de f-
AgoMoO4 também contra bactérias resistentes a meticilina. Os resultados
obtidos por Foggi et al. tanto em 2017 e 2020 evidenciaram que existem uma
correlacdao entre morfologia, energia superficial e desempenho antibacteriano
(FOGGI et al., 2017; FOGGI et al., 2020). Pinatti et al. (2020) relataram uma
sintese de Ag>CrO4 com a dopagem de zinco pela primeira vez em um meétodo de
sintese através da troca idnica da prata pelo zinco. A aplicacao antimicrobiana
€ realizada com a bactéria Staphylococcus aureus e o fungo Candida albicans.
Esses resultados confirmam que os semicondutores podem ser aplicados em
sistema biocida, uma vez que, nao precisa, necessariamente, de um
fornecimento de energia para geracao dos EROs, sendo um fendmeno que

ocorre na superficie do semicondutor.

Com a chegada da pandemia de SARS-CoV-2 e a rapida disseminacao
do virus, houve uma crescente necessidade de um material com a capacidade
de inativar nao s6 bactérias e fungos, mas também virus. Nesse sentido, os
semicondutores poderiam se encaixar como uma luva na aplicacao
relacionadas com problemas de saude globais associados a infeccoes por

microrganismos. Algumas vantagens podem ser citadas: processo facil de



obtencao de variados semicondutores, boas propriedades eletronicas, oticas,
morfologicas € magnéticas Unicas, que sao responsaveis por sua atividade

biocida aprimorada (PINATTI et al., 2020; RIBEIRO et al., 2022).

A Figura 1.1 € o resumo grafico dos resultados publicados no Capitulo 2,
que visa entender a formacao e evolucao das EROs a partir da nova perspectiva
dos processos de transferéncia de energia e carga, por meio de calculos

teoricos, para investigar a adsorcao de Oz e H20 na superficie do semicondutor.

Figura 1.1. Mecanismo de adsorcdo da agua e do oxigénio na superficie dos
compositos AgzPO4/polipropileno revelando também sua atividade anti-SARS-
CoV-2 a longo prazo. Este composito apresenta superior atividade
antibacteriana (contra Staphylococcus aureus e Escherichia coli) e antifungica

(contra Candida albicans).

S. aureus C. albicans

Yy
SARS-CoV-2

(110) Surface
Ag,PO,

Fonte: RIBEIRO et al., 2021.



1.3. Polimero como protagonistas na sociedade

Os polimeros possuem alta durabilidade e sao sinéonimos de praticidade,
essas caracteristicas garantem uma via de mao dupla para as suas aplicacoes,
pois, apresentam propriedades interessantes para comercializacao, mas, podem
apresentar riscos para a sustentabilidade devido a falta de legislacao para
reciclagem concomitante ao uso desses materiais plasticos. Um marco na
utilizacao de plasticos, se deu a partir de 1909 com o uso de copos descartaveis
com objetivo de diminuir a disseminacado de doencas por conta do uso de
utensilios, como xicaras, que eram comunitarios. Em abril de 2020, no Brasil,
as mascaras descartaveis foram utilizadas como medida de prevencao na
disseminacdo da COVID-19. E perceptivel, nessa linha do tempo, que os
plasticos atuam como materiais aliados a sociedade, sendo protagonista de

defesa de uma populacao em massa, por exemplo.

O polipropileno (PP) foi descoberto em 1954 e ganhou forte popularidade
muito rapidamente devido ao fato de que PP tem a menor densidade entre os
plasticos. PP tem uma excelente resisténcia quimica e pode ser processado
através muitos métodos de conversao, como moldagem por injecao e extrusao.
O PP é um polimero preparado cataliticamente de propileno. Como um material
polimérico fundamental, o PP tem sido intensamente utilizado em muitas areas,
abrangendo automoveis, cosmeéticos, téxteis e embalagens de consumo devido a
grande processabilidade, resisténcia quimica e barreiras de umidade. Mais de
um quarto da demanda de polimeros no mundo € de polipropileno porque
apresenta uma das mais baixas densidade entre os materiais plasticos que
permite o processo de fabricacao em pecas leves. Portanto, o PP nao so6
encontra seu uso em inumeras aplicacoes por ter menor densidade entre os
polimeros, mas também porque possui varias caracteristicas como rigidez
superior a maioria dos plasticos, boa resisténcia ao impacto a temperatura
ambiente, elevada resisténcia quimica, entre outras caracteristicas que variam
de acordo com a aplicacao. O PP pode ser associado ao baixo custo de producao

e possibilidade de reciclagem da matéria prima, o que torna uma excelente



escolha para avaliar na aplicacao contra patégenos, devido sua alta demanda

na sociedade.

Em um estudo de Bustos-Torres et al., 2017 o PP foi sintetizado como
matriz para o semicondutor ZnO, para formacao do compoésito PP/Zn0O. Os
autores estudaram a influencia da morfologia do nanomaterial na estrutura do
composito. Akhmedov et al.,, 2011 estudou a condutividade elétrica do PP no
semicondutor a-Fe2O3 e Dong et al., 2023 estudou compositos de dissulfeto de
molibdénio com PP para melhoras as propriedades térmicas. E perceptivel que
a area de compositos formados a partir de PP e semicondutores ja € estudada e
bem abrangente em varias aplicacoes, porém, nao ha estudos na literatura
sobre melhora da atividade viral de um compoésito a base de prata e PP. O PP
nao apresenta atividade contra patogenos conhecida, portanto, a unido de um
semicondutor que forneca essa caracteristica ao polimero seria
intencionalmente vantajosa. No atual cenario de infeccoes por SARS-CoV-2, o
desafio tecnologico reside no desenvolvimento de sistemas biocidas viaveis
economicamente, reutilizaveis e capazes de inativar patdogenos oportunistas,
reduzindo assim o risco de infeccdo e transmissdo. Como produto desta
pesquisa, propoe-se a confeccdo de compésito poliméricos para a producao de
superficies biocidas seguros, que podem ser aplicadas em equipamentos de
protecao individual (EPI), embalagens para alimentos, tecidos, e outros
dispositivos economicamente viaveis para lutar contra o aumento de pandemias
virais e riscos fatais associados a virus, bactérias e fungos.

A Figura 1.2 € o resumo grafico dos resultados publicados no Capitulo 3,
que visa entender como se comportam outros semicondutores sobre a matriz do
PP e sua estabilidade frente a degradabilidade e sua eficiéncia contra

patogenos.



Figura 1.2. Semicondutores do tipo AgoXO4 (X = W, Mo e Cr) encapsulados em

polipropileno e testados contra microrganismos patogénicos.
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Fonte: ASSIS et al., 2022.
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ABSTRACT: The current unprecedented coronavirus pandemic (COVID-19) is
increasingly demanding advanced materials and new technologies to protect us
and inactive the SARS-CoV-2. In this research work, we report the manufacture
of AgsPO4/polypropylene composites using a simple method, also revealing their
long-term anti-SARS-CoV-2 activity. This composite shows superior
antibacterial (against Staphylococcus aureus and Escherichia colij and
antifungal activity (against Candida albicans), thus having potential for a
variety of technological applications. The as-manufactured materials were
characterized by X-ray diffraction (XRD), Raman, Fourier transform infrared
spectroscopy (FTIR), atomic force microscopy (AFM), UV-Vis, rheology, scanning
electron microscopy (SEM) and contact angle to confirm their structural
integrity. Based on the results of first-principles calculations at the density
functional level, a plausible reaction mechanism for the initial events associated
with the generation of both hydroxyl radical *OH and superoxide radical anion
°*O2- in the most reactive (110) surface of AgsPOs was proposed.
AgsPO4/polypropylene composites proved to be an attractive avenue to provide

human beings with a broad spectrum of biocide activity.

KEYWORDS: Ag3:PO4, polypropylene, biocide composites, anti-SARS-CoV-2

composite

2.1. Introduction

Currently, human beings have been facing a critical problem with the
pandemic caused by the emergence of the SARS-CoV-2 virus.1-3
Microorganisms (including bacteria, fungi and viruses) pose serious threats to
public health. Particularly, viruses are one of the main causes of diseases
worldwide, being responsible for infecting and killing a large part of the

population in a given area.*> Coronaviruses, a class of viruses, are constituted
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of positive single-stranded RNAs and belong to the Coronaviridae family.® The
establishment of viral tropism depends on the susceptibility and
permissiveness of a particular host cell. These types of viruses usually infect
animals and humans due to their incredible ability to adapt to their current
host, causing respiratory problems and some flu-like symptoms.6-8

SARS-CoV-2 is transmitted by human body fluids and the virion can
entry through nasopharyngeal and/or oropharyngeal tissues.?13 Recent results
have reported that these viruses can survive for several days on different
surfaces.!417 In view of this scenario, efforts in research, development and
manufacture of materials with anti-SARS-CoV-2 activity are growing,
generating potentially safe alternatives to prevent virus contamination and
transmission in humans.!8

Innovations often play an essential role in the acceleration of the
discovery of new functional materials.!® But their success and applicability
largely depend on the previous experience; our research group has been
developing potent biocide materials based on complex silver-based oxides, such
as AgoCr04,20.21 three polymorphs of AgoW04,22:23 Ag3P04,2425 a-AgV 03,26 and a-
AgoMo0427 with enhanced antifungal activity. Additionally, to provide a deeper
understanding of the atomic and electronic structure and establish a
correlation between the morphology and the biocide activity we conducted first-
principles calculations at the density functional theory (DFT) level to
complement and rationalize the experimental findings.28

Silver orthophosphate, AgzPO4 (AP), is an n-type semiconductor with a
band gap energy value of 2.4 eV, having high quantum efficiency until 90% for
O2 evolution from H>O splitting.29-35 Despite its high photocatalytic activities,
notable drawbacks have emerged in relation to this material, i.e., it invariably
displays a poor stability when forming metallic Ag36-40 or dissolved in water,*!
possibly leading to partial dissociation of AgzPO4 into Ag" and PO43-.42 All of
these drawbacks have weakened its activity, thus reducing its broad application

as a biocide agent. Very recently, Li et al.43 have discussed and summarized the
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progress to improve its stability and performance, as well as the barriers that
should be overcome prior to practical application.

Polypropylene (PP) is a chemically and thermally stable polymer with a
wide range of applications, from textile to automotive industries, and one of the
most used plastics worldwide since mid-20th century.4* PP is used as an
immobilization matrix and a substrate for biocompatibility and biocide activity
tests in devices of the hospital-medical field, such as masks, aprons and food
trays, among other applications.4546 Based on that, the strategy adopted in this
work was to produce a bioactive AP/PP composite to stabilize the AP, and The
inactivation of bacteria (Staphylococcus aureus and Escherichia coli, fungus
(Candida albicans) and virus (SARS-CoV-2) have been investigated. The present
composites having potential for a variety of technological applications, such as
the manufacture of packaging, fabrics and protective equipment, as well as for
surface treatment. The underlying technology based on this composite can be
considered an innovation to protect man and avoid the contamination,

transmission and proliferation of SARS-CoV-2 worldwide.

2.2. Methods
AgsPO4 synthesis: AgsPO4 was synthesized by the co-precipitation method

in an aqueous medium. Separate solutions of NaH2PO4.H20 (98%, Sigma-
Aldrich) and AgNO3 (99.8%, Cennabras) were prepared with molar ratios of 1:1,
respectively. The 100 mL solution of 1 x 10-3 mol of NaH2PO4 was added to the
100 mL solution of 1 x 10-3 mol of AgNO3z under constant stirring. After the
addition, the suspension was kept under stirring for 20 minutes. The
precipitates were washed with deionized water and centrifuged, and this
process was repeated until reaching pH neutrality (= 7). After the washing
procedure, this powder was dried at 60 °C for 10 h. The samples were labeled
as AP.

Preparation of PP/AP composite: The composites were compounded using
an internal mixer (Thermo Scientific — Polylab OS model) with a counter-

rotating rotor connected to the Rheomix 600 OS Lab mixing chamber. The
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conditions employed were a temperature of 200 °C and a rotor speed of 50 rpm
for 4 min with closed and locked chamber, which operated with 70% of its
capacity. The AP was added to the polymer (PP) in proportions of 0.5, 1.0, and
3.0% wt. The processing conditions, especially those concerning the thread
profile and temperatures, were outlined to ensure an adequate dispersive and
distributive mixture. The samples were named according to the AP content as
follows: PP/0O5AP, PP/1AP and PP/3AP. The experimental characterizations,
biological tests, and theoretical calculations are described in the Supporting

Information (Appendices A.1-A.3).

2.3. Results and Discussion

The XRD patterns of the PP/AP composites it is possible to observe that
the alpha structure of the PP was maintained, as well as the structure of the
crystals of the AP, suggesting success in the formation of the PP/AP composites
(see in Supporting Information, Figure A.4). These results corroborate with the
FTIR, micro-Raman, UV-Vis and AFM analyses, showing that at long- and
short-range the structure of AgsPO4 is maintained within the polymeric matrix.
(Figures A.5 to A.8). The interactions between the matrix and the AP particles,
as well as their dispersion state, were evaluated by rheological measurements
in the dynamic state and scanning electron microscopy (SEM) conducted on

cryogenically fractured samples (see Figure 2.1).
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Figure 2.1. (A) Complex viscosity as a function of frequency; (B) storage
modulus (G') and loss modulus (G") of the samples; and cross-section SEM

images of (C) PP, (D) PP/05AP, (E) PP/ 1AP and (F) PP/3AP.

PP presents a pseudoplastic flow behavior with viscosity decrease as a
function of frequency. A gradual increase in the viscosity of the Newtonian
plateau region can be observed with the increase of the filler content. The low-
frequency region named terminal zone is in the G° « ® and G« ®? regions.
When the degree of dispersion increases, the powers 1 and 2 change to lower
values.4” Figure 2.1B presents the same inclination values, which means low
dispersion between the filler and the polymer matrix since a percolation
network was not observed. These results are in accordance with the SEM
images (Figures 2.1C-F). The micrography in Figure 2.1C shows the cross-
section of the nanocomposites, where it is possible to observe that pristine PP is
a homogeneous material. As AP is added, it is possible to see the presence of
spherical particles in the nanocomposites. A better dispersion is noticed for the
PP/0OSAP sample (Figure 1D). As the concentration of AP increases for PP/1AP
and PP/3AP samples (Figures 1E-F), some micron-sized agglomerates of AP are

formed, corroborating the structural data.
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Figure 2.2 displays the contact angle results regarding the pristine PP
and PP/AP composites. The ANOVA was performed using GraphPad Prism 5.00
software. It is observed that for the PP sample this value is 86° and rises to 98,
94 and 95° for the PP/0O5AP, PP/1AP and PP/3AP samples. Between the
samples there are statistically significant differences. Since PP is an apolar
polymer with hydrophobic properties,*® by increasing the AP semiconductor
content there is a consequent increase in hydrophobicity. Kasraei et al.4?
observed the same behavior in Ag-based nanocomposites in polymeric matrices.
The formation of a composite with a more hydrophobic surface may inhibit
and/or decrease the activities of pathogenic microorganisms as a result of the

lower interaction between the composite surface and the microorganism.>0.51

PP/3AP

PP/1AP

PP/O5AP

PP

v v T
0 25 50 75 100
Water contact angle (°)

Figure 2.2. Contact angle results of pristine PP, PP/O5AP, PP/1AP and
PP/3AP.

Once AP was successfully incorporated into the polymeric PP matrix,

contact microbicidal inhibition tests were performed. For S. aureus (Gram +), E.
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coli (Gram -) and C. albicans (fungi). The time-kill tests (Figure 2.3) were
carried out, following the microbicidal evolution of the obtained materials, to
corroborate the halo of inhibition tests (Figure A.9). The analyses were
performed using time variations (2, 4, 8, 16, 32, 64, 128, 256, 512, 1440 (1
day), 2880 (2 days) and 4320 min (3 days)). For S. aureus (Figure 2.3A), it was
possible to note a reduction of 99.999% in CFU at the maximum time (3 days)
for PP/3AP sample. In contrast, for E. coli (Figure 2.3B) there was a reduction
of 99.999% at 256 min (~4.5h) for all composites. For the elimination of C.
albicans, that is a more complex cellular constitution, the PP/3AP composite
had contact elimination of 99% at the maximum time (3 days).

This difference between the elimination capacities of these tested bacteria
was due to the fact that the composition of their membranes is very different,
conferring greater resistance to the Gram-positive (S. aureus). 5254 The
composites surfaces can interact with the main component of the bacterial cell,
the peptidoglycan. Although the cell wall of bacteria is composed of
peptidoglycan, Gram-negative bacteria have a much smaller amount of
peptidoglycan than Gram-positive bacteria, conferring greater resistance to the
Gram-positive a cell wall so dense and strong, thus preventing the particle from
entering the periplasm of the bacteria>>-58. For the elimination of C. albicans,
since this fungus has a more complex cellular constitution a similar behavior to

S. aureus was observed.
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Concerning the elimination of more complex microorganisms, tests were
carried out to verify the elimination of the SARS-CoV-2 virus by placing it on
the surface of contact with the composite materials obtained for 5 min (see
Figure 2.4). The result of viricidal efficacy is negative when the cytopathic
effects are visualized and positive when there is no cytopathic effect detected.
To determine the viral inhibition index, the logarithmic difference between the
control group and group in contact with the composite samples (percentage of
viral elimination, compared to viral control, viral solution and DMEN) was
calculated. An analysis of the results renders that the PP and PP/05 AP
samples (Figures 2.4A-B) do not show viral elimination, whereas the PP/1AP
and PP/3AP samples (Figures 2.4C-D) reveal 90% viral elimination. The results
regarding the increasing elimination as a function of the increase in the
concentration of AP in the PP are consistent with the detections expected since
the microbicidal action comes from the semiconductor.59-6% In addition, the
semiconductor/polymer interaction impairs the surface fixation of pathogens in

the composite, according to the contact angle results.
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Figure 2.4. Microscopic images of cell cultures incubated with viral dilutions in
contact with (A) PP, (B) PP/0SAP, (C) PP/1AP and (D) PP/3AP samples.

It is well established that the photocatalytic and biocide activity of a given
semiconductor is dependent on the efficient formation and separation of
electrons (e) and holes (h*) and the low recombination ratio of the e-h* pair. It
has potent antimicrobial activity, which is typically associated with the contact-
induced membrane stress, are associated to the presence of reactive oxygen
species (ROS), thus having potential for a variety of biomedical
applications.18.65-68

The activations of both molecular oxygen, Oz, and water, H»O, are
fundamental step in almost all photocatalytic oxidation/reduction reactions
and then the generation of ROS. At this point it is important to note the

possible mechanism for the biocide activity is very dependent not only of the
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oxidant/reduction capacity of the different ROS, but also of the nature of the
radical chain reactions. Located in the valence band of the semiconductor, the
h* reacts with H20 to form hydroxyl radical (*OH) and a proton (H*), while the e-
, which is excited in the conduction band, interacts with Oz to form ¢Oj-.
Parallel reactions involving the formation of hydrogen peroxide (H202), which is
developed during the disproportionation of <Oz, can also occur, further
transforming it into *OH and forming the singlet oxygen (1O2). In summary,
*OH, H202, *O2-, and 107 are generated by the stepwise oxidation of H2O, while
the stepwise reduction of Oz generates *O2-, H2O2 and *OH. These free radicals
and reactive species are capable of killing microorganisms by the oxidation and
breaking of cellular constituents and membranes of bacteria, fungi and
viruses.®-74 The ability to generate ROSs has been explored by analyzing the
adsorption processes of HoO and Oz molecules on the AgsPO4 (110) surface.
This surface has been selected because several experimental’>79 and
theoretical studies®0 report that this surface is responsible for the high catalytic
activity of AgzPOa.

The Ag cations on the first two layers of the clean (110) surface are low 2-
fold coordinated in comparison with 4-fold coordinated Ag cations in the bulk
(see Figure 2.5A). This low coordination has already been reported as having a
direct correspondence with increased biocide activity, consequently activating
molecules that interact with an n-type semiconductor.81-83 The Bader analysis
of the electron density distribution®* reveals that these Ag cations are more
reduced than the innermost ones. Thus, the effective charge of the AgzPO4 (110)
surface from the topmost layer is +0.50-0.52 |e|, whereas the Ag bulk cations
are +0.41-0.44 |e|. This fact suggests that Ag superficial cations would be
preferential sites for molecular adsorption, promoting electron transfer

processes to account for their lack of electron density.
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Figure 2.5. (A) Side views of the relaxed clean Ag3PO4 (110) surface. The Ag
cation where H2O and O> adsorb is highlighted in black color; (B) side and top
views of the H2O adsorption system. O, P and Ag atoms on the surface are
represented by red, violet and grey balls, respectively. For clarity, the O and H

atoms of the H2O are indicated in blue and white colors, respectively.

Different superficial Ag cations were considered as potential sites for the
H>0 molecule adsorption. The most favorable site with a calculated adsorption
energy of -1.410 eV is depicted in Figure 2.5B. This adsorption process also
distorts the surface with concomitant breaking bond processes between the Ag
cation and the farthest O anion. The analysis of the bond critical points (BCP)
demonstrates a significant weakening of the covalent bond between the O atom
of HoO and the H closer to the surface with concomitant enlargement of the
bond distance from 0.97 A to 1.10 A. It is also shown that the H2O molecule
establishes a second bond with the surface in the form of a weak covalent bond
between its H and the nearest surface O atom. The emerging Ag-O interaction

between the HoO and the surface is characterized as van der Waals-type
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according to the Bader analysis. These results demonstrate that the n-type
semiconductor surface activates the HoO molecule, leading to the formation of
the *OH and H* species.

Ab initio molecular dynamics (AIMD) simulations at low temperatures
(see Supporting Information video S1 and S2) starting from the described
adsorption arrangement reveal the spontaneous breakage of the weakened O-H
bond of the adsorbed H2O molecule, corresponding to the early events
associated to the formation of *OH and H*, which remain adsorbed on the
surface. There is a O-H bond involving the nearest O atom on the second layer,
whereas the *OH is linked to the Ag cation on the first layer. At a higher
temperature (50 K), this process occurs more rapidly, with more intense
vibrational frequencies of both newly formed H-O and Ag-O bonds (Figure 2.5).

Similarly, an O2 molecule is adsorbed on the surface at the same site with
calculated adsorption energy of -1.458 eV, as shown in Figure 2.6A. After the
relaxation process, the molecule displays an increased bond length from 1.23 A
(for the free molecule) to 1.30 A, a clear indication of bond weakening caused by
the interaction with the surface (Figure 2.6B). Furthermore, the total spin
calculated after adsorption corresponds to a doublet oxygen (S = 1/2),
differently from the triplet (S = 1) for the free O2 molecule. These results can be
associated with the initial events resulting from the formation of the *O2-in the

Ag3PO4 (110) surface.
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Figure 2.6. Side (A) and top (B) views of one Oz molecule adsorbed on the
Ags3POg4 (110) surface. O, P and Ag atoms on the surface are represented by red,
violet and grey balls, respectively. For clarity, the Ag adsorption site and the

water O are colored in black and blue, respectively.

2.4. Conclusions

Pathogen microorganisms (bacteria, fungi and viruses) represent a severe
problem in public health. Therefore, there is great interest in developing
advanced material and new technologies capable of inactivating opportunistic
pathogens, thus reducing the risk of infection and transmission. In this work,
an Ag3POg4/polypropylene composite was developed and optimized for the first
time. This composite has the physicochemical property of oxidizing bacteria
(Staphylococcus aureus and Escherichia coli, fungi (Candida albicans) and
SARS-COV-2 virus by surface contact. The adsorption processes of HoO and O
molecules on the most active AgsPO4 (110) surface were modeled through ab

initio calculations to explain the early events of the formation of both hydroxyl
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radical *OH and superoxide radical anion *O>- as reactive species in the biocide

activity.
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ABSTRACT. The worldwide outbreak of the coronavirus pandemic (COVID-19)
and other emerging infections are difficult and some-times impossible to treat,
making them one of the major public health problems of our time. It is
noteworthy that Ag-based semiconductors can orchestrate several strategies to
fight this serious societal issue. In this work, we present the synthesis of a-
AgoWO4, B-Ag2aMoO4 and AgoCrO4 and their immobilization in polypropylene in
the amounts of 0.5, 1.0 and 3.0% wt., respectively. The antimicrobial activity of
the composites was investigated against the Gram-negative bacterium
Escherichia coli, the Gram-positive bacterium Staphylococcus aureus and the
fungus Candida albicans. The best antimicrobial efficiency was achieved by the
composite with a-AgoWO4, which completely eliminated the microorganisms in
up to 4 hours of exposure. The composites were also tested for the inhibition of
SARS-CoV-2 virus, showing antiviral efficiency higher than 98% in just 10 min.
Additionally, we evaluated the maintenance of the antimicrobial activity,
resulting in constant inhibition, even after material aging. The antimicrobial
activity of the compounds was attributed to the production of reactive oxygen
species by the semiconductors, which can induce high local oxidative stress,

causing the death of these microorganisms.

KEYWORDS. Composites, a-AgoWO4, p-AgoMoO4, AgoCrO4, antimicrobial
material, anti-SARS-CoV-2 material.

3.1 Introduction

The recent outbreak of a new coronavirus disease (COVID-19) caused by
SARS-CoV-2 has severely impacted life worldwide.!-2 This virus can be easily
transmitted by human body fluids through airborne aerosol droplets (direct
form) or contamination of infected surfaces (indirect form).3 Contagion by
contaminated surfaces is responsible for a significant portion of infections, and
recent research has suggested that these viruses can survive for several days

on different surfaces after being expelled by human fluids and that their
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viability is determined by the nature of the surface.# Therapeutic strategies
based on materials represent a promising approach to overcome the limitations
found in the prevention, diagnosis and therapies against SARS-CoV-2.5 In
particular, materials with antimicrobial properties can be used in personal
protective equipment and disinfection protocols to prevent contamination by

SARS-CoV-2.56

Many diseases can be spread to humans by fomite transmission, being
them fungal, bacterial or viral.”8 Thus, the factors that contribute to the
survival of enveloped viruses, fungi and bacteria on surfaces are of societal
interest. One way to reduce the transmission of COVID-19 via surfaces is to
design coatings based on functional nanoparticles that eliminate SARS-CoV-2
and apply them on common surfaces, such as door handles, bus supports, etc.,
continuously reducing the elimination period from weeks to minutes or hours.?
Additionally, polypropylene (PP) is currently one of the most consumed
polymers for the manufacture of nonwoven surgical masks and aprons utilized
in clinics and hospitals, besides being widely used as a packaging material.
Despite the importance of this polymer in preventing and spreading the disease,
a recent study indicated that the virus can be active for up to three days in

surgical masks.10

Materials based on metals and semiconductor oxides are of particular
industrial and biotechnological interest due to their unique properties and
applications.!! In this context, Behzadinasab et al. and Hosseini et al. observed
that coatings based on copper oxides can eliminate copies of the genetic
material of SARS-CoV-2 when in contact with these surfaces as a result of the
production of ROS, which are capable to degrade the constituent proteins of the
virus.12.13 Promising results were also obtained using other semiconductors,
such as ZnO, TiO2 and FexO3/Fe304.14-16 Noble metal particles such as Au and
Ag were also reported as anti-SARS-CoV-2 materials since they can interact
with various functional groups that compose the virus, preventing its

replication processes or destroying it.17-1° Carbon-based materials, e.g.,
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graphene and chitosan, were also found to be effective against the virus, as
these particles interact permanently with the RNA strands.20.2! An interesting
advantage to using inorganic materials to fight viruses in general is that the
virus is less likely to develop resistance than in conventional therapies.?2-24 Our
research group has made some progress towards the development of materials
with anti-SARS-CoV-2 properties. First, we effectively incorporated Ag
nanoparticles into polycotton. 25 We observed that in just 2 min it was possible
to reduce 99.60% of the genetic viral copies when in contact with this tissue. In
addition, this material proved to be particularly effective against the pathogenic
microorganisms tested, without causing any type of dermatitis to its user. In
another works, we were able to immobilize SiO2-Ag particles in different
polymers, reaching over 99% of viral clearance in just 15 min.3.26 Very recently,
we reported that the incorporation of AgsPO4 into a polymer matrix leads to a
composite with antimicrobial action against SARS-CoV-2 and other

opportunistic and potential pathogens.2”

In this work we discuss how the immobilization of silver-based
semiconductors such as a-AgoWOs4, B-AgaMoOs4 and AgoCrO4 on PP renders a
composite with improved antimicrobial activity. The antimicrobial activities
were evaluated against Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) bacteria, fungus (Candida albicans) and SARS-CoV-2
virus. The structural evaluation of the composites was carried out by obtaining

correlations between their antimicrobial activity and structure.

3.2. Experimental section

PP was purchased from Braskem (Prism 2400), Sao Paulo, Brazil. PP
presents a melt flow index (MFI) of 20 g/10 min (ASTM 1238, 230 °C, 2.16 kg)
and a density of 0.902 g/cm3 (ASTM D 792). Silver tungstate (a-AgoWO4), silver
molybdate (3-AgoMoO4) and silver chromate (Ag2CrO4) particles were
synthesized by the co-precipitation method (see Supporting Information for

details about the synthesis of semiconductors).
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The composites were compounded using a Thermo Scientific internal
mixer model Polylab OS equipped with a counter-rotating rotor connected to a
Rheomix 600 OS Lab mixing chamber. The conditions employed were
temperature of 200 °C and rotor speed of 50 rpm for 4 min with closed and
locked chamber. The chamber operated with 70% of its capacity. The
semiconductor was incorporated into the polymer (PP) in proportions of 0.5,
1.0, and 3.0% wt. The processing conditions, especially regarding the profile
and temperatures, was outlined to ensure an adequate dispersive and
distributive total mixture. The samples were named according to the
semiconductor content as follows: PPAWO0S, PPAW1 and PPAW3 for a-AgaWO4;
PPAMOS, PPAM1 and PPAMS3 for B-AgzMoO4; and PPACOS, PPAC1 and PPAC3
for AgoCrOa.

Details about antimicrobial tests and materials characterizations can be

found in the Appendices’ B.

3.3. Results and discussion

The XRD patterns were obtained to evaluate the crystallinities of the pure
PP, the metal oxides (a-AgoWOs4, B-AgoMoO4 and AgoCrO4) and the composites
samples. Figure 3.1A exhibit the diffraction peaks characteristic of the a-
AgoWO4 attributed to diffraction planes according to JCPDS No. 70-1719, the
results can be well indexed as orthorhombic structure. Figure 3.1B exhibit the
diffraction peaks characteristic of the -AgoMoO4 attributed to diffraction planes
according to JCPDS No. 08-0473, the results can be well indexed as cubic
structure. Figure 3.1C exhibit the diffraction peaks characteristic of the
AgoCrO4 attributed to diffraction planes according to JCPDS No. 26-0952.
These diffraction peaks show that the phase can be indexed to the
orthorhombic structure of AgoCrO4. Figure 3.1 revealed the presence of the
diffraction peaks (110), (040), (130) and (131) + (041) approximate 26 = 15 °, 17
°, 19 ° and 22 °, respectively, for all the polymeric samples. These crystalline

planes show that PP samples presents the alpha phase of PP, with a monoclinic
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unit cell.2® The presence of the plane (130) indicates the polymorphism of PP, a
common phenomenon in crystalline polymers.29 These diffractograms exhibit all
the peaks of the PP, suggesting that the structure of the PP was maintained
during the process of obtaining the composite.3? In addition, it is possible to
verify the appearance of the semiconductor peaks, in the composite’s samples
with 3% of the semiconductors. The appearance of these peaks suggests that
the structure of the semiconductors was also maintained during the process of

obtaining the composite.
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Figure 3.1. Diffractograms of the semiconductors/polypropylene. The PPAW
(A), PPAM (B) and PPAC (C).

The samples were characterized by FTIR for to check the new interactions

at short-range between the PP and the semiconductors (a-AgaWO4, B-AgaMoO4
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and AgoCrO4) (Figure 3.2). The changes in C-C vibrations of symmetrical
deformation, asymmetric deformations in C-Hs and shear vibrations of C-Ho,
carbonyl species (CO), C-H vibrations were observed by FTIR peaks at
approximately: 1160, 1800-1600, 2800-2900 cm™!, respectively. 3132 These
changes may represent the modifications created in the PP with the insertion of
the different semiconductors. For all composites formed with a-AgoWO4, [-
AgoMoO4 and AgoCrOs4, there is a clear difference in the peak located at 600-900
cm™1, which widens with the increase in the percentage of semiconductor in the
polymer matrix. This widening indicates the overlapping of the absorption band
of the clusters lattice former of the semiconductor, which occurs around ~600-
1000 cm™1.33 For the a-AgoWO4 (Figure 3.2A), the peak of the [WOg] clusters
occur at 847 cm™!, in addition to this difference between the spectra of PP and
semiconductor/PP composites in materials with a-AgaWO4, another change in
the range of 749 cm™! can be seen due to the vibrations of the W-O bonds. The
B-AgoMoO4 (Figure 3.2B) showed peak of the [MoO4]| clusters at 842 cm™l,
showing another difference between the spectra in the range of 638 cm™! due to
the vibrations of the Mo-O bonds. The AgoCrO4 (Figure 3.2C), the peak of the
[CrO4] clusters occur at 842 cm™!l. These changes indicate that there is an
interaction between the polymeric matrix and the semiconductor at short- and
long-range. Furthermore, the DRS results presented in Figures B.1-B.2 and

Tables B.1-B.2 (Appendices B) confirm these results.
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An analysis of the rheological properties was performed to evaluate the
interactions between the PP matrix and the semiconductor oxides a-AgoWO4, [3-
AgoMoO4 and AgoCrO4, as well as the flow behavior. Figure 3.3 presents the
complex viscosity as a function of frequency, whereas Figure B.3 shows the
storage and loss modulus as functions of frequency for all samples. It can be
observed that the polymer and the composites have characteristic
pseudoplastic flow behavior, as expected. In the region of the Newtonian
plateau at low frequencies, there is an increase in complex viscosity compared
to the pure PP for all composites. More specifically for the PPAW and PPAC
composites, the behavior among the added concentrations (PPAWO0OS, PPAW1
and PPAW3; PPACOS, PPAC1 and PPACS3) is very similar. Regarding the PPAM
composite, there is a gradual increase in viscosity as the semiconductor
concentration increases, being the viscosity of the composite with 3% of the
semiconductor the most viscous (PPAMO5<PPAM1<PPAM3). The increase in the
complex viscosity of the nanocomposites might be associated with the
formation of a network-type microstructure that decreases the mobility of the
polymer chains.3* With increasing frequency, the complex viscosity of the pure
PP and the composites decreases, exhibiting non-Newtonian behavior. At higher
frequencies, there is not enough time for the polymer chains to respond to
applied different motions, which could justify the unchanged behavior noted.35
The modules G' and G” increase as functions of frequency, with G” > G' over
most of the present testing range as a signal of the predominant viscous
response. Additionally, there is an overlap of curves with similar values for all
samples, i.e., the rheological properties remain comparable with the same
inclination values. These results represent a low dispersion between the fillers
and the PP matrix since a percolation network cannot be observed. The low
interaction corroborates the results observed by XRD and FTIR, which indicate
that the structure of the PP and the semiconductors is maintained. Therefore,
the increase in viscosity is confirmed by the cluster lattice formed in the

polymer matrix.



43

10°-
w
©
o
E
* ]
fol
——PP
——PPW05 |
PPW1 ‘\
PPW3 N
ki |
10°1— y T :
10" 10° 10’ 102 10°
o (rad/s)
10°-
m
©
[\
E
*
=
10°1— y T :
10" 10° 10' 10? 10°
o (rad/s)
10°4
) wm\
©
o
E
E
—=PP
—p—PPCO05
—e—PPC1
PPC3
10° 41— Y T T
10" 10° 10" 10° 10°
o (rad/s)

Figure 3.3. Complex viscosity at 190 °C as a function of frequency for (A)
PPAW, (B) PPAM and (C) PPAC composites.



44

PP tensile modulus, tensile strength, strain at break, and glass-transition
temperature (Tg) as a function of Ag-based semiconductors content are
presented in Figure 3.4. In general, an increase in the Ag-particles content
promotes a decrease in tensile modulus and tensile strength, and an increase
in strain at break. The crystallinity content of PP was not significantly altered
with the presence of particles, except for PP composite with 1 wt% of a-AgoWOs4.
Such findings can be explained by the lack of specific interactions between Ag-
particles and PP chains, as previously observed by the rheology results. An
increase in strain at break was observed for all samples with Ag-particles when
compare to pristine. Moreover, the most significant results are noticed at 1
wt%. In content higher than 1 wt% can occur the aggregation of the particles
resulting in a decrease in this property.3¢ In addition, the decrease in
mechanical strength and an increase in strain at break with the incorporation
of Ag-particles have already been described in the literature.3¢.37 DSC results
also show that, regardless the Ag-based semiconductor, there is an increase in
PP T, with Ag-particles content, reaching the maximum at 1 wt% and
decreasing at 3 wt%. In general, the incorporation of Ag-based semiconductors
slightly influenced PP mechanical properties, except for strain at break.
Nonetheless, the effect of Ag-particles on polyolefine’s mechanical properties

cannot be directly predicted and there is no consensus in the literature.36.38
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The AFM images in Figures B.4-B.6 illustrate the changes in topography
after the modification of the polymer matrix with 1% of the different silver-
based metal oxides. The metal oxides are characterized by microparticles
dispersed on the polymer surface, which is evidenced by the phase-contrast
images. However, a uniform dispersion of these microparticles is not observed
for any of the added semiconductors, in any of the concentrations. It is believed
that the mixing process in the mixing chamber directly affects the uniformity
and size of semiconductor particles during the composite production. Due to
the presence of scratches and the weak dispersion of particles observed in the
AFM analysis, it was difficult to perform an accurate analysis of the changes in

the roughness factor of the samples.

Figure B.7 shows the contact angle results for the PPAW, PPAM and
PPAC composites and their respective oxide concentrations. As described in the
literature, PP is an apolar polymer with hydrophobic surface properties, and
according to Figure B.7 the contact angle of the PP sample is 86°. For the
composites, there is an increase in the angle between the surface and the
droplet, proving that the addition of the compounds influences their
hydrophobic surface property. As a consequence, it becomes more difficult for
the microorganisms to adhere to the composite surface.39 Furthermore, there is
no direct correlation between the angle and the semiconductor concentration in
the PP matrix. As described by Hosseini et al., the formation of a composite
with a more hydrophobic surface can inhibit and/or decrease the activities of
pathogenic microorganisms due to the reduced interaction between the

composite surface and the microorganism.12

It is reported that surface microbial encrustation can cause a series of
microbial infections due to the contact of the contaminated surface with the
host. Since the antimicrobial activity of these semiconductors against a number
of different microorganisms is already known,*0 bacteria (S. aureus and E. coli)
and fungal (C. albicans) inactivation tests were carried out by monitoring them

from 1 to 24 h for all composites (Figure 3.5). For pure PP, an increase in the
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number of colonies forming units per mL (CFU/mL) is observed with increasing
time. This fact is expected, since once the microorganisms have the minimum
conditions to grow, they will. On the other hand, all composites showed a
tendency to expressively reduce the amount of CFU/mL of the microorganisms
studied as a function of time, in this way, their use can minimize indirect
infections arising from contact with surfaces protected with these materials. For
the Gram-positive bacterium S. aureus, all composites with 3% wt of
semiconductors (PPAW3, PPAM3 and PPAC3) showed total clearance in 16 h,
while the remaining samples completely eliminated the microorganisms in 24 h
of contact, with the exception of PPAMOS. For the Gram-negative bacterium E.
coli, we could observe total elimination within 4 h of exposure for samples
PPAW3 and PPAC3, 8 h for sample PPAM3, 16 h for samples PPAW1 and
PPAWOS and 24 h for samples PPAM 1 and PPAC1. The distinct antimicrobial
activities of the composites in both Gram-positive and Gram-negative bacteria
can be attributed to the different constitution of their cell membranes. For the
diploid fungus C. albicans, only the samples PPAW3, PPAM3 and PPAC3
showed complete elimination in 16 (PPAW3 and PPAC3) and 24 h (PPAM3). The
greater difficulty in eliminating the fungus can be explained by its greater
cellular complexity. At lower concentrations, these semiconductors can also
cause morphological changes, making this yeast assume its pseudohifal form,
thus resulting in lower virulence. The antimicrobial tests with bacteria (S.
aureus and E. coli) and fungus (C. albicans) were performed for the composites
after ultraviolet irradiation y xenon-arc lamp to reproduce the effects of
weathering.4! It was observed that after simulating one year of these effects
(600 h of exposure), there was still a similar reduction in the elimination of

these microorganisms.
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composites and for C. albicans using the (G) PPAW, (H) PPAM and (I) PPAC

composites.

The observed behavior is due to two intrinsic factors: the chemical
composition of the semiconductor and its ability to generate ROS (even in the
dark, mimicking the natural conditions). All of these semiconductors are
composed of Ag, which has a high oxidizing power and can be toxic in high
concentrations. For a-AgoWO4, the biostatic potential of W atoms is also added,
which increases the effectiveness of its antimicrobial activity.42 a-AgoWO4 still
has a structural and enhanced peculiarity, as it is formed by several disordered
clusters of [AgOx| (x = 2, 4, 6 and 7) and [WOeg|, providing high electronic and
structural asymmetry to the semiconductor in relation to B-AgoMoOs and
AgoCrO4.43:44 Table 3.1 compares the results presented herein with other
immobilized materials (in the form of composites and/or coatings) against some
fungi and bacteria. The results presented in this work are superior regarding
the elimination of microorganisms when we take into account samples with

higher concentrations of Ag-based semiconductors.
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Table 3.1. Comparative results of inactivation pathogenic microbes (fungi and

bacteria) in studies with polymeric materials modified with semiconductors.

Percentage Time-
. . Pathogenic of dependent
Material Modified Microbes Inactivation  Antimicrobial Reference
(%) Activity (min)
E. coli 99.99 720
MoS,/polycotton fabrics 58
S. aureus 99.99 720
Li-TiO,/LDPE Polymer S. aureus 99 720 59
E. coli >90 120
Ag NPs/PEG/chitosan 60
S. aureus >90 120
TiO,/conjugated E. coli 98.14 120 o
miCI'OpOI'OLlS polymer S. aureus 100 120
E. coli 99.99 250
AgsPO,/Polypropylene S. aureus 99.99 4320 27
C. albicans 99 4320
E. coli 63 +3 1440
S. aureus 72 +£3 1440
ZnO/Mersilene™ Meshes S 62
L 96 +3 1440
epidermidis
C. albicans 85 %3 1440
Si0,/Ag/Ethylenevinyl E. coli 29 1200 s
acetate S. aureus 99 1200
E. coli >99.8 1200
SiO,-Ag/ Polyvinyl S. aureus >99.8 1200 2%
chloride 2
. >99.8 1200
funiculosum
E. coli >99.999 240
a-AgaWO4/ Polypropylene S. aureus >99.999 960
C. albicans >99.999 960
E. coli >99.999 480
B-AgoMo0O4/ Polypropylene S. aureus >99.999 960 This Work
C. albicans >99.999 1440
E. coli >99.999 240
Ag>CrO4/ Polypropylene S. aureus >99.999 960

C. albicans >99.,999 960
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Once the efficiency in the elimination of more complex microorganisms
such as fungi and bacteria were verified, tests for the elimination of SARS-CoV-
2 were carried out after 10 min of virus exposure to the surface of the
composites (Figure 3.6A). For all composites, there was a reduction of more
than 98% of genetic copies of SARS-CoV-2, and this elimination was even
higher when the semiconductor concentration in the polymer matrix was
increased. For the PPAW and PPAM composites, similar antiviral activities were
observed at all concentrations, while the PPAC composite showed a slightly
lower elimination. The stability of the antiviral activity was tested by performing
consecutive tests on the same polymeric body for 5 consecutive days (Figure
3.6B). On all occasions it was possible to observe values very close to the
elimination of SARS-CoV-2, showing us that the antiviral activity of the
composites was preserved. When the SARS-CoV-2 elimination results shown
here are compared with those reported in the literature (Table 3.2), it can be
concluded that they are comparable and often better than those already
published since the elimination time is shorter (10 min) and the antiviral

elimination is highly efficient.
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Table 3.2. Determination of percentage of inactivation of SARS-CoV-2 and

reduction based on logio TCIDso method for 5 consecutive days.

Time-
Percentage of dependent
Material Modified Inactivation p . Reference
(%) Virucide
° Activity (min)
AgsPO4/Polypropylene >90 ) 27
SiOz-Ag/Ethylene-vinyl 99 9 3
acetate
SiO2-Ag/ P'olyvmyl 599 8 15 2%
chloride
Cu,0/ Polyurethane 99.99 120 12
TiOy/ Ceramic tiles >99 300 63
CuO/ Coating 99.9 60 13
CuS/ Mask 80 5-10 64
ZnO/ Polyurethane >99.9 60 65
a-AgoWO4/ Polypropylene >99.9 10
AgoMoO4/ Polypropylene >99.99 10 This work
Ag>CrO4/ Polypropylene >99.9 10

The elimination of these microorganisms (bacteria, fungi and viruses)
occurs due to the generation of reactive oxygen species (ROS) in the
semiconductor, even in the dark.3.26.27 When interacting with propylene groups,
different semiconductors such as AgoXO4 (X = W, Mo and Cr) can have their
electronic density in the conduction band (CB) increased. This transfer of

electrons (e”) from polypropylene increases the reducing character of the

semiconductor. The semiconductor interacts with Oz exothermically in the CB,

either causing the excited e~ to be located in the forbidden region of the band
gap, resulting in a superoxide radical (+0, ), or losing one e, forming a singlet

oxygen (10,). As a result, there is the release of a hole (h*) that interacts with
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H20O through the formation of a hydroxyl radical (¢OH) and a proton (H*). On the

other hand, the released H" in the valence band (VB) interacts with (¢O-) ,

which in turn reacts by forming the hydroperoxyl radical (¢OOH).27 In previous
works it was possible to identify through scavenger tests that these ROS are
responsible for the antimicrobial and photocatalytic activity of a-AgoWO4, [3-
AgoMo0O4 and AgoCr04.40:45.46 These ROS generated by AgoXO4 (X = W, Mo and
Cr) semiconductors can interact with lipids, nucleic acids, proteins and other
components, causing the death of these microorganisms.4” In addition, ROS
can interact with polyunsaturated fatty acids of the microbial membranes,
initiating their lipid peroxidation.#8:49 As a consequence, there is a decrease in
their fluidity and the formation of other products (such as aldehydes), which in
turn change their protein composition, contributing to microbial death.>0.51
Another target of ROS is to induce single and double DNA/RNA strand breaks
to impair and/or inactivate replication processes as expected.>2 The action of
ROS can also be combined with the effect of Ag* ions, which can interact with
DNA phosphorus centers, resulting in replication difficulties.>3 Additionally,
proteins that have sulfur or phosphorus in their composition can be altered,
having their enzymatic functions inhibited.5%55 Similarly, Ag* ions can also alter
the mitochondrial properties of these microorganisms.>® Regarding viral
activity, Ag* ions can interact with proteins that compose the viral envelope,
preventing its interaction with new host cells, and consequently its replication

processes.>” These processes are summarized in Figure 3.7.
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and valence band, respectively).

3.4. Conclusions

Infections caused by COVID-19 and other bacteria and fungi are of
growing public concern. Therefore, the design and development of new
antimicrobial agents with a broad spectrum of activity have become essential to
combat the increasing and varied threats from microorganisms. In this work we
described a method for rapidly preparing composites of a-AgaWO4, B-AgaMoOg4
and AgoCrO4 with PP in the amounts of 0.5, 1 and 3% wt using relatively
inexpensive and safe materials. These composites proved to be highly effective
against important bacterial pathogens (E. coli and S. aureus) and fungus (C.

albicans), besides successfully inactivating SARS-CoV-2. For this reason, we
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suggest their application on common use objects to reduce the spread of
microbial diseases. There is no doubt that these composites can play a
prominent role in the fight against resistant bacteria, fungi and viruses, thereby
improving the prevention of infections. The preparation of materials can create
new green synthesis approaches, and their selection can be done based on
tunable and durable properties. Their use depends on overall performance and
economic assessment, which need further optimization in terms of robust
conditions and the use of new hybrid materials for coatings. This potential to

contribute to the worldwide efforts to fight emerging viral infections.
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Capitulo 4

Conclusoes

Compositos de semicondutores a base de prata com PP foram
desenvolvidos e otimizados pela primeira vez;

Método de co-precipitacdo se mostrou eficiente para preparar
rapidamente os semicondutores de Ag3PO4, a-AgoWO4, [-AgoMoOs e
AgoCrOgq;

As quantidades de 0,5, 1 e 3% em peso de semicondutor em PP foram
avaliadas, concluindo que a maior concentracdo possui mais
potencialidades nas aplicacoes contra patogenos;

Este composto tem a propriedade fisico-quimica de oxidar bactérias (S.
aureus e E. coli), fungos (C. albicans) e virus SARS-CoV-2 por contato com
a superficie.

Os processos de adsorcao de moléculas de H2O e Oz na superficie mais
ativa do AgzPO4 (110) foram modelados através de calculos ab initio para
explicar os primeiros eventos da formacao do radical hidroxila *OH e do
anion do radical superoxido *O2- como espécies reativas na atividade
biocida, estes resultados levam a formacdo um passo importante para os
entendimentos desses fendmenos na oxidacdo de patogenos nas
superficies dos semicondutores.
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Capitulo 5

Perspectivas Futuras

Como produto desta pesquisa, propde-se a confeccao de composito
poliméricos para a producdo de superficies biocidas seguros, que podem ser
aplicadas em equipamentos de protecdao individual (EPI), embalagens para
alimentos, tecidos (como mascaras e aventais), e outros dispositivos
economicamente viaveis para lutar contra o aumento de pandemias virais e
riscos fatais associados a virus, bactérias e fungos
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Apéndice A

Supplementary Information for “Bioactive AgsPO4/Polypropylene
Composites for Inactivation of SARS-CoV-2 and Other Important Public
Health Pathogens”

SUPPORTING INFORMATION
A.1 Characterizations

The AP, PP and PP/AP composites were structurally characterized in a
Rigaku X-ray diffractometer, model DMax2500PC. The equipment was operated
at 40 kV and 150 mA using Cu-Ka radiation (A = 1.5406 A) for the
measurements. A scan rate of 2°/min was used in the range of 10 to 80°. The
powder diffractograms were compared with the diffraction patterns according to
the JCPDS (Joint Committee on Powder Diffraction Standards) and ICSD
(Inorganic Crystal Structure Database) crystallographic sheets. Raman
spectroscopy was used as a complementary technique to XRD as it is more
sensitive to changes in local parameters. The Raman spectroscopic data were
obtained on an RFS/100/S Bruker FT-Raman device. Analysis by optical
spectroscopy in the regions of ultraviolet and visible radiation (UV-Vis) is a very

important topic for studying optical absorption bands. The UV-Vis
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characterizations were performed on Cary equipment, model SG, by the total
diffuse reflectance method using an integrating sphere. SEM images were
collected on a cold-field emission scanning electron microscope (FE-SEM; JEOL
model 7500F) with the following operating conditions: accelerating voltage of 2
kV, emission current of 10 uA, secondary electron image (SE) mode and
magnification of 10,000x. All samples were placed directly onto carbon
conductive tape and then gold-coated prior to SEM analysis. PP blank and all
PP/AP nanocomposites were submerged in liquid nitrogen, and cryogenic
fracturing was performed for the cross-section analysis of the samples. AFM
images were obtained using a Flex-AFM controlled by EasyScan 2 software
(Nanosurf, Switzerland) in Contrast Phase mode on active vibration isolation
table (model TS-150, Table Stable LTD®). The cantilever used for image
acquisition was silicon Tapl90G (resonance frequency of 190 kHz, force
constant of 48 N/m, Budget Sensors) in the setpoint of 50%. The complex
viscosity (n*), the storage modulus (G’) and the loss modulus (G™) were
determined in a parallel plate rheometer (Anton Paar MCR 305) as a function of
frequency (o). The tests were performed at 190 °C in oscillatory mode. The
parameters used were 25-mm diameter plates and 1-mm gap. The range of
frequency used was from 0.1 to 500 rad/s at 1% strain, which proved to be in
the linear viscoelastic range according to a prior amplitude sweep test. The
analyses allowed an evaluation of the degree of dispersion and interaction
between polymers and semiconductors, as well as the determination of the

rheological behavior in this regime.
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The contact angle analyses were carried out using the method of sessile
drop in static mode in a goniometer (Model 260 F4 Series Ramé-hart). A 5-uL
drop of distilled water was deposited on the surface of each sample, and the
angle formed between the drop and the polymer surface was determined by
DROPimage Advanced software. The analyses were performed in triplicate and

the data were treated using harmonic media.

A.2. Evaluation of Bactericidal and Fungicidal Activity

Samples of Eschericia coli ATCC 25922, Staphylococcus aureus ATCC
29213 and Candida albicans ATCC 10231 from one or two over-night grown
colonies from Mueller-Hinton (MH2) agar plates were suspended in a test tube
containing Mueller-Hinton Broth. For the standardization of the inoculum,
colonies were transferred to 0.9% saline until reaching 0.5 on the McFarland
scale. The turbidity (expressed as optical density; OD) was obtained on a
spectrophotometer (A = 620 nm), representing approximately 1.5 x 108 CFU.
From this solution, a 1:10 dilution in 0.9% saline was performed so that the
initial test inoculum was 1.0 x 107 CFU/ml. A suspension-immersed sterilized
cotton swab was applied to the entire surface of the Mueller-Hinton agar plates
and a 4-mm diameter circle of the specimens was applied on top of the
cultures, ensuring direct interaction with the agar and the culture itself. After
the incubation of the samples at 37 °C for 48 h, the inhibition zones around the
discs were measured and calculated. All tests were performed with five

replicates.
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Subsequently, the evaluation of the antimicrobial activity of the pure
polymer and the composite with Ag3POs was carried out according to the
standard test methodology described in ISO 21702 (Measurement of
antibacterial activity on plastics and other non-porous surfaces). A volume of
100 pL of the microbial solution (in a concentration of 107 CFU/ml) was
inoculated in triplicate on the surface of the samples and covered with a sterile
plastic film to ensure its homogenic distribution through the tested area.
Samples were incubated at 37 °C for 8 tested times: 4, 8, 16, 32, 64, 128, 256
and 512 min. After the completion of each time, the inoculum was recovered
with 10 mL of SCDLP broth followed by serial dilution in PBS buffer. Each
dilution was placed in Mueller-Hinton agar and incubated at 37 °C for 24 h.
The CFU/cell amount was determined after the incubation time. All tests were

performed with five replicates and three occasions

A.3. Evaluation of Antiviral Activity

The specimens (in triplicate) were subjected to immersion and/or
spraying of fluid containing SARS-CoV-2 in the concentrations of 26500
copies/mL, 2650 copies/mL, 265 copies/mL and 26.5 copies/mL, seeking to
mimic a real model. Then, the samples were incubated under temperature and
humidity conditions similar to the environmental ones (25 °C, approximate
humidity of 60 to 80%) for up to 8 h in intervals of 2 h (2, 4, 6 and 8 h). After
the incubation period, each sample of each triplicate was carefully divided into

two new samples: one for the detection of SARS-CoV-2 genetic material by RT-



70

gqPCR (described in step B) and the other for carrying out plaque assay
(described in step C) to determine the number of infectious viral particles. The
portions of the specimens intended to detect viral genetic material were
carefully transferred to 1.5-mL microtubes followed by RNA extraction using the
Bio Gene DNA/RNA Extraction kit (Bioclin, Brazil), according to the
manufacturer’s recommendations. The RT-qPCR reactions for SARS-CoV-2 were
performed in triplicate, and the averages obtained were used to determine the
amount of viral RNA remaining in each specimen. RT-qPCR was performed for
the E gene, as described in the SARs-CoV-2 detection protocol from the
Institute of Virology at the Charite University, Berlin. To specify the amount of
infectious viral particles, the plaque assay technique, widely used for virus
cultivation, was employed using the Vero cell line. The portions of the
specimens that were destined for this purpose were submerged and
homogenized in physiological solution to release the viral particles and keep
them in suspension. Afterwards, a serial dilution of each sample was performed
at: 1:10, 1: 100, 1: 1000, 1: 10000; 1: 100000 and 1: 1000000. Each dilution
was used to infect the monolayer of Vero cells previously grown in a culture
dish. The test was performed in triplicate. After 1 hour of infection, the
supernatant was removed and the culture medium suitable for plaque assay
was added and incubated under optimal culture conditions. After 7 days, the
plates were stained and fixed to count the halos of cell death and determine the

number of infectious SARS-CoV-2 virus particles based on the dilution factor.
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A.4. Computational methods

All DFT calculations were carried out using the Vienna Ab initio
Simulation Package (VASP)[1.2l. The exchange and correlation effects were
treated within the generalized gradient approximation (GGA) by using the
Perdew—Burke-Ernzerhof (PBE) functionalll. An on-site Coulomb repulsion
term (Hubbard U)l4l was added to treat the Ag d states (U = 16.01 eV) and O p
states (U = 10.93 eV). The dispersion interactions were taken into account by
applying the Grimme D3 approximation(®.6l.

The projector augmented-wave method (PAW) was employed to model
the effect of the core electrons. The valence electrons were explicitly treated as
4d105s! (Ag), 3s23p2 (P) and 2s22p* (O) with a plane-wave basis set expansion
converged using a kinetic energy cutoff of 550 eV. All geometry optimizations
were converged using a residual force threshold of 0.005 eV/A. The Gaussian
smearing method was applied with a smearing width of 0.01 eV, and Gamma-
centered Monkhorst-Pack k-meshes of (5x5x5) and (3x6x1) were used to sample

the reciprocal space for the bulk and slab calculations, respectively.

We adopted the slab model to describe the (110) surface with a
vacuum of 15 A along the z-axis. A dipole correction along the z-axis was added
to counter any spurious interactions between the periodic images, since the
slab created had asymmetric terminations. The slab model was large enough
(96 atoms), having a surface area of 102.66 A2 to avoid lateral interactions
between molecules in neighboring periodic cells and a thickness of ~12.3 A to

model the bulk effect adequately.
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For the water adsorption, three superficial silver atoms were
considered potential sites due to their electronic charge deficiency identified
through the Bader analysis. One relaxed water molecule was brought to a
distance of 3 A from each site. Thus, the molecule and the two topmost surface
layers were allowed to relax freely, with the remaining layers being kept fixed to

represent the bulk effect.

The relaxed adsorption system and the isolated molecule were
subjected to an electronic density topological analysis following the quantum
theory of atoms in molecules (QTAIM)!7l. The bonding critical points (BCP)
between two bonded atoms could then be identified, and the values of electron
density (p) and its second derivative (Laplacian, V2p) at these points could
provide valuable insights into the nature and strength of the bond. In the case
of the free molecule, its covalent bonds were characterized by a high negative
Laplacian (-56 a.u.) and a positive density value (2.45 a.u.) at both BCPs
between oxygen and hydrogen atoms. After adsorption on the (110) facet, the
same BCPs were assessed (Figure A.1). A significant weakening of the covalent
bond between the oxygen and the hydrogen closer to the surface was verified,
pointing to a drastic drop in the Laplacian and density values to -24 a.u. and
1.59 a.u., respectively, whereas the other covalent bond of the molecule

remained unaffected.
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Free H,O

|
v

p=+2.45 p=+2.45
V2p= -55.28 V2p = -56.44

Figure A.1. Topological electronic density analysis of free H20 molecule. Values
of electron density (p) and Laplacian (V2p) in atomic units at the Bond Critical
Points (BCPs) are reported. Contour lines are represented by dashed lines and

gradient field by solid lines.

The Ag-O interaction between the water molecule and the surface was
characterized as Van der Waals-type since its hallmark on this analysis is a
positive Laplacian (+8.63 a.u.) with a low electron density value at the BCP
(+0.62 a.u.)l"l. Interestingly, the molecule also bonded to the surface through a
hydrogen-oxygen link, being considered weakly covalent (with density and
Laplacian values at the BCP of 0.76 and -0.23 a.u., respectively) (Figures A.2-

A.3).
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p=+1.59
V2p = -24.07

p=+0.76
V2p = -0.23

v

p=+0.62
V2p =8.63

Figure A.2. Topological electronic density analysis of the interaction between
the H20 molecule and a surface Ag atom. Values of electron density (p) and
Laplacian (V2p) in atomic units at the Bond Critical Points (BCPs) are reported.

Contour lines are represented by dashed lines and gradient field by solid lines.

p=+1.59
V2p = -24.07

p=+0.76
V2p = -0.23

«

p=+2.46
V20 = -55.47

Figure A.3. Topological electronic density analysis of the interaction between

the H20 molecule and a surface O atom. Values of electron density (p) and
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Laplacian (V2p) in atomic units at the Bond Critical Points (BCPs) are reported.

Contour lines are represented by dashed lines and gradient field by solid lines.

Ab initio molecular dynamics (AIMD) simulations in the NVT ensemble
were performed at low temperatures (10 and 50 K). The relaxed adsorption
system was equilibrated for 750 fs, and the simulations were extended until
900 fs. To lower the computational cost, the slab was reduced and only the
molecule and the first three layers were allowed to move along the simulations,

keeping all other atoms fixed to represent the bulk.

A.5. Structural Analysis

The XRD patterns of the AP and PP samples and the PP/AP composites
are shown in Figure A.4. Figure A.4A exhibits the diffraction peaks
characteristic of AP at 20.9, 29.8, 33.4, 36.7, 42.7, 52.9, 55.0, 57.5, 61.9 and
63.9° attributed to the (110), (200), (210), (211), (310), (222), (320), (321), (400),
and (411) diffraction planes, respectively, according to ISCD No. 14000.40 These
diffraction peaks show that the phase can be indexed to the cubic symmetry in
which the bulk lattice is composed of regular [PO4] and distorted [AgO4]
tetrahedral clusters.47:48 The X-ray diffraction peaks for the PP sample (Figure
A.4B) identified at 14.24, 16.92, 18.58 and 21.42° can be attributed to the
(110), (040), (130) and (131)+(041) diffraction planes, respectively*®. The

corresponding (130) plane indicates the alpha phase of the PP since
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polymorphism is a common phenomenon in crystalline polymers.#9-5! In the
alpha phase, the crystalline structure is characteristic of the monoclinic unit
cell.>2 The diffraction peaks of the PP/AP composites (0.5, 1 and 3%) are shown
in Figures A.4C-E, respectively. The formation of the PP/AP composites is
evidenced by the appearance of the most intense peaks of the AP due to the
increase in the AP concentration in the PP matrix. It is possible to observe that
the alpha structure of the PP was maintained, as well as the structure of the

crystals of the AP, suggesting success in the formation of the PP/AP

composites.
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Figure A.4. X-ray diffractograms of (A) AP, (B) PP, (C) PP/05AP, (D) PP/1AP and

(E) PP/3AP samples.

Micro-Raman measurements were performed to analyze the degree of

order at the short range of the samples (see Figures A.S5A-E). For the AP
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crystals, it is possible to observe in the Raman spectrum a band at 908 cm-!
attributable to the symmetrical (PO4)3- (A1) stretching vibrations.32 For the PP
matrix, the Raman spectrum indicates several peaks in two different regions.
The first one, located between 800 and 1500 cm!, peaks around 1439-1457
cm! and can be assigned to vibration modes of CH2 deformation groups. The
peaks observed at approximately ~808 and ~840 cm! reveal asymmetric
stretching of CHz of the PP monomer, while that at 972 cm! is attributed to
CHs3 vibrations. On the other hand, in the second region the vibration modes
observed between 2700 and 3000 cm! are related to the CH: bending
vibrations of the PP structure.53-56 Even though modes referring to the AP
crystals in the PP/AP samples cannot be observed, it is possible to identify a
small change in the intensity of the band at 972 cm in the PP/1AP and

PP/3AP samples, indicating the formation of the composite.
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Figure A.5. Micro-Raman spectra of (A) AP, (B) PP, (C) PP/0O5AP, (D) PP/1AP

and (E) PP/3AP samples.

The samples were characterized by FTIR to analyze the interactions
between the PP and the AP, as expressed in Figures A.6A-E. The peaks around
~3350, ~2941 and ~2722 cm-! correspond to O-H stretching and CHy vibrations
characteristic of asymmetric and symmetrical stretching of CHs, respectively.>5?
The peaks around ~2350 and ~1670 cm-! can be assigned to the C-O stretching
vibration,>® while those at ~2941 and ~2856 cm! are due to asymmetric and
symmetrical stretching vibrations of CHz, in the main chain of the PP. The peak
at ~1460 cm! is related to asymmetric deformations of CHs and shear
vibrations of CHz. The peak at ~1369 cm-! is due to vibrations of symmetrical
deformation of CH3.5%59 The peak at ~1167 cm! can be attributed to the

asymmetric stretching of C-C, asymmetric vibration of CHz and C-H vibrations,
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while that at ~990 cm-! is due to vibrations of asymmetric balance of CHs. The
peak at ~977 cm-! can be assigned to the asymmetric rocking of CHs and
asymmetric stretching vibrations of C-C, whereas that at 466 cm-! is related to
the asymmetric rocking of CHz and asymmetric stretching vibrations of C-
C.52,60 In the PP/AP composites, a difference in the peak located at 990 cm-! can
be seen, which widens as the percentage of AP increases in the PP matrix. This
widening indicates the overlapping of the absorption band of the [PO4] clusters
that occurs around at ~1000 cm-1.32,61 However, the most notable difference
between the PP and the PP/AP composite spectra can be seen at 530 cm’l,
which can be attributed to the vibrations of P-O bonds. These changes reveal

the interaction between the PP at short and long ranges and the AP particles.

Transmittance (arb. units)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure A.6. FTIR spectra of (A) AP, (B) PP, (C) PP/OSAP, (D) PP/1AP and (E)

PP/3AP samples.
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The AFM images in Figure A.7 were obtained in tapping mode and
exhibit changes in the topography after the modification of the polymer matrix
with the addition of AP. The presence of AP on the surface of the polymer
matrix is evidenced by the circular microparticles shown in Figures A.7B-D.
However, both the dispersion of these microparticles and their size are not
uniform, which could be the result of the agglomeration of nanoparticles during
the mixing process within the polymer. The PP/0OSAP sample exhibits domains
without detection of AP microparticles, while PP/1AP shows well dispersed
microparticles but larger than in the other samples. Lastly, the PP/3AP sample
presents the best dispersion of AP microparticles and fewer domains of
agglomeration. These features are in agreement with the SEM images discussed
below. Although the root mean square (rms) indicates changes in topography, a
tendency in the rms and an increase in the AP mass added can be observed.
The rms observed for PP, PP/0O5AP, PP/ 1AP and PP/3AP samples was 6.9, 15.3,
58.6 and 18.8 to, respectively. However, these changes in size and dispersion of
microparticles seem not to change the optical properties of the sample on a

large scale.
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Figure A.7. AFM images of the (A) PP, (B) PP/05AP, (C) PP/1AP and (D) PP/3AP

films.

The UV-Vis absorption spectra of the samples are shown in Figure A.8
and indicate the incorporation of AP into the polymer matrix. A decrease in the
diffuse reflectance spectra around 350 nm can be noted for the samples
(Figure A.8A). characteristic irradiation

containing the polymer Such

absorptions are due to electronic transitions from HOMO to LUMO and are
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associated with n-n* transitions from the carbonyl groups originated by the
oxidation of PP.62.63 Similar behavior was noticed by Sinha et al.%3 after
submission of PP samples to gamma radiation and by Lee et al.®2 after chemical
oxidation of PP using Cr(VI) oxide in acetic acid/acetic anhydride solvent. It is
worthwhile to note the agreement between the presence of absorption in 350
nm in the diffuse reflectance spectroscopy and the presence of CO stretching
vibrations in the FTIR spectra (Figure A.8). The AP sample shows an
absorption around 525 nm, which is expected for the BCC phase of
Ag3P04.32,64-66 The band gap energy (Eg of the samples was experimentally
estimated by extrapolating the linear portion of the Tauc plot curves
considering the background light scattering and an indirect allowed transition
(Figure A.8B). The E; calculated for the AP was 2.38 eV, while for the PP (the
energy difference between HOMO and LUMO) this value was 3.55 eV. The E; of
the AP agrees with those reported by Wu et al.®4 and Yi et al.29 After
incorporation of AP into the polymer matrix, two band gaps can be observed for
the films: one ascribed to the n—n* transition of PP and another attributed to the
presence of AP, which becomes more evident as the concentration of the latter
increases. The E; measured for the PP/O5AP, PP/1AP and PP/3AP samples is
shown in Table SA.1, where no significant deviation of the estimated values

was observed when compared to the E; for the same group of absorption.
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Figure A.8. (A) Diffuse reflectance spectrum and (B) Tauc plot for the (a) AP, (b)
PP, (c) PP/O5AP, (d) PP/1AP and (e) PP/3AP samples considering indirect

allowed transition. The arrows indicate the band gap energy.

Table A.1 — Experimental band gap values for the samples.

Sample Eg assigned to AP | Eg assigned to PP
absorption (eV) absorption (eV)
AP 2.38 -
PP - 3.55
PP/0OSAP 2.36 3.61
PP/ 1AP 2.35 3.59
PP/3AP 2.36 3.65

Figure A.9 shows the inhibition halos for S. aureus (Gram +), E. coli
(Gram -) and C. albicans (fungi). It is observed that for S.aureus (Figure A.9A)
the PP and PP/0O5AP samples do not present inhibition zones, and the PP/1AP
and PP/3AP samples obtain inhibition zones of 0.6 and 0.9 cm respectively. For
E. coli (Figure A.9B) only pure PP does not present a halo of inhibition,
whereas for samples PP/0O5AP, PP/1AP and PP/3AP we obtain the inhibition
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halos of 0.5, 0.7 and 0.9 cm respectively. For C. albicans (Figure A.9C) a
similar result to S. aureus is obtained, with inhibition halos of 0.6 and 0.9 cm
for the PP/ 1AP and PP/3AP samples, respectively. Thus, it is observed that the
greater the concentration of AP within the PP matrix, the greater the halo of

inhibition obtained.

PPIOSAP _ i - _ PP/0SAP

R | -

0.9cm 0.7cm

8

2 * e
PP/3AP \_/PP/lAP

Figure A.9. Halo of inhibition tests for the microorganisms A) S. aureus, B) E.

coli, and C) C. albicans.
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Apéndice B

Supplementary Information for “Polypropylene modified with Ag-based
semiconductors as potential material against SARS-CoV-2 and other

pathogens”

SUPPORTING INFORMATION

B.1. Synthesis of Ag-based Semiconductors

Silver Tungstate (a-AgaoWO4), Silver Molybdite (3-AgoMoO4) and Silver
Chromite (AgoCrO4) was synthesized by the coprecipitation (CP) method (CP) in
an aqueous medium at room temperature. Two solutions were made, adding
1x10-3 mol of the lattice former salt (Na2WO4.2H20 (Sigma-Aldrich, 99.8%),
NasMo0O4.2H20 (Alfa-Aesar, 99%) and KoCrO4 (Alfa-Aesar, 99.9%)) to 50.0 ml of
distilled water and 2x10-3 mol of AgNOjz (Cenabras, 99.8%) to 50.0 ml of
distilled water. Both solutions were kept at 70°C under constant stirring. The
AgNOs3 solution was added to lattice former salt solution, then a precipitate
appeared. The precipitate obtained was washed several times with distilled

water and dried in an oven at 60 ° C for 12h.
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B.2. Characterizations of Semiconductors/PP Composite

Materials

These composite materials were characterized by using X-Ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), absorption
spectroscopy in the regions of Ultraviolet and Visible (UV-Vis) and contact
angle. To XRD analysis a Rigaku X-ray diffractometer, model DMax2500PC. The
equipment will be operated in the conditions of 40 kV and 150 mA, the
1.5406 A). A

radiation used for the measurements will be that of Cu-Ka (A
scan rate of 2°/min were used in the range of 10° to 80°. The diffractograms
were compared with the diffraction patterns according to the JCPDS (Joint
Committee on Powder Diffraction Standards) and ICSD (Inorganic Crystal
Structure Database) crystallographic sheets. FTIR was performed using a Jasco
FT/IR-6200 (Japan) spectrophotometer operated in absorbance mode at room
temperature in the range of 470-4000 cm-!. After, analysis by UV-Vis were
performed on a Cary equipment, model 5G by the method of total diffuse
reflectance using an integrating sphere. Shortly thereafter, the composites were
characterization by the AFM images. The characterization was obtained using a
Flex-AFM controlled by Easyscan 2 software (Nanosurf, Switzerland) in
Constrast Phase mode on active vibration isolation table (model TS-150, Table
Stable LTD®). The cantilever used for image acquisition was silicon Tap190G
(Resonant frequency 190 kHz, force constant 48 N/m, Budget Sensors) in
setpoint of 50%. To finalize the structural surface characterizations, contact
angle analyses were carried out using the method of sessile drop in static mode
in a goniometer (Model 260 F4 Series Rameé-hart). On the surface of each
sample, a SuL drop of distilled water was deposited, and the angle formed
between the drop and the polymer surface was determined by DROPimage
Advanced software. The analyses were performed in triplicate and data were
treated using harmonic media. The rheological behavior of composites, as well

as the degree of dispersion and the interaction between PP and semiconductor
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oxides, were evaluated by measures of complex viscosity (n*) as a function of
frequency (o). in a parallel plate rheometer (Anton Paar MCR 305), The
measurements were carried out at 190 °C, in oscillatory mode, using a 25 mm
diameter plates, 1 mm gap and a frequency range of 0.1 to 500 rad/s. The
deformation used was 1%, as it is in the linear viscoelastic range, defined
according to a previous amplitude sweep test. Stress-strain curves were
obtained in the EMIC DL3000 equipment with a load cell of 20N and a strain
rate of 2.5x10™* mm/min. The test was based on ASTM D 638: 2014 and
rectangular samples, in film form, with approximate dimensions of 30x5 mm
and approximate thickness of 0.13 mm were used. Differential scanning
calorimetry (DSC) was performed in a DSC 203 F3-Maia (Netzsch) on samples of
5-10 mg under the following thermal programming: heating from -70°C to
200°C at a rate of 10°C/min. The degree of crystallinity of PP was calculated

from melting enthalpy (AHm), using Equation 1, where @ is the mass fraction of
the Ag-based semiconductor (0, 0.5, 1, or 3 wt%) and AHJ, is the melting
enthalpy for hypothetically 100% crystalline PP, equal to 207 J/g.

B AH,,
(100 — @)AH),

%C x 100

B.3. Evaluation of Microbicidal Activity

Samples of Eschericia coli ATCC 25922, Staphylococcus aureus ATCC
29213 and Candida albicans ATCC 10231 from one- or two-over-night grown
colonies from Mueller-Hinton (MH2) agar plates were suspended in a test tube
containing Mueller-Hinton Broth. For the standardization of the inoculum,
colonies were transferred to 0.9% saline until reaching 0.5 on the Mc Farland

scale. The turbidity (expressed as optical density; OD) was obtained in a
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spectrophotometer (A = 620 nm), which represents approximately 1.5 x 108
CFU. From this solution, a 1:10 dilution in 0.9% saline was performed so that

the initial test inoculum is 1.0 x 107 CFU/mL.

The antimicrobial activity of the pure polymer and the
semiconductors/PP composites was carried according to the standard test
methodology described in ISO 21702 - Measurement of antibacterial activity on
plastics and other non-porous surfaces.l!l] A 100pL volume of the microbial
solution (in a concentration of 107 CFU/ml) was inoculated in triplicate on the
surface of the samples (2x2 cm) and covered with a sterile plastic film to ensure
its distribution through the tested area. Samples were incubated at 37°C for 8
tested times: 1, 2, 4, 8, 16 and 24 h. After each completed time, the inoculum
was recovered with 10 mL of SCDLP broth followed serial dilution in PBS bulffer.
Each dilution was plated in Mueller-Hinton agar and incubated at 37 °C for 24
h. The CFU/cell amount was determined after the incubation.

The semiconductors/PP composites were analyzed to determine the
inactivation capacity of SARS-CoV-2 particles, according to ISO 21702:2019.[2]
The virucidal test was carried out to evaluate the potential of the treated
material to inactivate viral particles, preventing them from infecting the host
cells arranged on the plate (Vero ATCC ® CCL-81™). The tests were performed
in three independent biological replicas, each containing a technical triplicate.
Samples with standardized dimensions of 2x2 cm are individually placed in
Petri dishes. The material is exposed to the viral solution, where the SARS-CoV-
2 viral solution is added so that it meets the entire surface area of the material,
after this contact, it is incubated for 10 minutes, then neutralized and diluted
in series. The viral titer is then measured using the infectious Tissue culture
dose50 (TCIDso) methodology. The reduction of SARS-CoV-2 particles was
quantified after 10 minutes of contact of the plastic film samples (with the
presence of semiconductors) and the plastic film sample without treatment. It is
noteworthy that the results are expressed in comparison of the virucidal action

against the reduction of viral particles from the SARS-CoV-2 stock solution with
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a "non-virucidal" material (white/control) and the "active" material (treated), so
that it is possible to calculate the percentage of viral inactivation, represented

by Log10 of TCIDso reduction.

In this experiment we would also see if the material to be tested loses its
efficiency after 5 times of use. For this, the same sample unit was tested
equally five times, on the same surface. Having as an interval a sterilization
procedure with 70% alcohol, mili-Q water and drying. This procedure occurs for
all analyzed components, whether internal controls or different samples. To
evaluate the cytopathic effect, analyzes are performed using an inverted
microscope after an incubation period of 72 hours in an oven at 37 °C with 5%
CO.. In this way, visual confirmation of the cytopathic effect of the SARS-CoV-2
strains in relation to the Vero ATCC ® CCL-81™ cell is obtained. The
interpretation is based on the method of Spearman & Karberl8l and the viral
titer quantification data obtained in the incubation process were applied to the
limit-dilution methodology (end-point-dilution), in which the inoculation of
successive decreasing dilutions in viral suspension applied to the cells is
evaluated, thus, possible to identify the cytopathic effect in 50% of the
inoculated cultures. Also, a correction factor related to the volume of virus
dilution (SARS-CoV-2) used in each TCIDso assay was applied.[*l The result of
virucidal efficacy is negative when there is visualization of cytopathic effects
and positive when there is no cytopathic effect. To determine the viral inhibition
index, the logarithmic difference between the control group and the group with

treatments is used.
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B.4. Optical Analyses of Semiconductors/PP Composite

Materials

The UV-Vis-NIR diffuse reflectance of the pristine PP, silver-based
ternary oxides, and PP modified with Ag-based ternary oxide are shown in
Figure S1. In the Figure S1A and S1B, the samples containing the fillers of wide
band gap do not exhibit clearly absorptions due to the presence of the additives
a-AgoWO4 and B-AgaMoOsg, respectively, but there are significant changes in the
total diffuse reflectance of incident radiation and in the color of the samples
(Table S1). On the other hand, the incorporation of the filler is evident to
AgoCrO4 (Figure S3C) PP modification, which show absorptions near to band
gap of the pristine metal oxide. Furthermore, the band absorptions at 1200,
1400, and 1730 nm are characteristic of the 2nd overtone, 1st overtone
combination, and 1st overtone due to the C-H single bond vibration absorption
(51, which is in agreement with the literature.l®l The highest decrease in the total
diffuse reflectance is observed in the samples containing 3% of fillers, in which
are observed changes in the absorption attributed to the 2nd overtone and 1st
overtone combination for C-H single bond vibration. It is believed that is due to
the change in the chain structure of the polymer. Only the PP samples modified
with f-AgoMoO4 keep their structure.
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Figure B.1l. Diffuse reflectance spectrum to the silver based ternary oxides,

pristine PP and PP modified with (A) a-AgoWO4, (B) B-AgoMoOs4, and (C)

AgrCrOag.
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Table B.1. Digital images for the PP, PPAW, PPAM and PPAC samples.

% Added to the polymer (in weight)

Composite
Pristine 0.5% 1.0% 3.0%

PP

a-AgaWO4

3-Ag2MoOs

AgsCrOs

The radiation absorptions observed in the ultraviolet-visible spectrum
can be ascribed to the transitions from HOMO to LUMO of polymer and from
the valence to the conduction bands of the silver-based ternary oxides. In the
Figure S1 it is observed that the polymer matrix shows a decrease in the total
diffuse reflectance spectrum around 350 nm, which is associated with n-n*
transitions from the carbonyl groups originated by oxidation of PP.[7:8] Further,
the pristine silver-based ternary oxides display absorptions around 410, 380,
and 740 to a-AgoWO4, B-AgoMoO4, and AgoCrO4, respectively. The band gap
energies (Eg) were experimentally estimated by extrapolating the linear portion
of the Tauc plot curves, which are shown in Table S2 (The Tauc plots are shown

in the Figire S2). Although the pristine a-Ag2WO4 and B-AgoMoOs4 have Eg
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smaller than the transition HOMO-LUMO of the polymer, the modified PP
samples with these materials’ present values of E; near to transition observed
for pure PP. It can be associated with the indirect transition behavior of the
mechanism of excitation of these metal oxides,® which could bring a
superposition of the interband transition of the metal oxide with the HOMO-
LUMO transition of the polymer. In this way, the Tauc plot curve show just one
transition. However, as the percentage of metal oxides increases in the polymer
matrix, the bandgap decreases trending to the value of pristine metal oxides.
Regarding the PP modified with Ag2CrOs4, the E; values were similar to the metal
oxides.l% In this latter case, the narrow E; of the metal oxide does not overlap
with the HOMU-LUMO transition of the PP, which allows the clear observation
of the changes in the Tauc plot. It is noteworthy to mention that the values of
the Eg estimated for the pristine metal oxide are in agreement with those

reported in the literature.®
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Figure B.2. Tauc plot to the (A) PP, (B) PPAW, (C) PPAM, and (D) PPAC. The
arrows indicate the band gap energy in the materials with indirect band gap,
while the band gap for direct transitions is the linear extrapolation crossing the

X axis.



4 St
10 A ) /l—l?
- : /__1/“—‘/-
o 10"
o
T 10° -,u/u
_m . Gr G"
910 A —&—PP ——PP
—8—PPW05 —C—PPWO05
0 PPW1 PPW1
10" 1 PPW3 PPW3
K|
10 T 1 T 0 T 1 T P 3
10 10 10 10 10
o (rad/s)
10°
10°4
£ 10°-
o
= 10°1
=
_m . Gv G!l
© 10+ PP  —O-FP
—@—PPM05  —=—PPIMO05
0 e PPM1 = PPM1
10" PPM3 PPM3
-1
10 '_1 L) 0 T 1 L) P 3
10 10 10 10 10
o (rad/s)
10°
10* 4
£ 10’
o
< 10°1
=
_tﬂ . Gu Gu
© 10 - —=—PP —~PP
—8—PPC05 —=C=PPCO05
0 —A—PPC1 —"—PPC1
10" PPC3 PPC3
-1
10 |_1 T 0 I‘| I2
10 10 10 10 10
o (rad/s)

(C) samples at 190° C as a function of frequency.

95

Figure B.3. Storage (G') and loss modulus (G") of PPAW (A), PPAM (B) and PPAC
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Figure B.4. AFM images of the (A) PP and PPAW containing (B) 0.5, (C) 1.0, and

(D) 3.0% wt. of the a-AgoWOs4.
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Figure B.5. AFM images of the (A) PP and PPAM containing (B) 0.5, (C) 1.0, and

(D) 3.0% wt. of the B-AgaMoOs4.
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Figure B.6. AFM images of the (A) PP and PPAC containing (B) 0.5, (C) 1.0, and

(D) 3.0% wt. of the AgoCrOa.
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Figure B.7. Contact angle result of PPAW, PPAM and PPAC and their oxide

concentrations 0% (PP pristine), 0.5%, 1% and 3%.
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