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Abstract

Silver has a potent antimicrobial action, but its use is still restricted due to toxicity and aggregation problems. Impregnation
with active carbon (AC) has been suggested as an alternative to solve this problem. In this study, termite feces were
used to prepare composites containing silver nanoparticles and AC. Reducing agents and different amounts of H,SO,
and silver were used. Antimicrobial activity was assessed using the minimum inhibitory concentration (MIC) and the
kinetics of microbial growth of S. aureus, E. coli and C. albicans. Phytotoxicity and acute toxicity were assessed for
Cucumis sativus and Artemia salina. The composites that presented MIC 500 pg/mL for S. aureus and E. coli were
AC25Ag (6 pg/mL Ag) and AC25A¢gB (78 pg/mL Ag), respectively. AC6AgS showed antimicrobial activity in C.
albicans with MIC of 500 pg/mL (23 pg/mL Ag). AC25AgB inhibited the growth of S. aureus and E. coli for 48 and
32 h, respectively. At a concentration of 10 g/L, the compounds showed deleterious effects on seedling germination and
elongation and on the chlorophyll synthesis of C. sativus. The composites showed no toxicity to 4. salina. Based on
these results, AC25AgB has the potential to be used in water disinfection.
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Resumo

A prata tem uma acgao antimicrobiana potente, mas seu uso ainda € restrito devido a problemas de toxicidade e agregacao.
A impregnacao no carvao activo (CA) tem sido aparentada como alternativa para resolver este problema. Neste estudo,
fezes de cupins foram usadas para preparar compdsitos contendo nanoparticulas de prata e CA. Utilizaram-se agentes
redutores ¢ diferentes quantidades de H,SO, e prata. A actividade antimicrobiana foi avaliada utilizando a concentragéo
inibitoria minima (CIM) e a cinética do crescimento microbiano de S. aureus, E. coli e C. albicans. A fitotoxicidade e a
toxicidade aguda foram avaliadas para Cucumis sativus e Artemia salina. A fitotoxicidade e a toxicidade aguda foram
avaliadas para Cucumis sativus ¢ Artemia salina. Os compositos que apresentaram CIM 500 pg/mL para S. aureus e
E. coli foram CA25Ag (6 ng/mL Ag) e CA25AgB (78 pg/mL Ag), respectivamente. O CA6AgS mostrou actividade
antimicrobiana em C. albicans com CIM de 500 pg/mL (23 pg/mL Ag). O CA25AgB inibiu o crescimento de S. aureus
e E. coli por 48 e 32 h, respectivamente. Na concentragdo de 10 g/ os compostos mostraram efeitos deletérios sobre
germinagdo ¢ alongamento de plantulas e na sintese de clorofila da C. sativus. Os compositos ndo apresentaram toxicidade
para A. salina. Com bases nos resultados podemos dizer que, o CA25AgB apresenta potencial para ser utilizado na
desinfeccao de agua.
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Introduction

Recent years have seen a breakthrough in the develop-
ment and research of nanotechnology and nanomate-
rials. Metal nanoparticles have wide functionality in
a range of application areas, such as electronics, bio-
logical sensors, drugs, and water treatments. One of the
recent advances is the development of silver nanopar-
ticles (AgNPs), which have attracted much attention in
scientific research due to their physical, chemical, and
biological characteristics (1,2). In recent years, some
nanomaterials impregnated with AgNPs have been re-
ported to have superior bactericidal properties, and are
widely used to water disinfectants (3-8).

The antibacterial effect of silver has been explored
since ancient civilizations. The exact mechanism of sil-
ver compounds against microorganisms is not yet fully
understood, but the most likely mechanism is the direct
interaction with the cell membrane and DNA, and the
triggering of biochemical cascades that lead to the pro-
duction of free radicals, changing the permeability of
the cell membrane (9,10).

An important issue in the antibacterial activity of Ag-
NPs is the release of Ag* ions due to their oxidation in
the presence of water and aggregation in their disper-
sion due to the attractive forces between the particles
and the surface. To prevent aggregation and maintain
an effective antibacterial effect, the incorporation of the
AgNPs into stabilizing materials has been extensively
investigated (11,12). AgNPs can be synthesized by sev-
eral approaches, including physical, chemical, and bio-
logical. Chemical synthesis involves the reduction of
the silver ion from silver salts, such as silver nitrate, by
means of reducing agents. The most commonly used re-
ducing agents are borohydride, sodium citrate, ascorbic
acid, alcohol and hydrazine compounds. The reduction
of silver ions (Ag") in aqueous solution leads to the for-
mation of silver atoms (Ag"), followed by the formation
of oligomeric clusters (13-15).

Considerable attention has been paid in recent years
to impregnation of AgNPs in activated carbon (AC),
a widely used material for water treatment worldwide.
AC can be prepared from various organic and inorgan-
ic materials. The most commonly used are coal, rice
husks, coconut, and wood, or any lignocellulosic mate-
rial (16). AC is known to be an adsorbent material capa-
ble of removing a wide variety of organic and inorganic
matter due to its main characteristics, which include a
large surface area, a high degree of microporosity, and
the presence of a broad spectrum of functional groups
(17). It can come from different materials, provided the
material has high carbon content. In this process, vari-
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Introducao

Nos ultimos anos, houve um avanco no desenvolvi-
mento e pesquisa de nanotecnologia e nanomateriais.
Nanoparticulas de metal tém ampla funcionalidade em
diversas areas de aplica¢do, como electronicos, sen-
sores bioldgicos, medicamentos e tratamentos de agua.
Um dos recentes avancos € o desenvolvimento de na-
noparticulas de prata (NPAg), que tém atraido muita
ateng@o em pesquisas cientificas devido as suas carac-
teristicas fisicas, quimicas e biologicas (1,2). Nos 1lti-
mos anos, tem sido relatado na literatura que alguns na-
nomateriais impregnados com NPAg tém propriedades
bactericidas superiores, sio amplamente utilizados para
desinfectantes de agua (3-8).

O efeito antibacteriano da prata tem sido explorado
desde civilizagdes antigas. O mecanismo exacto dos
compostos de prata contra os microrganismos ainda
nao esta totalmente esclarecido, mas o mecanismo mais
provavel ¢ interac¢do directa com a membrana celular
e 0 ADN e o desencadeamento de cascatas bioquimi-
cas que levam a produgao de radicais livres, alterando a
permeabilidade da membrana celular (9,10).

Uma questdo importante na actividade antibacteriana
dos NPAg ¢ a libertagdo de ido Ag" devido a sua ox-
idagdo na presenca de agua e agregagdo na sua dis-
persdo devido as forgas atractivas entre as particulas e
a superficie. Para evitar a agregacao ¢ manter um efeito
antibacteriano eficaz, a incorporagdo dos NPAg nos
materiais estabilizadores tem sido extensivamente in-
vestigada (11,12).

Os NPAg podem ser sintetizados por varias abordagens,
incluindo fisica, quimica e bioldgica. A sintese quimica
envolve a redugdo do ido prata dos sais de prata, como
o nitrato de prata, por meio de agentes redutores. Os
agentes redutores mais usados sdo compostos de boro-
hidreto, citrato de sodio, acido ascorbico, alcool e hi-
drazina. A redugdo de ides de prata (Ag') em solugdo
aquosa leva a formagdo de atomos de prata (Ag°), se-
guida pela formagao de aglomerados oligoméricos (13-
15).

Nos ultimos anos, foi prestada atencdo consideravel a
impregnagdo de NPAg em carvao activado (CA), um
material amplamente utilizado para tratamento de agua
em todo o mundo. A CA pode ser preparada a partir
de varios materiais organicos e inorganicos. Os mais
utilizados sdo carvdo, casca de arroz, coco € madeira
ou qualquer material lenho celuldsico (16). Sabe-se
que a CA ¢é um material adsorvente capaz de remover
uma grande variedade de matéria organica e inorganica
devido as suas principais caracteristicas, que incluem
uma grande area superficial, um alto grau de micropo-



ous precursors may be used to incorporate silver, such
as commercial AC (18,19), corncob (20), sugarcane ba-
gasse (21), and AC containing nutshell (17), coconut
shell (22), and palm shell (23).

Based on this context, this study aimed to impregnate
AgNPs in activated carbon prepared from organic mat-
ter (Cryptotermes brevis feces), using different reducing
agents and different amounts of silver. The antimicro-
bial effect of these materials on the bacteria Staphy-
lococcus aureus (gram-positive) and Escherichia coli
(gram-negative) and the yeast Candida albicans were
evaluated by determining the minimum inhibitory con-
centration (MIC) and microbial growth kinetics. In ad-
dition, the phytotoxicity in the germination and growth
of Cucumis sativus and the toxicity of Artemia salina
were analyzed to determine if the material would be
safe to aquatic and plant life and support its potential
use for water disinfection.

Material and Methods

Material

Feces of Cryptotermes brevis fed with Pinus sp. were
collected at the Biopolymers Laboratory of the Univer-
sidade do Vale do Itajai, Brazil. All chemical reagents
(grade P.A) were from Vetec, Inc. (Sao Paulo, SP, Bra-
zil) and were used without purification.

Preparation of composites

Preparation of activated carbon

For the synthesis of activated carbon, termite feces
were treated with 98% H,SO, at a ratio of 1:1, 1:2, 1:4
and 1:6 (H,SO,: termite feces, w/w). Briefly, the mix-
ture was shaken gently in a fume hood and placed in
an oven at 150 °C for 24 h to achieve low-temperature
complete chemical carbonization of the organic mate-
rial. After carbonization, the materials were mixed with
deionized water and agitated for 2 h to remove the unre-
acted acid (until negative sulfate test, using BaCl2 (1%
w/w solution) as sulfate indicator reagent). Next, the
dried solid was treated at a temperature of 600 °C for 4
h in muffle furnace, in the absence of oxygen. The re-
sulting materials were named AC50, AC25, AC12 and
AC6 respectively.

Antimicrobial activity and toxicity of activated carbon with Ag
Actividade antimicromiana e toxicidade de carvdo activado contendo Ag

rosidade e a presenga de um amplo espectro de grupos
funcionais (17 ) Pode vir de materiais diferentes, desde
que o material tenha alto teor de carbono. Nesse proces-
s0, varios precursores podem ser usados para incorpo-
rar prata, como CA comercial (18,19), sabugo de milho
(20), bagaco de cana (21) e casca de noz contendo CA
(17), casca de coco (22) e casca de palma (23).

Com base nesse contexto, este estudo teve como objec-
tivo impregnar NPAg em carvao activado preparado a
partir de matéria orgénica (Cryptotermes brevis fezes),
utilizando diferentes agentes redutores e diferentes
quantidades de prata. O efeito antimicrobiano desses
materiais sobre as bactérias Staphylococcus aureus
(gram-positivo) e Escherichia coli (gram-negativo) e a
levedura Candida albicans foram avaliados através da
determinagdo da concentracdo inibitdria minima (CIM)
e da cinética de crescimento microbiano. Além disso, a
fitotoxicidade na germinagao e crescimento de Cucumis
sativus e a toxicidade de Artemia salina foram anali-
sadas para determinar se o material seria seguro para
a vida aquatica e vegetal e apoiar seu potencial uso na
desinfeccao da agua.

Material e Métodos

Material

Fezes de Cryptotermes brevis alimentadas com Pinus
sp. foram coletadas no Laboratério de Biopolimeros da
Universidade do Vale do Itajai, Brasil. Todos os reagen-
tes quimicos (grau P.A) eram da Vetec, Inc. (Sao Paulo,
Brasil) e foram utilizados sem purificacao.

Preparagdo dos compdsitos

Preparagdo do carvao ativo (CA)

Para a preparacdo do CA, fezes de cupins foram trata-
das com 98% de H,SO, na propor¢do de 1:1, 1:2, I:4 ¢
1:6 (H,SO,: fezes de cupim, (m/m). Resumidamente, a
mistura foi agitada suavemente em exaustor e colocada
em forno a 150 °C por 24 h para obter uma carboni-
zacao quimica completa em baixa temperatura do mate-
rial organico. Apos a carbonizacao, os materiais foram
misturados com agua desionizada e agitados por 2 h
para remover o acido que ndo reagiu (até teste de sulfato
negativo, usando BaCl2 (solugdo a 1% m/m) como rea-
gente indicador de sulfato). Em seguida, o so6lido seco
foi tratado a uma temperatura de 600 °C durante 4 h
em mufla, na auséncia de oxigenio. Os materiais result-
antes foram designados CA50, CA 25, CA12 e CA6.
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Incorporation of silver nanoparticles

Synthesis without reducing agent

The AC6, AC12, AC25 and AC50 (2.0 g) were dis-
persed in 50 mL of distilled water. The AgNO, (1.0 g)
was solubilized separately in 100 mL water, added to
the mixture, and stirred for 10 minutes. The pH was
adjusted to 10 with concentrated aqueous sodium hy-
droxide and the mixture stirred on a hot plate with mag-
netic stirring at 80 °C for 60 min, protected from light
(24). Finally, the mixture was washed with distilled
water and dried under vacuum for 24 h. The resulting
composites were named AC6Ag, ACI12Ag, AC25Ag
and AC50Ag.

Synthesis with NaBH,,

The AC6,AC12,AC25 and AC50 (2.0 g) was dispersed
in 50 mL of distilled water. The AgNO, (1.0 g) was
solubilized separately in 100 mL water, added to the
mixture, and stirred for 10 minutes. After the addition
of NaBH, (0.2 g), the mixture stirred with magnetic
stirring for 60 min, protected from light. Finally, the
mixture was washed with distilled water and dried under
vacuum for 24 h (25). The resulting composites were
named AC6AgB, AC12AgB, AC25AgB, AC50AgB.

Synthesis with sucrose

The AC6, AC12, AC25, and AC50, (2.0 g) preparation
were dispersed in 50 mL of distilled water. The AgNO,
(1.0 g) was solubilized separately was solubilized sepa-
rately in 100 mL water, added to the mixture and, stirred
for 10 minutes. Sucrose (10 g solubilized in a sufficient
amount of distilled water) was then added. The pH was
adjusted to 10 with concentrated aqueous sodium hy-
droxide. The mixture stirred on a hot plate with mag-
netic stirring at 80 °C for 60 min, protected from light.
Finally, the mixture was washed with distilled water
and dried under vacuum for 24 h (26). The resulting
composites were named AC6AgS and AC12AgS.

Characterization

pH on Point of zero charge (pH _)

pee
A suspension of 100 mg AC in 20 mL of distilled water
in the presence of 50 mM of NaCl was shaken for 24 h
at 25 °C. The pH of the suspension was then adjusted
in the range 4 to 12 with either diluted HCI or NaOH
solution, using a pH meter, and was considered the initial
pH of the suspensions. The final pH of the suspension
was measured after the 24 h equilibration. The PZC of
the adsorbents were determined from the plot of pH,
pH. .. vs pH. .. of adsorbent suspensions. The point at

initial initial
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Preparagdo sem agente redutor

CA6, CA12, CA25 e CAS50 (2,0 g) foram dispersos em
50 mL de agua destilada. O AgNO, (1,0 g) foi solubili-
zado separadamente em 100 mL de agaus, adicionado a
mistura e agitado durante 10 minutos. O pH foi ajustado
para 10 com hidroxido de sédio aquoso concentrado e
a mistura foi agitada magneticamente em placa quente
a 80 oC e protegida da luz durante 60 min (24). Final-
mente, a mistura foi lavada com agua destilada e seca
sob vacuo por 24 h. Os compdsitos resultantes foram
denominados como CA12Ag, CA25Ag e CAS0Ag.

Preparagao com NaBH,

CA6, CA12, CA25 e CAS50 (2,0 g) foram dispersos em
50 mL de agua destilada. O AgNO, (1,0 g) foi solubi-
lizado separadamente, adicionado a mistura e agitado
durante 10 minutos. Foi adicionado NaBH, (0,2 g) e a
mistura foi agitada foi agitada magneticamente e pro-
tegida da luz durante 60 min. Finalmente, a mistura foi
lavada com agua destilada e seca sob vacuo por 24 h
(25). Os compositos resultantes foram denominados
como CA6AgB, CA12AgB, CA25AgB e CA50AgB.

Preparacdo com sacarose

CA6, CA12, CA25 e CAS0 (2,0 g) foram dispersos em
50 mL de agua destilada. O AgNO, (1,0 g) foi solubili-
zado separadamente, adicionado a mistura e agitado du-
rante 10 minutos. Em seguida, foi adicionada sacarose
(10 g), apo6s ter sido solubilizada em uma quantidade
suficiente de dgua destilada. O pH foi ajustado para 10
com hidroxido de sodio aquoso concentrado e a mistura
foi agitada magneticamente em placa quente a 80 °C e
protegida da luz durante 60 min. Finalmente, a mistura
foi lavada com agua destilada e seca sob vacuo por 24
h (26). Os compdsitos resultantes foram denominados
como CA6AgS, CA12AgS, CA25AgS e CAS0AgS.

Carcaterizagdo

Ponto de carga zero do pH (pH, )

Uma suspensao de 100 mg de CA em 20 mL de agua
destilada foi agitada por 24 horas a 25 °C na presenga
de NaCl 50 mM. O pH da suspensdo foi entdo ajusta-
do na faixa de 4 a 12 com solugdo diluida de HCI ou
NaOH, usando um medidor de pH, e foi considerado
o pH inicial das suspensodes. O pH final da suspensao
foi medido ap6s o equilibrio de 24 h. O PCZ dos ad-
sorventes foi determinado a partir do grafico de pH
pH. .. versus pH.

initial inicial

final—

das suspensdes de adsorventes. O



which pH becomes zero was named pHpzc (27). The
experiments were carried out in triplicate.

Specific Surface Area (SSA)

The SSA was determined by the methylene blue (MB)
adsorption method; 100 mg of AC was mixed with 20
mL of MB solution (12.5 - 150 mg/L) and the suspen-
sion was shaken for 2 h at 25 °C. Five mL of the solu-
tion was then removed, and centrifuged. The remnant
concentration of MB in the fluid was determined us-
ing a UV/Vis spectrophotometer (Jasco V-630, Easton,
MD, USA) at a wavelength of 655 nm. The SSA was
derived from the point of complete cation replacement
determined on the titration curve. When the curve devi-
ates more than 45° from a straight line, this indicates
that additional MB cannot be completely absorbed by
the adsorbent. Thus, the SSA is calculated by the fol-
lowing equation [1], based on the amount of adsorbed
MB:

SSA =—E xA xAMBx— [1]

319.87 ms
where Av is Avogadro's number (6.02 x 10%*/mol), and
AMB is the area covered by one MB molecule (130
A?), mMB is the mass of the adsorbed MB at the point
of complete cation replacement, and ms is the mass of
the adsorbent (28).

Functional active groups

The functional groups on the surface of AC were char-
acterized by the Boehm method, as follows: 50 mg of
AC was dispersed in 20 mL of 0.05 M NaHCO,, 0.025M
Na,CO,, 0.05M NaOH, 0.05 M HCl, and shaken for 24
hours. Next, the samples were centrifuged and titrated
in triplicate with 0.1 M NaOH or 0.1 M HCI, depending
on the initial solution used. The number of groups on
the surface of the adsorbent was analyzed as follows:
NaHCO, (carboxylic groups), Na,CO, (carboxylic
groups and lactones), NaOH (carboxylic groups, lac-
tones, and phenolic groups) and HCI (basic sites) (29).

lodine number

The I, number (mg/g) for the AC was determined as
described in the literature (30). Approximately 150 mg
of AC was placed in a 250 mL dry Erlenmeyer flask,
fully wetted by boiling for 30 s with 10 mL of dilute
HCI (0.04 M) and subsequently cooled. Next, 20 mL
of I, solution (0.05 M) was added to the mixture, which
was then shaken for 30 min. The resulting solution was
filtered, and 50 mL of the filtrate was titrated with so-
dium thiosulfate solution (0.01 M), using starch as an
indicator. The remaining concentration of I, in the solu-

Antimicrobial activity and toxicity of activated carbon with Ag
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ponto em que o pH se torna zero foi nomeado pHpcz
(27). Os experimentos foram realizados em triplicata.

Area superficial especifica (ASE)

A ASE foi determinada pelo método de adsor¢do do
azul de metileno (AM); 100 mg de CA foram mistura-
dos com 20 mL de solugdo AM (12,5-150 mg/L) ¢ a
suspensao foi agitada durante 2 h a 25 °C. Em seguida,
5 mL da solug@o foram removidos e centrifugados. A
concentracao remanescente de AM no fluido foi deter-
minada por um espectrofotometro Jasco V-630 UV/Vis
a um comprimento de onda de 655 nm. A ASE foi deri-
vada do ponto de substituicdo completa do catido deter-
minado na curva de titulagdo. Quando a curva se desvia
mais de 45 ° de uma reta, isso significa que nenhum
AM adicional pode ser completamente adsorvido pelo
adsorvente. Assim, a ASE ¢ calculada pela seguinte
equacao [1], com base na quantidade de AM adsorvida:

1
—HE xA xAMBx—

554 = 319 87 mg 1]

onde Av ¢é o niimero de Avogadro (6,02 x 10%/mol) ¢
AMB ¢ a area coberta por uma molécula de AM (130
A?), mMB ¢ a massa do AM adsorvido no ponto de sub-
stitui¢do completa do catido e ms ¢ a massa do adsor-
vente (28).

Grupos funcionais ativos

Os grupos funcionais na superficie do CA foram car-
acterizados pelo método de Boehm, da seguinte forma:
50 mg de CA foram dispersos em 20 mL de NaHCO,
0,05 M, Na,CO, 0,025 M, NaOH 0,05 M, NaOH 0,05
M, HCI 0,05 M e agitados durante 24 horas. Em se-
guida, as amostras foram centrifugadas e tituladas em
triplicado com NaOH 0,1 M ou HCI 0,1 M, depend-
endo da solugdo inicial utilizada. O nimero de grupos
na superficie do adsorvente foi analisado da seguinte
forma: NaHCO, (grupos carboxilicos), Na,CO, (grupos
carboxilicos e lactonas), NaOH (grupos carboxilicos,
lactonas e grupos fendlicos) e HCl (locais basicos) (29).

Numero de iodo

O namero de I, (mg/g) para CA foi determinado con-
forme descrito na literatura (30). Cerca de 150 mg de
CA foi colocado em um baldo Erlenmeyer seco de 250
mL, umedecido completamente por ebulicdo durante
30 s com 10 mL de HCI diluido 0,04 M e subsequente-
mente resfriado. Em seguida, 20 mL de solucdo de I,
(0,05 M) foram adicionados a mistura, que foi agitada
durante 30 min. A solugdo resultante foi filtrada e 50
mL do filtrado foram titulados com solucdo de tios-
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tion was calculated from the total volume of sodium
thiosulfate used.

Amount of silver impregnated

The amount of silver impregnated on AC was deter-
mined by atomic absorption spectrophotometry (AAS
Perkin Elmer model Analyst 800, Billerica, MA, USA).
The calibration curve was prepared by serial dilutions of
the 1000 mg/L stock solution (Assurance Grade Inter-
ference Check Standard/SPEX CertiPrep®, Metuchen,
NJ, USA)

Antimicrobial assays

Determination of minimum inhibitory concentration
(MIC)

The minimum inhibitory concentrations (MIC) of the
materials for Staphylococcus aureus (ATCC 25923),
Eschechia coli (ATCC 25922) and Candida albicans
(ATCC 10231) were determined in 96-well microtiter
plates using a standard two-fold broth microdilution
of the antibacterial agents, following the guidelines of
the Clinical and Laboratory Standards Institute (31).
Serial dilutions of the antibacterial material were per-
formed in Mueller-Hinton (bacteria) and Sabouraund
(yeast) broths, which were inoculated with a standard-
ized number of organisms (1.5 x 10° UFC/mL) and in-
cubated overnight at 37 °C. The concentrations tested
ranged from 1000 to 1.95 ug/mL. Cell growth was de-
termined by observing the turbidity of the culture. The
lowest concentration of the materials at which no visual
turbidity could be observed was considered to be the
MIC of the antimicrobial materials.

Microbial growth kinetics

Suspensions (50 mL) of S. aureus (1.5 x 10° UFC/mL),
E. coli (1.5 x 10° UFC/mL) and C. albicans (1.5 x 10*
UFC/mL) were prepared in Mueller-Hinton (bacterias)
and Sabouraund (yeast) broths containing different con-
centrations of composites, according to the MIC, and
incubated at 37 °C with continuous agitation (120 rpm).
After a pre-determined incubation time, the antimicro-
bial efficacy was determined by measuring OD at 600
nm.
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sulfato de sodio (0,01 M), utilizando amido como in-
dicador. A concentragdo remanescente de I, na solugdo
foi calculada a partir do volume total de tiossulfato de
sodio utilizado.

Quantidade de prata impregnada

A quantidade de prata impregnada em CA foi determi-
nada por espectrofotometria de absor¢ao atomica (AAS
Perkin Elmer model Analyst 800). A curva de cali-
bragao foi preparada por dilui¢des em série da solucao
estoque 1000 mg/L (Assurance Grade Interference
Check Standard/SPEX CertiPrep®).

Ensaios antimicrobianos

Determinacdo da concentracdo inibitoria minima
(CIM)

As concentragdes inibitorias minimas (CIM) dos ma-
teriais para Staphylococcus aureus (ATCC 25923),
Escherichia coli (ATCC 25922) e Candida albicans
(ATCC 10231) foram determinadas em placas de micro
titulagdo de 96 pocos usando uma micro dilui¢do pa-
drao de 2 vezes em caldo dos agentes antibacterianos,
seguindo as directrizes do Instituto de Padrdes Clinicos
e Laboratoriais (31). Dilui¢Ges seriadas do material an-
tibacteriano foram realizadas em caldos Mueller-Hinton
(bactérias) e Sabouraund (levedura), que foram inocu-
lados com um nimero padronizado de organismos (1,5
x 10° UFC/mL) e incubados durante a noite a 37 °C. As
concentracdes testadas variaram de 1000 a 1,95 pg/mL.
O crescimento celular foi determinado pela observagao
da turbidez da cultura. A menor concentragdo dos ma-
teriais nos quais nao foi observada turbidez visual foi
considerada a CIM dos materiais antimicrobianos.

Cinética de crescimento microbiano

Suspensdes (50 mL) de S. aureus (1,5 x 10° UFC/mL),
E. coli (1,5 x 10° UFC/mL) e C. albicans (1,5 x 10*
UFC/mL) foram preparadas em Mueller-Hinton (bac-
térias) e caldos Sabouraund (levedura) contendo difer-
entes concentracdes de compositos, de acordo com a
CIM, e incubados a 37 °C com agitagdo continua (120
rpm). Apds um tempo de incubagdo predeterminado, a
eficacia antimicrobiana foi determinada pela medigdo
da DO a 600 nm.



Phytotoxic assays with Cucumis sativus

Seed germination tests

Cucumis sativus seeds were incubated in Petri dishes
containing one qualitative filter paper grade 1. Ten
seeds, geometrically scaled, were incubated with 5 mL
of distilled water (control) or respective AC suspen-
sion at concentrations of 1, 10, 100, 1000, and 10,000
mg/L, for 7 d at 25 °C in the dark. The experiments
were performed in triplicate. The number of germinated
seeds was counted, and the root length was measured.
Sequentially germinated seeds were incubated at 60 °C
for 48 h to determine the dry weights. The seedlings
were grouped and weighed together in each replicate
and the results were normalized for the number of ger-
minated seeds.

To provide a comprehensive interpretation, seed germi-
nation, and root elongation can be combined in a germi-
nation index (GI), according to equation [2]

GI (%) = (G,L,/G.L.) x 100 [2]

where Gs and Ls are seed germination (%) and root
elongation (mm) for the sample; Gc and Lc the corre-
sponding control values (32).

Seedling elongation inhibition (SEI %) provides infor-
mation about the inhibition (positive values) and stimu-
lation (negative values) of the seed germination. SEI
(%) can be calculated by the equation:

SEI (%) = LL;L x 100 3]

where Lc and Ls are root elongation (mm) for the con-
trol and sample.

Measurement of chlorophyll content

Cucumis sativus seeds were kept in contact with AC at
a concentration of 10,000 mg/L in the dark for 7 d, until
germination, and then for 48 h in the light. Next, fresh
leaves (300 mg) were collected and placed in contact
with 10 mL of 95% ethanol for 48 h under light. The
absorption of the samples was then measured in a UV-
Vis spectrophotometer at 648 and 664 nm (33). Chlo-
rophyll A, chlorophyll B, and total chlorophyll were
determined by the following equations:

Chl{A = 13'36A664 a 5'19A64-8 ] [4]
ChlB = 27'43A54B — 8'12A664 [5]
Total chlorophyll = ChlA + ChlB  [6]
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Ensaios de fitotoxicidade com Cucumis sativus

Teste de germinagdo das sementes

As sementes de Cucumis sativus foram incubadas em
placas de Petri contendo um papel filtro qualitativo
numero 1. Dez sementes, escaladas geometricamente,
foram incubadas com 5 mL de 4gua destilada (controle)
ou a respectiva suspensao CA nas concentragdes de 1,
10, 100, 1000 e 10.000 mg/L, durante 7 dias a 25 °C,
no escuro. As experiéncias foram realizadas em tripli-
cado. O ntimero de sementes germinadas foi e o com-
primento das raizes foi medido. Sementes germinadas
sequencialmente foram incubadas a 60 °C por 48 h para
determinar os pesos secos.

As mudas foram agrupadas e pesadas em cada réplica
e os resultados foram normalizados para o numero de
sementes germinadas. Para fornecer uma interpretacao
abrangente, a germinacdo das sementes e o alongamen-
to das raizes podem ser combinados em um indice de
germinacdo (GI), de acordo com a equagao:

GI (%) = (G,L,/G.L.) x 100 [2]

onde Gs e Ls sdo a germinacdo das sementes (%) e o
alongamento das raizes (mm) para a amostra; Gc e Lc
os valores de controle correspondentes (32).

A inibi¢ao do alongamento de mudas (SEI%) fornece
informagdes sobre a inibicdo (valores positivos) e es-
timulagdo (valores negativos) da germinagdo das se-
mentes. SEI (%) pode ser calculado pela equacéo:

SEI (%) = LL;L % 100 3]

onde Lc e Ls sdo alongamento da raiz (mm) para o con-
trole e a amostra.

Teor de clorofila

As sementes de Cucumis sativus foram mantidas em
contacto com CA na concentragdo de 10 g/L no escuro
por 7 dias, até a germinagao e, em seguida, por 48 horas
na luz.

Em seguida, folhas frescas (300 mg) foram colectadas e
colocadas em contacto com 10 mL de etanol a 95% por
48 h sob luz. A absor¢do das amostras foi entdo medida
em um espectrofotometro UV-Vis a 648 e 664 nm. A
clorofila A, clorofila B e a clorofila total foram determi-
nadas pelas seguintes equagdes (33):

ChlA = 13,36A454 — 5,194¢4¢ (4]
ChIB = 27,4345 —B 12424 [5]
Clorofila total = ChlA + ChlB [6]
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Evaluation of cell death using Evans blue dye

Loss of cell viability was studied using the Evan’s blue
staining method. Four root tips with 1 cm of length
from control and treated seeds were stained with 2 mL
of 0.25% (w/v) aqueous solution of Evans blue for 15
min, then washed with distilled water. The samples
were then incubated for 1 h at 50 °C with a sodium lau-
ryl sulfate solution in methanol-water (50:50), and the
absorbance was measured at 595 nm (34).

Hatching the cysts

The tests were performed according to the protocol
developed and validated (35). Dehydrated cysts of
Artemia salina were hatched in saline medium (38
g/L sea salt) at pH 8.0. The cysts were dispersed in the
medium (100 mg of cysts per 100 mL of medium) and
incubated for 24 h under light and aeration.

Mortality Rate of Artemia nauplii

The acute toxicity was determined by measuring the
number of dead Artemia. The 24-hour-old nauplii were
transferred to 24-well plates, with 10 nauplii placed in
contact with the nanomaterial suspensions (2 mL) at
concentrations of 25, 50, 75, 100, 125, 500, 1000, and
10000 mg/L. Ten replicates were used for each treat-
ment. Saline medium was used as negative control and
a solution of 60 mg/L K ,Cr,O_was used as positive con-
trol. The plates were incubated in the dark at 24 °C. The
number of dead nauplii was evaluated after 24 and 48
h, with immobile nauplii being considered dead. The
test was considered valid if less than 10% of the control
nauplii were immobile.

The mortality rate was calculated by following the
formula:

Number of dead nauplii

% Mortality = x 100 [7]

Initial number of nauplii

Statistical Analysis

All experiments were performed in triplicate. Statisti-
cal significance was determined by analysis of variance
(ANOVA), followed by Dunnett’s method and Tukey's
test, to determine the statistical significance of each pa-
rameter among the treatments, with significant differ-
ences at p <0.05, using the software program GraphPad
Prism 5 (GraphPad Software, San Diego, CA, USA).
All experimental data are presented as mean values +
standard deviations.
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Avaliacdo da morte celular usando o corante azul de
Evans

A perda de viabilidade celular foi estudada usando o
método de coloragdo azul de Evans. Quatro pontas de
raiz com 1 cm de comprimento, das sementes controle
e tratadas, foram coradas com 2 mL de solu¢ao aquosa
a 0,25% (m/v) de azul de Evans por 15 min e depois
lavadas com agua destilada. As amostras foram entdo
incubadas por 1 h a 50 °C com uma solugdo de lauril
sulfato de sddio em metanol-agua (50:50), e a absorb-
ancia foi medida a 595 nm (34).

Incubacdo dos cistos

Os testes foram realizados de acordo com um protocolo
desenvolvido e validado (35). Os cistos desidratados
de Artemia salina foram incubados em meio salino (sal
marinho 38 g/L) com pH 8.,0. Os cistos foram disper-
sos no meio (100 mg de cistos por 100 mL de meio) e
incubados durante 24 h sob luz e injec¢ao de ar com-
primido.

Taxa de mortalidade Artemia nauplii

A toxicidade aguda foi determinada medindo o nimero
de Artemia mortas. Os nauplii com 24 h de idade foram
transferidos para placas de 24 pogos, com 10 nauplii
colocados em conctato com as suspensdes de nanoma-
teriais (2 mL) nas concentragdes de 25, 50, 75, 100,
125, 500, 1000 e 10000 mg/L. Dez réplicas foram usa-
das para cada tratamento. O meio salino foi usado como
controle negativo € uma solugdo de K,Cr,0, a 60 mg/L
foi usada como controle positivo. As placasforam incu-
badas no escuro a 24 °C. O numero de nauplii mortos
foi avaliado apds 24 e 48 h, sendo considerado nau-
plii imével. O teste foi considerado valido se menos de
10% dos nauplii controle estivessem imoveis.

A taxa de mortalidade foi calculada seguindo a formula:

% Mortalidade = x 100

Numero de nauplii mortos [7]

Numero inicial de nauplii

Andlises estatisticas

A significancia estatistica foi determinada pela analise
de variancia (ANOVA), seguida pelo método de Dun-
nett e pelo teste de Tukey, para determinar a significan-
cia estatistica de cada parametro entre os tratamentos,
com diferenca significativa em p <0,01, utilizando o
programa GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). Todos os dados experimentais sdo
apresentados como valores médios + desvios padrdo



Results and Discussion

Preparation of activated carbon

Among the various types of chemical activation agents,
H,SO, is frequently used for the preparation of activat-
ed carbon from lignocellulose products. The carboni-
zation of termite feces with H,SO, resulted in yields
ranging from 43.8 to 48.7%, with no direct relationship
between the yield and the amount of acid added to the
AC. The H,SO, causes cleavage of bonds, leading to
dehydration and elimination reactions that release vola-
tile products such as water, acetic acid, methanol, and
other compounds (36). A similar result was found in the
synthesis of AC from flax fibers, where the amounts of
H,SO, added, from 10 to 18 mol/L, did not show a sig-
nificant variation in material yield (37).
Hemicelluloses are readily hydrolysed by dilute acids.
Cellulose, because of its high crystallinity and cohesive
density, is insoluble in water and more resistant to di-
lute acids. However, strong acids can cause cellulose
to swell, or even dissolve. Concentrated sulfuric acid
rapidly dissolves cellulose in the cold, forming a clear
solution which, when left to stand, blackens as a result
of carbonisation of the cellulose. Lignin is the major
component of termite feces, and studies in which saw-
dust was treated with concentrated H,SO, have shown
that the polysaccharides are hydrolysed and can be re-
moved, whereas lignin is left as a non-hydrolysed dark/
coloured residue. In short, the preparation of AC by
dehydration of any biomass is a difficult task, as it de-
pends on the type of raw material, the method of treat-
ment, and the intended use of the AC (37).

Characterization of AC

The internal and external surface of the prepared AC
was studied using SEM technique. As shown in Figure
SIla, the surface of treated termite feces was homoge-
neous, smooth, and flat (38). After chemical activation,
SEM (Figure SI1), showed the internal pores of the
prepared AC12. The pores and cavities resulted from
evaporation of the activating agent (H,SO,) during car-
bonization, as indicated in literature (38, 39).

The characteristics of the activated carbons prepared at
600 °C using different impregnation ratios of H,SO,are
shown in Table 1. The specific surface area (SSA) deter-
mined by the amount of adsorbed methylene blue (MB)
was calculated by equation [1] (28). Using H,SO,, as
the activating reagent, the maximum surface area was
obtained for the activated carbon AC6. Interestingly,
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Resultados e Discussao

Preparagdo do CA

Entre os varios tipos de agentes quimicos de activagao,
o H,SO, ¢ frequentemente usado para a preparacao de
carvao activado a partir de materiais lenho celuldsico.
A carbonizagdo das fezes de cupim com H,SO, resultou
em rendimentos variando de 43,8 a 48,7%, sem relagdo
directa entre o rendimento e a quantidade de acido adi-
cionado ao CA. O H,SO, causa clivagem de ligagdes,
levando a reaccdes de desidrata¢do e eliminacdo de
produtos volateis, como agua, acido acético, metanol
e outros produtos quimicos (36). Resultado semelhante
foi encontrado na preparacdo de CA a partir de fibras de
linho, onde as quantidades de H,SO, adicionadas, de 10
a 18 mol/L, ndo apresentaram variacdo significativa no
rendimento do material (37).

As hemiceluloses sdo prontamente hidrolisadas por aci-
dos diluidos. A celulose, devido a sua alta cristalinidade
e densidade coesiva ¢ insoluvel em dgua e mais resist-
ente a acidos diluidos. No entanto, acidos fortes podem
fazer com que a celulose inche ou até se dissolva. O aci-
do sulfurico concentrado dissolve rapidamente a celu-
lose em temperaturas ambiente, formando uma solugéo
clara que, quando deixada em repouso, escurece como
resultado da carbonizac¢ao da celulose. O material lenho
celuldsico € o principal componente das fezes de cupim,
e estudos nos quais a serragem foi tratada com H,SO,
concentrado mostraram que os polissacarideos sao hi-
drolisados e podem ser removidos, enquanto a linina ¢
deixada como um residuo escuro/colorido néo hidroli-
sado. Em suma, a preparacdo do CA por desidratagdo
de qualquer biomassa ¢ uma tarefa dificil, pois depende
do tipo de matéria-prima, do método de tratamento e do
uso pretendido do CA (37).

Caracterizagdo do CA

A superficie interna e externa do CA preparado foi es-
tudada pela técnica MEV. Como mostrado na Figura
SIla, a superficie das fezes de cupim tratadas era ho-
mogénea, lisa e plana (38). Apos activagdao quimica, o
MEYV (Figura SI1) mostrou os poros internos do CA12
preparado. Os poros ¢ cavidades resultaram da evapo-
ragdo do agente activador (H,SO,) durante a carboni-
zagdo, como indicado por Hamed, et al., 2016 (39) ¢
Chahm, et al., 2019 (38).

As caracteristicas dos carvoes activos preparados a 600
°C usando diferentes taxas de impregnacdo de H,SO,
sdo mostradas na Tabela 1. A 4rea superficial especifica
(ASE) determinada pela quantidade de azul de metile-
no adsorvido (AM) foi calculada pela equagao [1] (28).
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when the impregnation ratio increased from 1:6 to 1:1
(termite feces:H,SO,, the surface area decreased from
303.4t0 162.5m*> g\,

The Boehm titration method provides important infor
mation regarding the surface properties of carbon ma-
terials. These properties, in turn, may interfere with the
performance of the materials in the adsorption process-
es. The results are shown in Table 1. The results of the
titration results revealed that the total acidity of the AC
surface increased with the amount of H,SO,used in the
activation. Functional acid groups have been broadly
studied, and the results reported in the literature have
demonstrated that H,SO, oxidation allows the forma-
tion of carboxyl sites. Total acid sites (TAS) of the ACs
increased up to 400% when the amount of H,SO, used
was increased, mainly reflecting an increase in phenolic
groups. However, TAS decreased when a ratio of 1:1
H,SO, was used for the oxidation of the wood-based
activated carbon. These results are similar to those
reported in literature, showing that H SO, oxidation
increases the total acid groups, mainly due to the for-
mation of carboxylic, phenolic and hydroxyl groups.
In addition, the quantity of basic sites increased after
chemical oxidation of the activated carbon (40-42).

Table 1 shows the pH_, results of the experiments
performed with the AC’s, where the pH ranged from
4 to 12. According to Table 1, the pH_ decreased with
increasing amounts of H, SO, used in the activation.
Below the pH value, the surface of AC is positively
charged due to protonation. Above the pH , the AC
surface has a negative charge (43).

The iodine number is a measure of micropore content

Utilizando H,SO,, como reagente de activagdo, foi
obtida a area superficial maxima para o carvao activado
CA®6. Curiosamente, quando a taxa de impregnagao au-
mentou de 1:6 para 1:1 (FC:H,SO,), a area de superficie
diminuiu de 303,4 para 162,5 m*g".

O método de titulagdo de Boehm fornece informagdes
importantes sobre as propriedades da superficie de ma-
teriais de carbono. Essas propriedades, por sua vez, po-
dem interferir no desempenho dos materiais nos proces-
sos de adsor¢ao. Os resultados sdo mostrados na Tabela
1. Os resultados da titulagdo revelaram que a acidez
total da superficie do CA aumentou com a quantidade
de H,SO, usado na activagdo. Grupos acidos funcion-
ais tém sido amplamente estudados, e os resultados re-
latados na literatura demonstraram que a oxidag@o com
H,SO, permite a formagdo de acidos carboxilicos. Os
acidos organicos totais (AOT) dos CAs aumentaram até
400% quando a quantidade de H,SO, usado foi aumen-
tada, recfletindo principalmente um aumento nos gru-
pos fenolicos, Tabela 1. No entanto, o conteudo de AOT
diminuiu quando uma propor¢do de 1:1 de H,SO, foi
usada para a oxidagdo do carvao activado a base de ma-
deira. Esses resultados sdo semelhantes aos relatados
na literatura mostrando que a oxidag¢do com H,SO, au-
menta o total de grupos acidos, principalmente devido
a formagdo de grupos carboxilico, fendlico e hidroxilo.
Além disso, a quantidade de sitios basicos aumentou
apos a oxidagdo quimica do carvao activado (40-42).

A Tabela 1 mostra os resultados de pH dos experi-
mentos realizados com os CAs, onde o pH variou de 4
a 12. De acordo com a Tabela 1, o pHpcz diminuiu com
o aumento de quantidades de H,SO, usado na ativag@o.

Table 1 — Characterization parameters of activated carbon
Tabela 1 — Parametros de caracterizagdo do carvao ativado

Functional groups / Grupos funcionais

(mg/g)
Total acid
Carboxyli Lact
SSAZ/ ’ar oxyHe actone Phenol groups / sites / .
Lt ASE pH,3/  acid groups / groups / Grupos Total de Basic sites /
U]
(mg/g) pH.} Grupos acido Grupos p .. Sitios basicos
(m?%g) . fenolicos sitios
caboxilicos lactonas .
acidos
AC6 1719 303.4 9.1 9.0 - 26.9 359 2.7
AC12 1737 2354 7.5 234 0.4 22.9 46.7 1.3
AC25 1445 1522 5.6 2.3 3.6 144.5 150.4 4.9
AC50 1463 1625 5.2 2.3 5.4 104.6 112.3 7.7

"Todine number; 2Specific surface area; *pH point zero charge / 'Numero de Iodo; 2Area supercificial especifica; *pH ponto de carga zero
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and was obtained by the standard method, the measure-
ment of the accessibility of pores with dimensions >1.0
nm (17, 44). Table 1 shows the iodine number value
of ACs. According to Table 1, the microporosity of the
materials had no significant difference in relation to the
amount of H SO, used; the iodine number ranged from
146.3 to 173.7 mg/g. The results indicate that AC has a
moderate iodine number (45).

The composites containing activated carbon and silver
nanoparticles were prepared in one-step. Ag" ions were
reduced to Ag® directly on the AC surface with an in-
organic (NaBH,) (46) reducing agent (equation [8]), or
an organic reducing agent (sucrose) (47) (quation [9]).
A series of composites was prepared without the addi-
tion of reducing agents. The chemical reaction involved
in the formation of silver nanoparticles by NaBH, and
sucrose are represented by:

AgNO; + NaBH, — Ag + 1/2H, + 1/2B,H; + NaNO;  [8]

CH,OH-(CHOH);-CHO + 2Ag" + H,O — 9]
- CH,OH(CHOH):-COOH + 2Ag + H'

Table 2 shows the amount of silver present in the syn-
thesized ACs. The highest amount of silver was found
in the composites prepared using NaBH, as a reduc-
ing agent. The use of sucrose resulted in composites
with considerable amounts of silver. On the other hand,
composites prepared without reducing agents resulted
in a small amount of silver being incorporated into the
AC. As shown in Table 2, the amount of acid used in the
preparation of the ACs did not influence the amount of
silver incorporated into the composite.
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Actividade antimicromiana e toxicidade de carvdo activado contendo Ag

Abaixo do valor de pH __, a superficie do CA ¢ carrega-
da positivamente devido a protonag@o. Acima do pH
a superficie do CA tem uma carga negative (43).

O ntmero de iodo ¢ uma medida do contetido de mi-
croporos e foi obtido pelo método padrdo para medir
a acessibilidade de poros com dimensdoes >1.0 nm
(17,44). A Tabela 1 mostra o valor do niimero de iodo
dos CAs. De acordo com a Tabela 1, a microporosidade
dos materiais nao apresentou diferenca significativa em
relagdo a quantidade de H,SO, utilizado; o numero de
iodo variou de 146,3 a 173,7 mg/g. Os resultados indi-
cam que o CA tem um nimero moderado de iodo (45).
Os compositos contendo carvao activado e nanoparticu-
las de prata foram preparados em uma etapa. O ido Ag"
foi reduzido para Ag’ directamente na superficie da
CA com um agente redutor inorganico (NaBH,) (46)
(equacao [8]), ou um agente redutor organico (saca-
rose) (47) (equagdo [9]). A reac¢do quimica envolvida
na formagdo de nanoparticulas de prata por NaBH, e
sacarose ¢ representada por:

pez’

AgNO; + NaBH; — Ag + 1/2H, + 1/2BH; + NaNO;  [8]

CH,OH-(CHOH):-CHO + 2Ag" + H,0 — [9]
- CH,OH(CHOH);-COOH + 2Ag + H'

A Tabela 2 mostra a quantidade de prata presente nos
CAs preparados. A maior quantidade de prata foi en-
contrada nos compdsitos preparados usando NaBH,
como agente redutor. O uso de sacarose resultou em
compdsitos com quantidades consideraveis de prata.
Por outro lado, os compositos preparados sem agentes
redutores resultaram na incorporacdo de uma pequena
quantidade de prata no CA. Como mostrado na Tabela
2, a quantidade de acido usada na preparagdo dos CAs
ndo influenciou a quantidade de prata incorporada no
compdasito.

Table 2 — Silver amount incorporated into the AC
Tabela 2 — Quantidade de prata nos compdsitos

Composite / Composito

Silver load /
quantidade de prata

(mg/g)
AC6Ag 23.4
ACI12Ag 19.5
AC25Ag 11.7
AC50Ag 58.6
AC6AgB 133.7
ACI12AgB 109.3
AC25AgB 156.2
AC50AgB 136.6
AC6AgS 46.9
ACI12AgS 50.8
AC25AgS 31.2
AC50AgS 35.7
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Antimicrobial activity of the composites

Minimal inhibitory concentration (MIC)

The MIC is defined as the lowest concentration of a
drug that will inhibit the visible growth of microorgan-
ism after a period long (24 h), the growth of colony to
a turbid bacteria culture observable to the naked eye.
The MIC of the compounds to E. coli, S. aureus and
C. albicans were determined using the double dilution
method. The representative growth status of microbial
strains in the presence of varying concentrations of dis-
infectants is shown in Table 3.

The results of the silver MIC were calculated in propor-
tion to the amount of silver present in the composite
(Table 2). The ACs without silver (AC6-AC50) did not
present antibacterial or antifungal activity against the
tested microorganisms

Table 3 shows that the AC25Ag and AC12Ag com-
posites prepared without reducing agents had the same
MIC (500 pg/mL) for both S. aureus and E. coli. The
AC25AgB composite prepared with NaBH, as reduc-
ing agent had a MIC of (500 ug/mL) for S. aureus, the
composites AC12AgB, AC25AgB, and AC50AgB had
a MIC of (500 pg/mL) for E. coli. The AC12AgS com-
posite prepared using sucrose, had a MIC of (500 pg/
mL) for both E. coli and C. albicans, and AC6AgS had
a MIC of (500 pg/mL) for S. aureus. The MIC values
found are well below those reported in the literature for
silver nanoparticle-impregnated carbonaceous materi-
als: graphene oxide/Ag’ MIC 2000 ug/mL for S. aureus
and E. coli (48); commercial activated carbon MIC 600
pg/mL and 1250 pg/mL for E. coli and S. aureusrespec-
tively (18).

The efficiency of nanomaterials is even more evident
when we compare the MIC values based on the con-
centration of Ag. It was observed that the amount pre-
sent in the ACAg compounds prepared without reduc-
ing agent (6-58 pg/mL) is lower than those found in
the compounds prepared with NaBH, (78-136 pg/mL).
One of the hypotheses for these results is the presence
of Ag® ions in the composite prepared without reducing
agent. Higher toxicity against bacteria has been report-
ed for the Ag™ ion compared to Ag’ (49). The decrease
in antimicrobial activity with the increase of silver may
be related to the increase in nanoparticle size, decreas-
ing the potential for the release of silver ions and lead-
ing to a reduction in the antibacterial activities of the
materials (50-51).

The MICs of 8.5 pg/mL and 6.0 ng/mL found for both
E. coliand S. aureus for AC12Ag and AC25Ag, respec-
tively, were very close to that reported for commercial
activated carbon (10 and 5 pg/mL ) (52). The MIC for
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Atividade antimicrobiana dos compositos

Concentragdo inibitoria minima (CIM)

A CIM ¢ definida como a menor concentracdo de um
medicamento que inibird o crescimento visivel do mi-
crorganismo apos 24 h, o crescimento da colonia em
uma cultura de bactérias turva ¢ observavel a olho nu.
A CIM dos compostos para E. coli, S. aureus e C. al-
bicans foi determinada usando o método de dupla di-
luicao. O status de crescimento representativo das ce-
pas microbianas na presenca de concentragdes variadas
de desinfectantes ¢ mostrado na Tabela 3.

Os resultados da CIM de prata foram calculados
proporcionalmente a quantidade de prata presente no
compdsito (Tabela 2). Os CAs sem prata (CA6-CAS0)
ndo apresentaram actividade antibacteriana ou antifun-
gica contra os microrganismos testados.

A Tabela 3 mostra que os compositos CA25Ag e
CA12Ag preparados sem agentes redutores tinham
a mesma CIM 500 pg/mL para S. aureus e E. coli. O
composito preparado com NaBH, como agente redutor
CA25AgB apresentou CIM 500 pg/mL para S. aureus,
os compositos CA12AgB, CA25AgB e CAS50AgB
apresentaram CIM 500 pg/mL para E. coli. O comp0si-
to preparado com sacarose, CA12AgS, teve uma CIM
de 500 pg/mL para E. coli e C. albicans, e CA6AgS
teve uma CIM de 500 pg/mL para S. aureus. Os valores
de CIM encontrados estdo bem abaixo dos relatados
na literatura para materiais carbondceos impregnados
com nanoparticulas de prata:6xido de grafeno/Ag’ CIM
2000 pg/mL para S. aureus e E. coli (48); carvao acti-
vado comercial CIM 600 pg/mL e 1250 pg/mL para E.
coli e S. aureus respectivamente (18).

A eficiéncia dos nanomateriais ¢ ainda mais evidente
quando comparamos os valores de CIM com base na
concentracao de Ag. Observa-se que a quantidade pre-
sente nos compostos preparados sem o agente redutor
CAAg (6-58 pg/mL) € menor que a encontrada nos
compostos preparados com NaBH, (78-136 ug/mL).
Uma das hipoteses para esses resultados € a presenca
de i30 Ag™ no composito preparado sem agente redutor.
A literatura relata que o ido Ag™ apresenta maior toxi-
cidade contra bactérias que o Ag’ (49). A diminuigdo
da atividade antimicrobiana com o aumento da prata
pode estar relacionada ao aumento do tamanho das na-
noparticulas, o que diminuiu o potencial de liberagao de
i0es Ag”, levando a uma redu¢ao nas actividades anti-
bacterianas dos materiais (50, 51).

As CIMs de 8,5 pg/mL e 6,0 pg/mL encontradas para
E. coli e S. aureus para CA12Ag e CA25Ag, respecti-
vamente, foram muito proximo do relatado para carvao
activado comercial (10 e 5 pg/mL) (52). A CIM de E.



Antimicrobial activity and toxicity of activated carbon with Ag
Actividade antimicromiana e toxicidade de carvdo activado contendo Ag

Table 3 — Minimal inhibitory concentration (MIC) of silver composites on S. aureus, E.
coli,and C. albicans
Tabela 3 — Concentragdo Inibitoéria Minima (CIM) de prata nos composito sobre o S.
aureus, E. coli, e C. albicans

MIC / CIM (png/mL)
Composite / Composito S. aureus E. coli C. albicans

Total Ag Total Ag Total Ag

AC6Ag 1000 23 1000 23 >1000 >23
AC12Ag 500 8.5 500 8.5 >1000 >19
AC25Ag 500 6 500 6 >1000 >11
AC50Ag 1000 58 1000 58 >1000 >58
AC6AgB 1000 133 1000 133 >1000 >133
AC12AgB 1000 109 500 54 >1000 >109
AC25AgB 500 78 500 78 >1000 >156
AC50AgB 1000 136 500 68 >1000 >136

AC6AgS 1000 46 500 23 500 23
AC12AgS 2000 100 1000 50 >1000 >50
AC25AgS 2000 71 1000 31 >1000 >36
AC50AgS 2000 75 1000 50 >1000 >38

E. coli with AC12Ag and AC25Ag was approximately
half of that found for activated carbon obtained from
coconut shell, 16 pg/mL (53). However, it was well
above the results found for activated carbon prepared
with bamboo, which had MIC values > 3.0 pg/mL
against both E. coli and S. aureus (54).

Growth curves of the microorganism

Growth inhibition effects of the composites AC25AgB
and AC6AgB were demonstrated with the microorgan-
ism growth curves. The bacterial growth was monitored
by measuring the optical density at 600 nm (OD600)
based on the turbidity of the cell suspension. As shown
in Figure 1A, the lag phase of E. coli is less than 4 h for
the control group. However, incubation with AC25AgB
significantly prolonged the lag phase to 24 h, at dose of
250 mg/L and over 30 h for doses of 500, 750, and 1000
mg/L. For S. aureus, the lag phase was extended from 1
to 4 hours at a dose of 250 mg/L and over 48 h for doses
of 500, 750, and 1000 mg/L (Figure 1B). It appears that
the AC25AgB had a greater effect on Gram-positive
than Gram-negative bacteria. The lag phase of C. al-
bicans was less than 4 h for the control group, but was
extended to 24 h when exposed to 500 mg/L AC6AgB
composite. At doses of 1000, 1500 and 2000 mg/g the
lag phase was extended to 48 h, Figure 1C. These re-
sults are in agreement with those presented in the MIC
determination, which showed antimicrobial activity at
the same concentrations. Growth inhibition effects of

coli, encontrada no CA12Ag e no CA25Ag, foi aproxi-
madamente metade da encontrada para o carvao activa-
do obtido da casca de coco, 16 ng/mL (53). No entan-
to, ficou bem acima dos resultados encontrados para o
carvao activado preparado com bambu, que apresentou
CIM > 3,0 pg/mL para E. coli e S. aureus (54).

Curva de crescimento dos micro-organismos

Os efeitos de inibicdo do crescimento dos compositos
CA25AgB e CA6AgB foram demonstrados com as cur-
vas de crescimento de microrganismos. O crescimento
bacteriano foi monitorado medindo a densidade optica
a 600 nm (DO600) com base na turbidez da suspensao
celular. Como mostrado na Figura 1A, a fase de atraso
de E. coli ¢ inferior a 4 h para o grupo controle. No
entanto, a incubagao com CA25AgB prolongou signifi-
cativamente a fase de atraso para 24 h, na dose de 250
mg/L e mais de 30 h para doses de 500, 750 e 1000
mg/L. Para S. aureus, a fase de retardo foi estendida de
1 a 4 horas na dose de 250 mg/L e mais de 48 h para
doses de 500, 750 e 1000 mg/L (Figura 1B). Parece que
o CA25AgB tem um efeito maior nas bactérias Gram-
positivas do que nas Gram-negativas. A fase de atraso
de C. albicans foi inferior a 4 h para o grupo controle,
mas foi estendida para 24 h quando exposta a 500 mg/L
de composto CA6AgB. Nas doses de 1000, 1500 e 2000
mg/g, a fase de atraso foi estendida para 48 h, Figura
1C. Esses resultados estdo de acordo com os apresen-
tados na determinacao da CIM, que mostrou actividade
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Figure 1 — Growth curves of E. coli exposure to AC25AgB composite (a); S. aureus exposure (b) and C.
albicans (c) exposure to AC6AgB composites. Control represents bacterial culture without any Ag formulations
(black). Bacterial growth is measured as the optical density at 600 nm. Incubation time = 0 h corresponds to
the time at which the composite is added to the bacterial broth.
Figura 1 — Curva de crescimento do E. coli exposto ao composito CA25AgB (a); S. aureus (b) e C. albicans
(c) exposta ao composito CA6AgB. Controle representa a cultura das bactérias sem prata (preto). Cresci-
mento bacteriano ¢ medido através da densidade 6tica em 600 nm. Tempo de incubacdo =0  h corresponde
ao tempo em que os compositos foram adicionados no caldo bacteriano
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the other composites are shown in the supplementary
information (SI4). Similar results were found for rice
husk-based carbon with silver nanoparticles at the com-
posite contact time with the 18 h for E. coli (55).

In another study of antibacterial activity with silver na-
noparticle-loaded carbon nanospheres, the growth of E.
coli was completely inhibited at a concentration greater
than 50 mg/L (56).

Phytotoxicity

Seedling Elongation Inhibition (SEI)

The effect of composites on Cucumis sativus growth
was evaluated by seed germination in contact with
suspensions containing increasing concentrations of
the materials. Root length measurements were used
to calculate the value (SEI %). Positive values repre-
sent growth inhibition, and negative values represent
growth stimulation.

The effect of composite on seedling growth was calcu-
lated by SEI are shown in Figure S3 and Figure 2. The
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antimicrobiana nas mesmas concentragoes. Os efeitos
de inibi¢do do crescimento dos outros compdsitos sao
mostrados nas informacgdes suplementares (SI4). Re-
sultados semelhantes foram encontrados para carbono
a base de casca de arroz com nanoparticulas de prata
no tempo de conctato composto com 18 h para E. coli
(55). Em outro estudo da actividade antibacteriana com
nanoesferas de carbono carregadas com nanoparticulas
de prata, o crescimento de E. coli foi totalmente inibido
em uma concentracao superior a 50 mg/L (56).

Fitotoxicidade

Inibicdo do alongamento das plantulas (IAP)

O efeito dos compositos no crescimento de Cucumis
sativus foi avaliado por germinacdo de sementes em
conctato com suspensdes contendo concentragdes cres-
centes dos materiais. As medidas do comprimento da
raiz foram usadas para calcular o valor IAP (%). Va-
lores positivos representam inibicdo do crescimento e
valores negativos representam estimula¢do do cresci-
mento.

O efeito do composito no crescimento de plantulas cal-
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0 .
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Figure 2 — Influence of composites on seedling elongation Inhibition (SEI). Values are means of three
replicates = SD. Different letters indicate significant differences (ANOVA followed by Tukey’s test, p < 0.05),
at concentration of 10,000 mg/L.

Figura 2 — Influéncia dos compositos sobre a inibi¢do do alongamento da plantula (IAP). Os valores
representam a média de trés réplicas £ DP. Diferentes letras indicam diferengas significativas (teste ANOVA
seguido de teste Tukey’s , p <0,05), na concentragao de 10.000 mg/L.
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AC had a growth stimulation effect, with no relation-
ship between the concentration of H,SO, used in the
activation of termite feces and SEI, and higher stimula-
tion at the concentration of 10,000 mg/L (29.6 + 16.1%)
for AC25.

The composites containing silver nanoparticles (pre-
pared using NaBH,) showed inhibition at all concen-
trations (10-1000 mg/mL), without a dose-dependent
effect and without significant differences (p<0.05) be-
tween them for composites (Figure S3).

Composites prepared with the lowest amount of H,SO,
(AC6Ag, AC2AgB and AC6AgS) at the dose of 10,000
mg/g showed the highest inhibitory effect on SEI, with
inhibition of around 60%. This demonstrates that the
silver-impregnated active carbons showed toxicity to
C. sativus in the elongation stage. Similar results were
observed for root growth of cucumber seeds when using
Ag-NP (57). The same behavior has also been reported
for the use of Ag-NP and AgNO,, resulting in a severe
reduction in growth parameters of C. sativus (58).

Germination index (GI)

The GI can assume values greater or lower than 100%,
where a value equal to 100% indicates that the average
seedling length and germination rate between a specific
treatment and negative control are the same. With val-
ues of between 80% and 120%, the effects are similar to
those produced by the negative controls, while values
greater than 120% indicate biostimulation, and values
lower than 80% indicate inhibition (7).

The results of GI are presented in Figure 3. The active
carbon without silver presented a general stimulation
tendency, at the concentration of 10000 mg/L, for an ef-
fect greater than 120 % (130+2.5 %) for AC25, without
significant difference (p> 0.05). The activated carbons
prepared using NaBH, showed a negative effect on ger-
mination and growth, with values ranging from 35-60
%, depending on the amount of acid used for the prepa-
ration. On the other hand, there was no correlation with
the amount of silver contained in the composites. This
effect was only observed at the concentration of 10000
mg/L (Figure S2). The composites containing silver na-
noparticles, prepared with reducing agent or sucrose,
also had negative effects, with GI < 80 % for all com-
posites. The GI results showed the same tendency, as
shown by the SEI, with low GI values being attributed
to inhibition of root growth. Similar results were pre-
viously found using Ag-NP in C. sativus germination,
where a significant decrease in GI was observed (57).
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culado por IAP sdo mostrados na Figura S3 e Figura 2.
O CA teve um efeito de estimulagdo do crescimento,
sem relagdo entre a concentragdo de H,SO, usado na
activagdo das fezes de cupins e IAP, e maior estimulo
na concentracao de 10 g/L (29,6 + 16,1%) para o CA25.
Os compositos contendo nanoparticulas de prata (pre-
paradas com NaBH,) apresentaram inibi¢do em todas
as concentragdes (10-1000 mg/mL), sem efeito dose-
dependente e sem diferengas significativas (p < 0,05)
entre eles para compositos (Figura S3).

Os compositos preparados com a menor quantidade
de H,SO, (CA6Ag, CA2AgB ¢ CA6AgS) na dose de
10.000 mg/g apresentaram o maior efeito inibitorio
no IAP, com inibicdo em torno de 60%. Isso demon-
stra que os carvoes activados impregnados com prata
apresentaram toxicidade para C. sativus no estagio de
alongamento. Resultados semelhantes foram observa-
dos para o crescimento radicular de sementes de pepino
ao usar NP-Ag (57). O mesmo comportamento também
foi relatado para o uso de NP-Ag e AgNO,, resultando
em uma reducdo severa nos parametros de crescimento
de C. sativus (58).

Indice de germinagao (IG)

O IG pode assumir valores maiores ou menores que
100%, o valor igual a 100% significa que o compri-
mento médio das plantulas e a taxa de germinagao entre
um tratamento especifico e o controle negativo sdo os
mesmos. Com valores entre 80% e 120%, os efeitos sao
semelhantes aos produzidos pelos controles negativos,
enquanto valores superiores a 120% indicam bioestim-
ulacdo e valores inferiores a 80% indicam inibicao (7).
Os resultados do IG sdo apresentados na Figura 3.
O CA sem prata apresentou uma tendéncia geral de
estimulac@o, na concentragdo de 10000 mg/L, para um
efeito superior a 120% (130 * 2,5%) para CA25, sem
diferenga significativa (p > 0,05). Os CAs preparados
com NaBH, apresentaram efeito negativo na
germinagdo e crescimento, com valores variando de 35
a 60 %, dependendo da quantidade de acido utilizado na
preparacao. Por outro lado, ndo houve correlagdo com a
quantidade de prata contida nos compositos. Este efeito
foi observado apenas na concentragdo de 10000 mg/L
(Figura S2). Os compositos contendo nanoparticulas
de prata, preparados com redutor ou sacarose, também
tiveram efeitos negativos, com IG < 80% para todos os
compodsitos. Os resultados do IG mostraram a mesma
tendéncia, como demonstrado pelo SEI, com baixos
valores de IG atribuidos a inibicdo do crescimento
radicular. Resultados semelhantes foram encontrados
anteriormente usando NPs-Ag na germinagdo de C.
sativus, houve uma diminui¢do significativa no 1G (57).
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Figure 3 — Influence of composites on germination index (GI). Values are means of three replicates + SD. No
statistically significant differences were detected at concentration of 10,000 mg/L, see text.
Figura 3 — Influéncia dos compositos sobre o indice de germinacdo (IG). Os valores representam a média de
trés réplicas = DP. Ndo foram detectadas diferencgas estatisticamente significativas na concentragao de 10.000
mg/L, ver texto.

Dry weight

The impact of the composites on the dry weight of C.
sativau was measured. The results are shown Table 4.
Seedling dry weight after 7 days of incubation with
composites was normalized according to the number of
germinated seeds of C. sativus. According to Table 5,
no significant difference (p> 0.05) was found between
treatments and between treatment and negative control
for all composites at a concentration of 10 g/L. The
results differ from those reported or C. sativus treated
with Ag-NP and AgNO,, in which there was a signifi-
cant reduction in dry weight (58).

Chlorophyll content

Chlorophyll A (Chl A) and chlorophyll B (Chl B) play
a fundamental role in photosynthesis: they both ab-
sorb at the same wavelength range that is necessary to
transform light energy into chemical energy. Because
chlorophyll is extremely important for the metabolic
process, a decrease in the chlorophyll content can be
problematic for the plant. Table 4 shows the effects
of composites addition to C. sativus on the ChlA and

Peso seco

Foi medido o impacto dos compdsitos no peso seco de
C. sativus. Os resultados sdo mostrados na Tabela 4. O
peso seco das plantulas apds 7 dias de incubagdo com
compositos foi normalizado de acordo com o niimero
de sementes germinadas de C. sativus. De acordo com
a Tabela 5, nao foi encontrada diferenca significativa
(p > 0,05) entre os tratamentos e entre o tratamento e o
controle negativo para todos os compoésitos na concen-
tragdo de 10 g/L. Os resultados sdo diferentes daqueles
relatados com C. sativus tratadas com NP-Ag e AgNO,,
nos quais houve uma reducao significativa no peso seco
(598).

Teor de clorofila

A clorofila A (CIA) e a clorofila B (CIB) desempenham
um papel fundamental na fotossintese: ambas absorvem
nas mesmas faixas do espectro do espectro de ultravio-
leta necessaria para transformar a energia luminosa em
energia quimica. Como a clorofila ¢ extremamente im-
portante para o processo metabolico, uma diminui¢ao
no teor de clorofila pode ser problematica para a planta.
A Tabela 4 mostra os efeitos da adigdo de compositos
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Table 4 — Phytotoxicity parameters on C. sativus seedlings. *p < 0.05
Tabela 4 — Parametros de fitotoxicidade sobre as mudas de C. sativus. *p < 0.05

Chlorophyll A/ Chlorophyll B / Evans blue Dry weight /
Clorofila A Clorofila B Azul de Evans Peso seco
(mg/g) (mg/g) (0.D./D.0O. 595 nm) (mg)
Activated carbon / Carviao ativado
Control / 149+4.4 67+27 0.44+0.12 117 + 30
controle
AC6 13.8+£5.3 65+24 0.42+0.13 147 £ 10
ACI12 12.1+44 64+22 0.43+0.23 151+£2
AC25 114+£5.1 73+29 0.43+0.22 152+ 9
AC50 148+1.6 64+13 0.42+0.20 1612
Control / 15.9+3.0 72+ 14 0.56 % 0.05 142+ 19
controle
AC6Ag 125+1.9 64+08 0.44+0.01 123 £ 16
ACI12Ag 156 +0.2 72+04 0.38+0.11 146+ 2
AC25A¢ 134+0.2 6.0+0.8 0.35+0.10 148+ 3
AC50Ag 146+1.6 7.0+14 0.32+0.01 140+ 5
Control / 165+2.1 8008 040+ 0.15 131+ 8
controle
AC6AgB 8.0+ 32% 47+1.6 0.47+0.29 151+5
ACI12AgB 92+ 1.2% 47+1.1 0.41+0.16 135+ 18
AC25A¢gB 11.8+24 53+1.1 0.45+0.22 135 £27
AC50AgB 99+4.0 55+07 0.35+0.12 152 £ 13
Control / 15.9+3.0 74417 0.56 % 0.05 138+ 17
controle
AC6AgS 11.8+1.6 58409 0.47+0.01 147+ 2
ACI12AgS 11.0 £ 2.0* 54+06 0.50+0.18 136 £ 14
AC25A¢gS 124+1.6 57+0.1 0.40+0.12 131 £ 15
AC50AgS 13.6+23 6.7+0.2 0.45+0.18 133 £ 17

ChIB contents. The ChlA content of C. sativus exposed
to suspensions of the composite at a concentration of
10 g/L showed a reduction with significant difference
(p <0.05) for AC6AgB (52 % reduction), AC12AgB
(44 % reduction) and AC12AgS (31 % reduction) when
compared to the control. Similar results were found for
Crambe abyssinica (59), Oryza sativa L. (60) with inhi-
bition of ChIB synthesis, and Lycopersicon esculentum
(61) with inhibition of both ChlA and ChIB synthesis,
and Physalis peruviana L. total chlorophyll (62) when
exposed to silver nanoparticles. Chlorophyll content,
which acts as a biomarker of the photosynthetic activ-
ity of a plant, may be reduced when exposed to met-
als. Decreased chlorophyll contents indicate disturbed
chlorophyll synthesis which may have serious implica-
tions on the synthesis of organic food material (63). The
decrease in chlorophyll contents in tissues of metal-
treated plants is dependent on several factors, such as a
disturbance in pigment synthesis, pigment degradation,
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a C. sativus no contetido de CIA e ChIB. O conteudo
de CIA de C. sativus exposto a suspensdes do com-
poésito na concentracdo de 10 g/ mostrou uma redugdo
com diferenga significativa (p < 0,05) para CA6AgB
(redugdo de 52%), CA12AgB (reducdo de 44%) e
CA12AgS (redugdo de 31%) quando comparado ao
controle. Resultados similares foram encontrados para
Crambe abyssinica (59), Oryza sativa L. (60) com in-
ibicdo da sintese de CIB, e Lycopersicon esculentum
(61) com inibi¢ao da sintese tanto da CIA quanto da
CIB, e Physalis peruviana L. com redugdo da clorofila
total (62) quando expostas a nanoparticulas de prata.
O teor de clorofila, que atua como um biomarcador da
actividade fotossintética de uma planta, pode ser re-
duzido quando exposto a metais. O conteudo reduzido
de clorofila indica uma sintese de clorofila alterada,
que pode ter sérias implica¢es na sintese de material
alimentar orgénico (63). A diminui¢do do contetido de
clorofila nos tecidos de plantas tratadas com metal de-
pende de vérios factores, como distirbios na sintese de



and direct inhibition of the enzymatic steps coupled
with chlorophyll biosynthesis (64, 65).

Cytotoxicity

The cytotoxicity of treated and untreated C. sativus was
studied by root cell viability assay using Evans blue
dye. This dye is a marker of membrane cell integrity.
Table 4 shows the absorbance of the solutions obtained
after staining the root with Evans blue and discoloring
with methanol. C. sativus treated with composite, at a
dose of 10000 mg/g and the values of the control plants,
which had the same ability to fix the Evans blue dye.
These results therefore indicate that there is no loss of
plasma membrane integrity with exposure to compos-
ites, as the values for the treated plants were similar
to those of the control plants. These results differed
from those of potato seedlings treated with Ag-NP and
AgNO,, which showed a significant increase in Evans
blue absorption in both treatments (66)

Toxicity of composites to Artemia Salina

The results for the mortality rate of 4. salina exposed
to different composites at different time intervals (24
and 48 h) are shown in Table 5. In the positive control,
exposure to K,Cr,0, showed 100 % mortality within
24 h. In the groups treated with different composites,
the mortality rates after 24 h ranged from 0-3 %. These
mortality rates were below 11% after 48 h, except for
that of AC12AgB, which was 15%. The LD50 value
for all composites must therefore be greater than the
concentration tested (1000 mg/L).

The results showed that the composites were less toxic
when compared to PVP/PEI-coated AgNPs, with mor-
tality rates of about 70 % after 48 exposure at 100 mg/L
dose (67). Toxicity was lower than that reported for
chitosan-silver nanoparticle-fluoride composites, with
mortality rates above 60 % at a concentration of 1000
mg/L (68). Toxicity was lower than that observed for
PVP-stabilized AgNP and AgNw with mortality rates
of 20 % and 100 %, respectively, at a concentration of
100 mg/L after 48 h of exposure (69).
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pigmentos, degradac@o de pigmentos e inibigdo direc-
ta das etapas enzimaticas associadas a biossintese de
clorofila. (64, 65).

Citotoxicidade

A citotoxicidade de C. sativus tratada e ndo tratada foi
estudada por ensaio de viabilidade de células-raiz, utili-
zando o corante azul de Evans. Este corante ¢ um mar-
cador da integridade das células da membrana. A Tab-
ela 4 mostra a absorbancia das solugdes obtidas apos a
coloracdo da raiz com azul de Evans e a descoloragdo
com metanol. C. sativus tratada com composito, na
dose de 10000 mg/g e os valores das plantas controle,
tiveram a mesma capcacidade de fixar o azul de Evans.
Portanto, esses resultados indicam que ndo ha perda da
integridade da membrana plasmatica com a exposi¢ao
a compositos, pois os valores para as plantas tratadas
foram semelhantes aos das plantas usadas como con-
trole. Esses resultados foram diferentes dos observados
para as mudas de batata tratadas com NPs-Ag e AgNO,,
que mostraram um aumento significativo na absor¢ao
do azul de Evans nos dois tratamentos (66).

Toxicidade dos compositos para Artemia Salina

Os resultados para a taxa de mortalidade de 4. salina
exposta a diferentes compdsitos em diferentes interva-
los de tempo (24 e 48 h) sdo mostrados na Tabela 5.
No controle positivo, a exposi¢do ao K,Cr,0, mostrou
100% de mortalidade em 24 h. Nos grupos tratados com
diferentes compositos, as taxas de mortalidade apos 24
h variaram de 0 a 3%. Essas taxas de mortalidade ficar-
am abaixo de 11% apods 48 h, excepto a do CA12AgB,
que foi de 15%. O valor DL50 para todos os compositos
deve ser maior que a concentragdo testada (1000 mg/L).
Os resultados mostraram que o0s compositos eram
menos toxicos quando comparados aos NPs-Ag reves-
tidos com PVP/PEI, com taxas de mortalidade de cerca
de 70% apos 48 exposicdes na dose de 100 mg/L (67).
A toxicidade foi menor do que a relatada para composi-
tos de nanoparticulas de prata-quitosana impregnanda
com fluor, com taxas de mortalidade acima de 60% a
uma concentragdo de 1000 mg/L (68). A toxicidade foi
menor do que a observada para NPs-Ag estabilizadas
com PVP, com taxas de mortalidade de 20% e 100%,
respectivamente, a uma concentragdo de 100 mg/L apos
48 h de exposigao (69).
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Table 5 — Mortality rate (%) of Artemia salina nauplii after 24 and 48h exposure with composites at

a concentration of 1000 mg/L,

Tabela 5 — Taxa de mortalidade (%) da Artemia salina nauplii ap6s 24 e 48 h de contato com os

compositos na concentracao de 1000 mg/L.

positive control! /
controle positivo!

negative control?/
controle negativo?

composite exposure /
contato com o composito

24 h 48 h 24 h 48 h 24 h 48 h
AC6Ag 100+ 03 100+0 2+4 57 214 11+6
ACI12Ag 100+ 0 1000 2+4 57 610 11+£9
AC25Ag 100+ 0 100+ 0 0+0 0+0 214 3+5
AC50Ag 100+ 0 100+ 0 0+0 0+0 2+4 6+7
AC6AgB 100+ 0 100+ 0 2+4 57 0+0 3+7
AC12AgB 100+ 0 1000 2+4 57 7+8 15+11
AC25AgB 100+ 0 100+ 0 2+4 5+7 3+5 8+8
AC50AgB 100+ 0 100+ 0 2+4 5+7 7+7 10+ 10
AC6AgS 100+ 0 100+ 0 0£0 0+0 1+£3 Tx7
ACI12AgS 100+ 0 1000 00 00 2+4 3+5
AC25AgS 100+ 0 100+ 0 0+0 0+0 0+0 1+3
ACS50AgS 100+ 0 100+ 0 0+0 0+0 1+3 3+5

K, Cr,0, (60 mg/L); 2sea water (NaCl 38 g/L); 3(mean + standard deviation)
'K, Cr,0; (60 mg/L); 24gua do mar (NaCl 38 g/L); *(media + desvio padrao)

Conclusion

The AC containing silver nanoparticles were prepaed
with termite feces using different concentrations of
H,SO,, silver, and different chemical reducers. The
characteristics of the composites depend on the condi-
tions used in their preparation. The results show that
these composites have good antimicrobial activity,
with MICs of 500 pg/mL for AC25Ag, AC25A¢gB and
ACO6AgS against S. aureus, E. coli and C. albicans, re-
spectively. AC25AgB delayed the growth of S. aureus
and E. coli by 48 and 32 h, respectively. The phyto-
toxicity results showed deleterious effects on C. sativus
germination parameters with composites containing
high silver concentrations. The ecotoxicology tests in
A. salina demonstrated non-toxicity for all compos-
ites in the tested dose. Based on the results above, the
AC25AgB composite has the potential to be used in
the disinfection of water contaminated with pathogenic
microorganisms. More detailed studies on the stability
of composites in relation to the release of Ag* or Ag’
are being conducted for a possible application of these
composites in the disinfection of water.
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Conclusoes

Os CA contendo nanoparticulas de prata foram pre-
parados com fezes de cupim usando diferentes concen-
tragdes de H,SO,, prata e diferentes redutores quimi-
cos. As caracteristicas dos compositos dependem das
condi¢des empregadas na sua preparagdo. Os resulta-
dos mostram que esses compdsitos apresentam boa ac-
tividade antimicrobiana. Com CIM de 500 pg/mL para
CA25Ag, CA25AgB e CA6AgS contra a S. aureus, E.
coli e C. albicans, respectivamente. O CA25AgB re-
tardou o crescimento de S. aureus e E. coli em 48 e 32
h, respectivamente. Os testes de ecotoxicologia em 4.
salina nao monstraram toxicidade dos compdsitos na
dose testada. Com base nos resultados acima o com-
posito CA25AgB apresenta potencial para ser utilizado
na desinfec¢@o de dgua contaminada com microrganis-
mos patogénicos. Estudos mais detalhados sobre a es-
tabilidade dos compositos com relagdo a liberagao do
Ag" ou Ag’ estdo sendo conduzidos para uma possivel
aplicagdo destes compdsitos na desinfec¢ao de agua.
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H SO impregnated with Ag nanoparticle reduced with
NaBH,

ACI2AgB - termite feces, activated with 12 g de
H SO impregnated with Ag nanoparticle reduced with
NaBH,

AC25AgB - termite feces, activated with 25 g de
H SO impregnated with Ag nanoparticle reduced with
NaBH,

AC50AgB - termite feces, activated with 50 g de
H SO impregnated with Ag nanoparticle reduced with
NaBH,

AC6AgS - termite feces, activated with 6 g de H2S0O4
impregnated with Ag nanoparticle reduce with sucrose
ACI12AgS - termite feces, activated with 12g de H2SO4
impregnated with Ag nanoparticle reduce with sucrose
AC25AgS - termite feces, activated with 25 g de H2SO4
impregnated with Ag nanoparticle reduce with sucrose
AC50AgS - termite feces, activated with 50 g de H2SO4
impregnated with Ag nanoparticle reduce with sucrose
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inpregnado com nanoparticulas de Ag e reduzido com
NaBH,

CA12AgB - fezes de cupin CA ativado com 12 g de H SO,
inpregnado com nanoparticulas de Ag e reduzido com
NaBH,

CA25AgB - fezes de cupin CA ativado com 25 g de H SO,
inpregnado com nanoparticulas de Ag e reduzido com
NaBH,

CA50AgB - fezes de cupin CA ativado com 50 g de H SO,
inpregnado com nanoparticulas de Ag e reduzido com
NaBH,

CAG6AgS - fezes de cupin CA ativado com 6 g de H SO,
inpregnado com nanoparticulas de Ag e reduzido com
sacarose

CA12A4gS - fezes de cupin CA ativado com 12g de H SO,
inpregnado com nanoparticulas de Ag e reduzido com
sacarose

CA25A4gS - fezes de cupin CA ativado com 25 g de
H SO, impregnated inpregnado com nanoparticulas de
Ag e reduzido com sacarose

CA50A4gS - fezes de cupin CA ativado 50 g de
H SO jinpregnado com nanoparticulas de Ag e reduzido
com sacarose
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