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RESUMO

SILVA, L.P.C. Aplicacdo de nanoparticulas verdes e nanocelulose na producgéo
de téxteis inteligentes. 2022. 59f. Tese — Programa de Pds-Graduagédo em
Biotecnologia, UFES, Espirito Santo. Brasil.

As atividades téxteis causam grandes impactos negativos e muitas vezes
irreversiveis ao meio ambiente. Esses impactos decorrentes da producgéo
percorrem toda a cadeia produtiva téxtil: desde o plantio do algodédo até a
confeccdo da peca. Ao longo da cadeia produtiva téxtil, os impactos ambientais
envolvem contaminagdo do solo, consumo de &gua, de energia, emissdes
atmosféricas de poluentes e residuos soélidos. Por outro lado, os consumidores
estdo cobrando cada vez mais produtos sustentaveis e, apds o surgimento da
pandemia do novo coronavirus, estdo adotando estilo de vida higiénicos mais
rigorosos. A celulose € uma das matérias-primas organicas mais abundante e
renovavel que existe. Além de sua disponibilidade e sustentabilidade, ela
apresenta baixo custo e alta resisténcia. Por meio de acdo quimica, fisica e
enzimatica é possivel transformar a celulose em nanocelulose. A nanocelulose
apresenta vantagens como biodisponibilidade, biocompatibilidade e alta
capacidade de funcionalizacdo. Aqui, propomos uma rota sustentavel, para
producdo de nanocelulose e direcionamos nossos esforgos para producao de
tecidos inteligentes, com acao antimicrobiana, utilizando nanocelulose obtida de
residuo do agronegédcio (fibora de coco), funcionalizada com nanoparticulas

oriundas de processos verdes.

Palavras-chave: Cellulose nanogels, fibra de coco, nanoparticulas verdes,

atividade antimicrobiana, tecidos inteligentes.



ABSTRACT

SILVA, L.P.C. Application of green nanoparticles and nanocellulose in the
production of smart textiles. 2022. 59f. Thesis — Postgraduate Program in

Biotechnology, UFES, Espirito Santo. Brazil.

Textile activities cause major negative and often irreversible impacts on the
environment. These impacts resulting from production run through the entire
textile production chain: from the planting of cotton to the making of the garment.
Along the textile production chain, environmental impacts involve soil
contamination, consumption of water, energy, atmospheric emissions of
pollutants and solid waste. On the other hand, consumers are increasingly
demanding sustainable products and, following the emergence of the new
coronavirus pandemic, are adopting stricter hygienic lifestyles. Cellulose is one
of the most abundant and renewable organic raw materials in existence. In
addition to its availability and sustainability, it has low cost and high strength.
Through chemical, physical and enzymatic action, it is possible to transform
cellulose into nanocellulose. Nanocellulose has advantages such as
bioavailability, biocompatibility and high functionalization capacity. Here, we
propose a sustainable route for the production of nanocellulose and direct our
efforts towards the production of intelligent fabrics, with antimicrobian activity,
using nanocellulose obtained from agribusiness residue (coconut fiber),

functionalized with nanoparticles from green processes.

Palavras-chave: Cellulose nanogels, coconut fiber, green nanoparticles,

antimicrobial activity, smart fabrics.
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NC — Nanocellulose
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BC — Bacterial Nanocellulose

NP — Nanopatrticles

TEM — Transmission electronic microscopy

SEM — Scanning Electron Microscopy

AFM — Atomic Force Microscope

DLS — Dynamic light scattering

XRD - X-Ray Diffraction

NMR — Nuclear magnetic resonance

FIRT — Fourier Transform Infrared Spectroscopy

DOE - Design of Experiments

DS — Dry mass

CNF-G - Cellulose nanofiber gel

CNC -G — Cellulose nanocrystal gels

AuNP — Gold nanoparticles



SUMMARY

1. INTRODUCTION AND OUTLINE OF THE STUDY.....cccicviiiiecneeaenen. 17
2. THEORETICAL BACKGROUND. ...ttt 19
2.1.COCONUT FIBER. ... e 19
2.2.CELLULOSE. ... . 20
2.2.1. Cellulose extraction Methods...........ccccveeieeiiiiiiiiie e 23

2.3. NANOCELLULOSE....... ot 26
2.3.1. Nanocellulose AppPlICAtIONS. .........cccuiiiriiiiiiiie e 28

2.4 GOLD NANOPARTICLES SYNTHESIZED WITH POMEGRANATE

EXTRACT (AUNP-POMEGRANATE). ..ot 31

2.5 SMART TEXTILE. .. o 32
3. CHAPTER 1= CELLULOSE EXTRACTION.....ccoittiiiiiiiiiiii e 34
4. CHAPTER 2-PRODUCTION OF NANOCELLULOSIS...........cccevviviiierinnnns 48
5. CHAPTER 3 - ANTIBACTERIAL ACTIVITY OF NANOCELLULOSIS

FUNCTIONALIZED WITH GREEN NANOPARTICLES..........ccoooiiiiiine 63
6. CHAPTER 4 = SMART TEXTILE.u i e 84
7. CONCLUSIONS AND PERSPECTIVES.......outtiiiiiiieeeeeeeeeeee 101
8. REFERENCES
9. ATTACHMENTS

9.1. CONFERENCE CONTRIBUTIONS
9.2. ADDITIONAL INFORMATION
9.2.1. Economic impact
9.2.2. Socio-environmental impact

9.3. Scientific outreach



INTRODUCTION AND OUTLINE OF THE STUDY

Textile activities have great consequences on the environment (Kishor et
2021). Making the entire garment manufacturing process sustainable, from the
plantations that will give rise to the raw material of the garments to the carbon
emission in the delivery logistics is one of the great challenges faced by this
industry (Idumah et al., 2020).

Consumers have been demanding more responsibility from brands in relation to
damage to nature and are more attentive to a hygienic lifestyle. These concerns
became even more evident after the emergence of the new coronavirus

pandemic.

Cellulose is one of the most abundant and renewable organic raw materials in
existence. In addition to its availability and potential sustainability, it has low cost,
biodegradability, biocompatibility, and high resistance (Balea et al., 2019). These

features enable a wide variety of applications in various fields of industry.

Plant cell walls consist of lignocellulose, a structure composed mainly of
cellulose, hemicellulose, and lignin. From the cellulose found in plant cells, it is

possible to produce nanocellulose (Salimi et al. 2019).

Nanocellulose or cellulose nanoparticles (NC) are cellulose elements with one
dimension smaller than 100 nm (Benini et al., 2018), which can combine the
advantages of cellulose with those of nanomaterials (high surface area in relation
to mass and unique optical properties). Thus, NC has advantages over the
cellulose polymer, such as: high surface area, greater rigidity, light weight, high
strength, and the extraordinary ability to interact with neighboring species such

as water and inorganic and polymeric compounds (Balea et al., 2019).

Some authors have already described the possibility of using nanocellulose in the
synthesis of antimicrobial materials (Li et al 2018), drug delivery (Lam et al.,
2012), biosensors (Junka et al., 2014), civil engineering (Cao et al., 2015),
bioadhesives (De France et al., 2017), and water purification (Carpenter et al.,
2015; Liang et al., 2016; Tang et al., 2019).

Here we propose a 100% ecological route to produce nanocellulose without the

use of chemicals or organic solvents. We focus on the production of smart fabrics

17



with antibacterial action, using nanocellulose obtained from agribusiness

residues (coconut fiber), functionalized with green nanoparticles obtained from

pomegranate peel extract (Figure 1).

Coconut reception Cellulose extraction __ Nanocellulose (NC)
— = — . production

(D L RON (3

NC Functionalization Antimicobian activity of Smart textile

(NCNp) NCNp _ — — = %
@ ® ®-

~

—
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)@y

Figure 1. Experimental outline of the thesis. The first part of the thesis focuses
on the extraction of cellulose (step 1-2). The second part deals with the
production and functionalization of nanocellulose (step 3-5). The third part

focuses on creating smart fabrics (step 6).
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2. THEORETICAL BACKGROUND

2.1. Coconut fiber

Coconut fiber is obtained from the fruit of the coconut tree (Cocos nucifera), a
member of the Arecaceae family (palm family), widely cultivated in tropical
countries. Coconut is formed by the pericarp (part that surrounds the seed),
epicarp (shell), mesocarp (fiber), endocarp (hard shell around the seed), and
albumen (endosperm) (Almeida et al., 2013).

Cocos nucifera is cultivated in around 90 countries, with Indonesia, the
Philippines, and India being the world's largest producers. Together, they account
for 72.8% of all world production. The international market uses the fruit mainly
for the production of copra (dry pulp) and oil. In Brazil, the crops are intended for
the production of coconut water — from green coconut — and dried coconut
derivatives: fresh dried coconut, grated coconut, coconut milk, and coconut oil
(Brainer et al., 2018).

Brazil is the fifth largest producer of coconut in the world, with a planted area of
approximately 215.7 thousand hectares (Brainer et al., 2018). The growing
consumption of green coconut water resulted in a large production of solid
residue formed by the fibrous husks. The fibrous coconut husk represents
between 80-85% of the gross weight of the fruit and is responsible for 60% of the
volume of domestic waste generated in some areas of the Brazilian coast
(Sinsinwar et al. 20018). Furthermore, when this material is disposed of in landfills
and dumps, it is a potential emitter of greenhouse gases (methane) (Nunes et al.
2007).

In the state of Rio de Janeiro, during the summer, around 12,000 t/month of
coconut waste is produced. Therefore, the need for initiatives that take into
account its use is rather important. These fibers can be used in the production of
low-cost materials, in addition to contributing to the reduction of solid waste
(Ishizaki et al., 2006).

Around 5 to 6 million tons of coconut fibers are produced annually around the
world, but only 10% of this material is commercially reused (Tripathi et al., 2017).
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Coconut fiber can be used in agriculture as fertilizer and in industry, in the process
of making bags, brushes, mats, rugs, ropes, mattresses, insulation panels,

packaging, and car seats (Mondal et al., 2014; Rencoret et al., 2013).

Chemically, coconut fiber is constituted by 3.1% of extractive materials, 37.3% of
cellulose, 20.3% of hemicellulose, 32.2% of lignin and 6.8% of mineral material
(ash) (Almeida et al. 2013). However, it is worth noting that these values may
vary slightly according to seasonal conditions, age and plant variety, as

demonstrated by Corradine et al. in 2009.

2.2. CELLULOSE

In 1838, the French chemist Anselm Payen identified, for the first time, cellulose
in the cell walls of plants, after chemically treating plant tissues with acids and
ammonia, followed by extraction with water, alcohol, and ether (Bhat et al., 2019,
Klemm et al., 2015).

Cellulose is the most abundant natural polymer produced in the biosphere, with
an estimated annual production of more than 7.5 X 101 tons (Giese et al., 2015).
According to the Brazilian Tree Industry (2020), Brazil is one of the world's largest

producers of cellulose and in 2018 it produced more than 21 million tons.

Plants are the main source of cellulose (eucalyptus, cotton, rice husk, banana
rachis, and sugarcane bagasse), although it can also be extracted from some
marine animals (Tunicados), fungi, and bacteria (Acetobacter, Rhizobium,
Agrobacterium, Sarcina, Pseudomonas, Achromobacter, Alcaligenes,
Aerobacter and Azotobacter) (Mohamed et al., 2017).

Cellulose is classified as a long-chain linear homopolymer with variable molecular
weight, whose empirical formula is (CeH100s)n. It is formed by the union of 10,000
to 15,000 B-D-glucose units, through B-1,4-glycosidic bonds (Figure 1). This type
of B configuration linking glucose residues is what makes the formation of such
long straight chains possible; a crucial feature for molecules that perform
structural functions (Marti-Martinez, 2018).
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Two glucose molecules joined by (-1,4-glycosidic bonds form the disaccharide
cellobiose. Therefore, cellobiose is considered the repeating unit of cellulose
(Bhat et al., 2019).

Celulose

Figure 1. Cellulose molecule, highlighting the cellulose chain monomer and
cellobiose units joined by B-1,4-glycosidic bonds. (Adapted from the OpenStax
College, Biology 2e).

Each monomer in the cellulose chain has three free hydroxyls, divided into
primary (C6) and secondary (C2 and C3) hydroxyls (Figure 1). These hydroxyls
can form intramolecular hydrogen bonds and intermolecular bonds (Figure 2) (Liu
et al., 2021). These two types of hydrogen bonds, together with van der Waals

forces, allow the formation of basic structures called elementary fibrils.

Elementary fibrils, composed of cellulose molecules, have highly ordered
(crystalline) and disordered (amorphous) regions. Thus, cellulose can be
considered a semi-crystalline material with several polymorphic forms (I, II, IlI,
and IV), depending on the nature and the chemical and/or physical treatment
received (Figure 2). Cellulose 1 is the structure found in native cellulose; it has
parallel packing of the hydrogen bond network and is formed by two allomorphs
la and IB. Type Il cellulose comes from the chemical regeneration of type |
cellulose by dissolving it in a solvent or swelling it in an acidic or alkaline solution;
it is composed of different antiparallel packing arrangements of the hydrogen
bond network. Type Ill cellulose can be obtained from the ammonia treatment of
cellulose I or I, while type 1V cellulose is the modification of cellulose Il by heating
it up to 260 °C in glycerol (Phanthong et al., 2018).
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Figure 2. Polymorphic forms of cellulose resulting from chemical and/or physical
treatment (Ruiz, 2004).

The association of several cellulose fibrils form larger units, three-dimensional
(3D) networks known as cellulose microfibrils (Golmohammadi et al., 2017).
Microfibrils build cellulose macrofibrils and these, in turn, give rise to cellulosic
fibers (Marti-Martinez, 2018).

Thanks to the complex inter- and intra-molecular hydrogen bonds, cellulose is a
fibrous polymer, resistant and insoluble in water. Furthermore, it is a renewable,
non-toxic, and inexpensive material and is therefore considered an alternative to

non-degradable fossil fuel-based polymers (Hu et al., 2018).
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Figure 2. Cellulose structure. (Adapted from Giese et al. 2014; Revista Pesquisa
FAPESP, 2017)

In some cases (e.g., in cotton capsules), cellulose is present in an almost pure
state. However, a large part is fixed in a matrix of other structural biopolymers,
mainly hemicellulose and lignin, which comprise 20-35% and 5-30% of the plant's
dry weight, respectively. These interactions with the matrix are a structural feature
that limits the use of whole and untreated biomass materials (Lynd et al. 2012).

Thus, several types of treatments have been used to obtain cellulose.
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Rosa et al. (2010) and Machado et al. (2014) used 2% sodium hydroxide and
1.7% sodium hypochlorite to extract cellulose from coconut fiber, an agribusiness

residue.
2.2.1 Cellulose extraction methods

Vegetable fibers are basically composed of cellulose, hemicellulose, lignin,
pectin, and extractives (fats, proteins, and inorganic salts). Cellulose corresponds
to 40 to 90% of the fiber’s weight. It is responsible for the strength of this structure,
because of its high degree of polymerization and molecular orientation. Cellulose
is a linear crystalline homopolymer formed by B-D-glucose units joined by
glycosidic bonds (Albinante et al., 2012).

Hemicellulose is a complex branched heteropolysaccharide composed of D-
glucose, D-galactose, D-mannose, D-xylose, L-arabinose, D-glucuronic acid, and
4-O-methyl-glucuronic acid (Figure 3). Its branched structure allows the
interaction with cellulose, thus providing stability and flexibility to the aggregate.
Compared with cellulose, hemicellulose is more susceptible to acid hydrolysis.
This reactivity is attributed to the amorphous character of these polysaccharides
(Santos et al., 2012). Hemicellulose is a hydrophilic, amorphous molecule that

represents approximately 30% of the fiber’s weight (Albinante et al., 2012).

a-Arabinofuranose
Grupo Acetil
Xilobiose
7: S\pi-aH pl-4H pi-4H
Y ol g g
@ o H [ M H
1
] o, H H ™ H
b -~ 7] 0
| "4
. - i H
Grupo Acetil > Xilose R AN
H o™
Acido Glicurdnico Acido Glicurénico

Figure 3. Schematic representation of hemicellulose structure (Adapted from
Mussato et al., 2012).

The second largest bulk component of vegetable fiber is lignin. It accounts for

about 35% of the fiber’s weight and is associated with cellulose and hemicellulose
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in the composition of lignocellulosic materials. It is an amorphous, hydrophobic

macromolecule with high molar mass (Albinante et al., 2012).

Lignin is a natural aromatic polymer, formed mainly by three types of
phenylpropane units: guaiacyl (G), syringe (S) and p-hydroxyphenyl (H), linked
by aryl ether and carbon-carbon (CC) bonds (Figure 4) (Soares et al., 2017). This
amorphous resin acts as a permanent bonding agent between cellulose fibers to
provide physical (impact, compression, and flexion) and chemical (biological or
aging reactions) strength to the structure (Zhang et al., 2017). The strength of the
bond between cellulose fibers and lignin is amplified by the existence of covalent
bonds between the lignin chains and the constituents of cellulose and
hemicellulose (Silva et al., 2009). Although the main structural characteristics of
lignin have already been studied in various aspects, it is not possible to accurately
determine its structure, since it has a complex and heterogeneous composition
(Chen et al., 2019).

p-hidroxifenil

Figure 4. Schematic representation of a generic structure of lignin and its
guaiacyl (G), syringe (S), and p-hydroxyphenyl (H) monomers (Adapted from
Power et al., 2011).

Therefore, to obtain cellulose, it is necessary to isolate cellulose fibers, that is, to
carry out the dismemberment of the lignin-cellulose-polyose complex. This
process of removing lignin and hemicellulose without disintegrating cellulose is
known as pulping. Pulping can be carried out using physical (by crushing and

grinding), chemical (using alkaline chemical agents, diluted acids, oxidizing
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agents, and organic solvents), biological (using enzyme) or a combination of
these methods (Maldonado-Bustamante et al., 2017; Lee et al., 2014).

Among the possible types of cellulosic fiber treatments, chemical treatment is the
most efficient and economical method for biomass deconstruction. While physical
treatment and thermal methods are less efficient and consume more energy than
chemical methods, the use of enzymes for biological treatment is expensive and
takes longer (Lee et al., 2014).

Currently, the most used chemical pulping method is the Kraft process, which
uses active chemical agents such as sodium hydroxide (NaOH) and sodium
sulfide (Na2S) and heating around 160 °C. This chemical process allows the
removal of a large part of the lignin, as cleavage reactions occur in the a-aryl
ether and B-aryl ether bonds through hydroxide and hydroxysulfide anions that
cleave the lignin macromolecule into smaller fragments soluble in aqueous and
alkaline media (Silva et al., 2009).

After the pulping process, the cellulose pulp shows a dark color; thus, despite its
efficiency, the pulping cannot totally eliminate lignin (Baptista et al. 2008). The
bleaching method clears the pulp from the previous step, in addition to helping

the delignification (Siméao et al., 2018).

Conventional bleaching processes involve the use of chlorine-based chemicals
(chlorine, chlorine dioxide, sodium hypochlorite), as these chlorinated organic
solvents are capable of solubilizing residual lignin fragments. The main
disadvantage of these processes is the formation of toxic organic compounds,
mainly dioxins and furans. For this reason, new Totally Chlorine-Free (TCF)
bleaching processes have been developed, based mainly on peracids (Taflick et
al., 2017).

As highly oxidizing species, peracids — especially peracetic acid and
permonosulphuric acid — are currently considered excellent substitutes for
chlorinated reagents. These reagents allow the production of cellulose pulps with
greater strength and higher delignification rates, thus promoting lesser whiteness
reversals after bleaching and decreasing cellulose degradation (Silva et al.,
2009).
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2.3 NANOCELLULOSE

Cellulose nanoparticles or nanocelluloses are cellulose elements with at least
one dimension smaller than 100 nm (Benini et al., 2018). These compounds can
be obtained through three distinct methods: mechanical (Thakur et al., 2021,
Phanthong et al., 2018), chemical (Verma et al., 2021; Rasheed et al., 2020), and
enzymatic (Alonso-Lerma et al., 2020; Pere et al., 2020). In all three, the goal is

to eliminate the amorphous domains of cellulose.

Nanocelluloses are divided into three categories: nanocrystalline cellulose (NC),
nanofibrillated cellulose (NF) and bacterial nanocellulose (BC). These three types
of nanocellulose have the same chemical composition, differing in terms of

morphology, size, crystallinity, origin, and extraction method (Salimi et al., 2019).

Nanocrystalline cellulose (NC), also known as nanocrystal, cellulose nanocrystal
or cellulose nanowhiskers, is a nanomaterial with high strength usually extracted
from cellulose fibrils by acid hydrolysis. It has a shape similar to fragmented rods,
with 2-20 nm in diameter, 100-500 nm in length, and crystallinity around 54-88%.
The high crystallinity of this material is due to its being composed mainly of
crystalline regions of cellulose, since the amorphous parts are hydrolyzed and
removed by acid while the crystalline parts are maintained (Figure 6) (Phanthong
et al., 2018; Mishra; et al., 2019).
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Figure 6. Nanocellulose production through the three main techniques: physical,
chemical, and biological (Adapted from Giese et al., 2014).
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Nanofibrillated cellulose (NF), also known as: microfibril, microfibrillated
cellulose, cellulose nanofiber, and cellulose nanofibril, is a long and flexible
nanomaterial, extracted from cellulose fibrils by mechanical methods. It has the
form of long fibers with 1-100 nm in diameter and 500-2.000 nm in length. NF can
be extracted from the cellulose chains by random cleavage of the fibrils, through
the force applied by a mechanical process (Figure 6). Therefore, it is composed
of crystalline and amorphous regions of cellulose. Compared with nanocrystalline
cellulose, nanofibrillated cellulose has a longer length and higher aspect ratio
(length/diameter), higher surface area, and larger extension of hydroxyl groups,
which are easily accessible for surface modification (Phanthong et al., 2018;

Rajinipriya et al., 2018).

Unlike NC and NF, which can be produced from lignocellulosic biomass, bacterial
nanocellulose (BC) is formed by the accumulation of low molecular weight sugars
synthesized by bacteria (e.g., Gluconacetobacter xylinus) in a few days. Thus,
bacterial nanocellulose is always pure, without other components of
lignocellulosic biomass, such as lignin, hemicellulose, and pectin. Bacterial
nanocellulose has the same chemical composition as the two other types of
nanocellulose. It comes in the form of twisted ribbons with average diameters of
20-100 nm and micrometric lengths (Phanthong et al., 2018).

Nanocellulose has attracted great interest in many scientific and technical areas
as a potential sustainable natural material, with hundreds of possibilities in
various industrial sectors. This is because it has several advantages related to its
nanometric size (high surface area, excellent rigidity, unique optical properties,
light weight, high strength, and the expressive interaction of these products with
neighboring species, such as water, inorganic, and polymeric compounds); and
properties inherent to cellulose, such as biodegradability, renewability and
sustainability (Balea et al., 2019; Benini et al., 2018).

The characterization of nanocellulose is a very important stage of production,
because from the data collected, such as physical-chemical, thermal, and
morphological properties, one can foresee its possible applications, in addition to

guaranteeing the quality of the product developed.
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In the characterization of nanocelluloses, techniques such as TEM (Transmission
Electron Microscopy) and AFM (Atomic Force Microscope) are used to assess
morphology and size; zeta potential and DLS (Dynamic light scattering) to
analyze surface charge, stability, and size; XRD (X-Ray Diffraction) and NMR
(Nuclear Magnetic Resonance) to assess crystallinity; Thermo-gravimetry and
DSC (Differential scanning calorimetry) to assess thermal properties; and FTIR
(Fourier Transform Infrared Spectroscopy) to analyze the presence of hydroxyls
on the nanomaterial's surface (Kleem et al., 2018).

Nanocellulose has already been produced from cellulose obtained from
eucalyptus wood (Wang et al., 2012), sugarcane bagasse (Li et al., 2012), cotton
(Morais et al., 2013), rice husk (Johar et al., 2012), and coconut shell (Rosa et
al., 2010; Machado et al., 2014). It is important to highlight that the properties of
nanocellulose (morphology, size, and degree of polymerization) depend not only
on the isolation method applied, but also on the source from which it was isolated
(Rajinipriya et al., 2018).

2.3.1. Nanocellulose applications

Due to its excellent physical, chemical, and biological properties, such as: high
surface area, low density, good mechanical and thermal properties, conductivity,
scalability, low cost, biocompatibility, biodegradability, and low cytotoxicity,
nanocellulose is considered a promising biopolymer for a wide range of

applications.

This nanomaterial can be used in the food packaging (Abral et al., 2020), drug-
delivery (Raghav et al., 2021), cosmetic additives (Chantereau et al., 2020),
medical implants (Halib et al., 2018), paper (Xu et al., 2017), 3D printing (Badhe
et al., 2020), wastewater treatment (Derami et al., 2019), biocatalysts (Bilal et al.,
2019), bioenergy (Zhu et al., 2016), biosensor (Subhedar et al., 2021), and textile
industries (Forsman et al., 2017; Eslahi et al., 2020).

The textile industry seeks technology to create more functional clothing, such as
fire retardant, self-cleaning, and antimicrobial clothing (Norrrahim et al., 2021a).
Nanotechnology has been an excellent tool to achieve these goals (Chauve et
al., 2014).
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In their book, Ngo et al. (2014) presented some possibilities for the application of
nanotechnology in the textile industry: (1) self-cleaning and dirt-free textiles; (2)
medical textiles with antimicrobial function; (3) military textiles that are capable of
minimizing accidents, injuries, and infections; (4) automotive textiles that have
anti-allergy, anti-static, better wear and tear resistance, and are self-cleaning;
and (5) smart textiles that, when paired with an electronic device, allow the body's

vital signs to be monitored.

Nanocellulose, in addition to presenting characteristics such as biocompatibility,
high surface area, strength and flexibility, has been shown to be one of the most
effective materials for filtering different microorganisms (Norrrahim et al., 2021a;
Elshafei et al., 2011). Thus, it can be employed to obtain fabrics with an

antimicrobial function.

In recent years, nanocellulose-based antimicrobial materials have attracted a
large number of applications in various areas of industry. In their review,
Norrrahim et al. (2021b) noted that research related to the term 'nanocellulose as

antimicrobial material’ over the past ten years has been increasing (Figure 7).
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Figure 7. Total number of publications related to the term 'nanocellulose as
antimicrobial material' (Source: Norrrahim et al., 2021b).

Publications

In 2013, Jebali et al. demonstrated that nanocellulose fabrics conjugated with
allicin and lysozymes have significant antibacterial activity against Candida
albicans, Aspergillus niger, Staphylococcus aureus, and Escherichia coli.
Sharma et al. (2020) highlighted the porosity of bacterial nanocellulose (BC) as

a property to be explored in the antibacterial action of this nanomaterial.

Recently, Kokol et al. (2021) showed that cellulose nanofibers (CNFs)
functionalized with hexamethylenediamine (HMDA) are not irritating to the skin

and have an excellent antimicrobial property when adsorbed on viscose yarn.
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Despite the versatility of nanocellulose functionalization and the consequent
variety of applications in textiles, it is important to highlight that some challenges
must be overcome for the application of this nanomaterial in textiles (Hassan et
al.,, 2019). That is because most modifications to nanocellulose involve
aggressive pretreatments. This usually affects its structural integrity and
crystallinity, which can later change its mechanical properties on the textile
surface (Chattopadhyay et al., 2016). Therefore, new modification processes and
less aggressive chemicals need to be developed. Furthermore, some of the toxic

chemical compounds are easily adsorbed by humans (Norrrahim et al., 2021a).

In this context, the functionalization of nanocellulose with metallic nanopatrticles

obtained by green synthesis can be a solution to the toxicity problem.

Nanoparticles (NP) have several unique properties due to their specific size,
shape, composition, and higher surface area to volume ratio. These properties
make them suitable to be used as nanomagnets, drug delivery systems, water
disinfectants, catalysts, quantum dots for electronic devices, and pollutant

remediation agents (Rana et al., 2020).

Biotech applications of NPs have expanded in the last decade due to their
biocompatibility, anti-inflammatory and antimicrobial activity, effective drug
delivery, bioactivity, bioavailability, tumor targeting, and bioabsorption (Salem et
al., 2020).

Metallic nanoparticle is a term that refers to noble metals such as gold, silver, and
platinum reduced to the nanoscale by the synthesis of nanoparticles (Jamkhande
et al.,, 2019). Currently, researchers are focusing on metallic nanoparticles,
nanostructures, and synthesis of nanomaterials because of their useful properties
for catalysis (Gawande et al., 2015), polymer preparation (Moura et al., 2017),
diagnosis and treatment of diseases (Le at al., 2017), and as biosensors (Hamdy
et al., 2018; Barghouti et al., 2020).

NPs can be synthesized by various physical and chemical methods. The physical
approach uses ultrasonication techniques, microwave irradiation (MW), and
electrochemical methods. In the chemical approach, the main components are
metallic precursors, stabilizing agents, and reducing agents (inorganic and

organic). Reducing agents such as sodium citrate, ascorbate, sodium
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borohydride (NaBH4), elemental hydrogen, Tollens reagent, N,N-
dimethylformamide (DMF), and polyethylene glycol block copolymers can be
used (Gour et al., 2019) .

Physical and chemical approaches to synthesize NP cause negative impacts on
the environment and human health, because of their toxic metabolites and
increased reactivity and toxicity of the particles. Thus, the green synthesis of NPs
emerged as a solution to the problematic scenario of nanoparticle synthesis. This
is because plant extracts (Keijok et al., 2019), fungi (Silva et al., 2017) and
bacteria (Rajabairavi et al.,, 2017) can be used to reduce and stabilize

nanoparticles (Gour et al., 2019).

Nowadays, green syntheses are preferred because they are safe, clean,
inexpensive, and easily scalable for the well-constructed scale synthesis of NPs
(Salem et al., 2020).

2.4 GOLD NANOPARTICLES SYNTHESIZED WITH POMEGRANATE
EXTRACT (AUNP-POMEGRANATE)

Pomegranate (Punica granatum L.) is a fruit widely cultivated in all Mediterranean
regions. It has been widely used in traditional medicine in America, Asia, Africa,
and Europe for the treatment of different types of diseases (Basavegowda et al.,
2013). Pomegranate fruit and rind are used against intestinal parasites,
dysentery, and diarrhea. The juice and seeds are considered a tonic for the throat
and heart. It can also be used to stop nose and gum bleeds and treat hemorrhoids
(Shaygannia et al., 2015). Several studies report antioxidant (Ricci et al., 2006;
Murthy et al., 2002), antibacterial (Prashanth et al. 2001; Alexandre et al., 2019),
antifungal (Dahham et al., 2010), and antiviral (Salles et al., 2021; Angamuthu et
al., 2019) properties for the constituents of this fruit. These include several fatty
acids, sterols, triterpenes, anthocyanins, flavonoids, and tannins, which were
identified and isolated from the juice of pericarps, leaves, and seeds
(Abdelmonem et al., 2014).

Several studies have already reported the use of pomegranate extract for the
synthesis of metallic NPs due to its high reducing properties (Patel et al., 2019;
Yusefi et al., 2020; Hussein et al., 2021). Nadagouda et al. (2014) observed that

pomegranate extract produced more uniform shapes and sizes of silver and gold
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nanoparticles compared to turmeric, blueberry, blackberry, and tea/coffee

extracts.

Lokina et al. (2014) reported that gold nanoparticles (AuNPs) synthesized from
pomegranate extract show an excellent cytotoxic result against HeLa cancer cell
lines at different concentrations and antibacterial activity against Candida
albicans (ATCC 90028), Aspergillus flavus (ATCC 10124), Staphylococcus
aureus (ATCC 25175), Salmonella typhi (ATCC 14028), and Vibrio cholerae
(ATCC 14033).

Shahbazi and Shavisi (2018) demonstrated the ability of pomegranate essential
oil to adhere to nano-chitosan films, conferring antibacterial/antioxidant

characteristics to these materials.
2.5 SMART TEXTILES

Textiles are everywhere and play an essential role in human society. In terms of
function and application, the fabric of clothing can be considered the second skin
of the human being.

With the development of flexible electronic technology and the closer interaction
between people and the surrounding environment in the information age, smart

fabrics have gradually become a people's desire (Honarvar et al., 2017).

Fiber is the most basic unit of fabric, used to obtain different patterns and styles
of clothing by weaving technology. There are different types of chemical fiber,
including polyester fiber, viscose fiber, cellulose nitrate fiber and polyamide fiber;
with the intrinsic advantages of mildew, wear, light and easy drying resistance,
respectively (Hindeleh et al., 1978; Wang et al., 1998; Colom et al., 2002; Huang
et al., 2002).

To make fabrics more functional and intelligent, functional fibers have been
widely studied and applied. Textile surface modification, including
electrospinning, nanotechnologies, plasma treatment, polymerization,
microencapsulation and sol-gel techniques, have been applied to impart some
new functional properties to the textile, e.g. water repellent, thermal insulating,
protection against radiation, flame retardant and antibacterial activity (Nadi et al.,
2018; Emam et al. 2019; Li et al., 2021; Rivero et al., 2015).
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Currently, antimicrobial textiles are very useful in environments and places prone
to pathogenic microorganisms such as hospitals. Within the common public area,
there are hotels, restaurants, or trains, where this type of fabric is highly
demanded in towels, curtains and rugs. There is also a desire to apply this type

of fabric in odor control (Gulati et al., 2022).

However, according to Shi et al. 2019, large-scale manufacturing can be
regarded as one of the most critical issues for smart fabrics. In a long-term view,
the materials used in these fabrics must be environmentally friendly and

recyclable.
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Abstract

Cocos nucifera produces fruits with different food applications, from coconut
water production to the production of grated coconut, coconut milk, and coconut
oil. However, coconut fiber is not used much and ends up being discarded,
accumulating in landfills. Here, we propose the extraction of cellulose from
coconut fibers, seeking to put this agribusiness residue to good use. To arrive at
a suitable production flow, we used DOE experimental planning. Cellulose fibers
extracted from coconut were analyzed by quantitative cellulose analysis, Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM). Statistically, in the extraction process used, the variables concentration
of hypochlorite and bleaching time were the most expressive. The best condition
of cellulose extraction from coconut fibers observed was the lowest energy
consumption, 1% NaOH, 20 minutes of autoclaving, 0.60% hypochlorite, and

bleaching time of 8h 42min.
Keywords: Cellulose, coconut fibers, Cocos nucifera, DOE, factorial planning.
1. Introduction

Approximately 40% of all food produced is wasted, from its cultivation to its final
consumption. Although edible food waste volumes vary geographically, the
proportion of food and agricultural waste generated at the pre-consumer level
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represents a significant burden on the environment and remains a global
challenge (Andler et al., 2018).

Cocos nucifera produces fruits with different food applications, from coconut
water production to the production of grated coconut, coconut milk, and coconut
oil. This palm is grown in about 90 countries, with Indonesia, the Philippines and
India being the world's largest coconut producers. Together, they account for
72.8% of all world production (Brainer et al., 2018).

The "shell" of the green coconut, before complete maturation, corresponds to
85% of the gross weight of the fruit and has high humidity, which does not favor
the application of coconut fibers in the processes of making bags, brushes, mats,
rugs, ropes, mattresses, insulation panels, packaging, and automotive seats
(Mondal et al., 2014; Rencoret et al., 2013), which usually employ the ripe fruit
peel (Rosa et al., 2001). Therefore, this residue is discarded. Around 5 to 6 million
tons of coconut fibers are produced annually around the world, but only 10% of

this material is commercially reused (Tripathi et al., 2017).

The amount of coconut “husk” generated by the agroindustry is greater than the
natural capacity of biomass degradation, resulting in a big problem of
environmental pollution, since, normally, these residues are deposited in
inappropriate places (Huaman-Pino, 2005). This stresses the need for initiatives
that take its use into account. These fibers can be used in the production of low-
cost materials, in addition to contributing to the reduction of solid waste (Ishizaki
et al., 2006).

Chemically, coconut fiber is constituted by 3.1% of extractive materials, 37.3% of
cellulose, 20.3% of hemicellulose, 32.2% of lignin, and 6.8% of mineral material
(ash) (Almeida et al. 2013).

To improve the extraction of cellulose from coconut fibers is of great importance,
as the forms of extraction reported so far are lacking where the control of the

amount of cellulose extracted and yields are concerned.

Thus, the main objective of the present work was to achieve the ideal design for
extracting cellulose from coconut solid waste. To do so, the concentration of

sodium hydroxide and sodium hypochlorite used was analyzed, in addition to
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autoclaving time, agitation, temperature, and washing of the fibers. The Design
of Experiments (DOE) was used to treat all factors simultaneously to optimize
cellulose extraction, in order to improve the understanding of significant variables
and extract the most useful information. The evaluation of the cellulose extraction
method developed was used as a way to overcome the energy difficulties that

the traditional reuse of these residues presents.

2. Materials and Methods

Materials. Sodium hydroxide (NaOH), sodium hypochlorite (NaOCI), glacial
acetic acid (CHsCO2zH), nitric acid (HNO3s), and absolute ethanol (Et-OH) were
purchased from Sigma Aldrich Ltd and used as received without any further
purifications. Deionized water from the Millipore Direct-Q® 3 water purification
system was used in all experiments. The coconut fibers analyzed were donated
by the company Marquinhos Agua de Coco ®.

Fiber preparation. The fibers were abundantly washed in running water, left to
dry in an oven at 60°C for 48 hours, ground in a mill with stainless steel blades,
and sieved in 40-mesh sieves (Figure 1).

Obtaining cellulose from coconut fibers. In the pulping step, 10-g fiber
samples were added to 400 mL of sodium hydroxide (NaOH) solution. The
resulting solution was autoclaved. The fibers were then washed with distilled
water until the complete removal of water-soluble agents. The bleaching step took
place next, by adding the pulp formed, 100 mL of sodium hypochlorite, and 10
drops of glacial acetic acid. The resulting solution was placed under stirring at
250 rpm. The cellulose pulp was then filtered and oven-dried (40 °C) for 24 hours.

Experimental conditions. NaOH concentration, fiber soaking time (time in which
coconut fibers will remain in contact with the NaOH solution), soaking
temperature, autoclave time, sodium hypochlorite concentration, temperature,

and reaction time, were determined by experimental design (DOE).
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Figure 1. Extraction of cellulose from coconut fibers.

Experimental design (DOE) and statistical modeling. Initially, a literature
search was carried out to decide the values of the parameters to be analyzed
(Table 1). Then, a fractional factorial with 8 factors and 2 levels was performed
(Table 2), followed by a full factorial combining 2 factors and 3 levels, with
repetition of the central point (Table 3). The response variables used in both
factorial designs were cellulose concentration (mg cellulose g Dry Mass) and
final weight (g). The results of each test run were evaluated in the “Statistica® 10
Graphical and Statistical Analysis Tool” based on main effects, interaction,

ANOVA and a response table.
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et al., ) 30 min. . .
bagasse applicable applicable applicable
2009
Machado Coconut
et al., shell 2% Unrealized 1,7% 6h (80°C)
2017
Machado Coconut
et al., shell 2% Unrealized 1,7% 6h (80°C)
2014
Not
Rosa et Coconut . applicable.
0 0
al.. 2009 shell 2% Unrealized Used 4h (25°C)
NacClO:a.
Not
Rosa et Coconut . applicable.
0 0
al. 2010 shell 2% Unrealized Used 4h (25°C)
NaClO2
Not
Benini et Imperata 0 . applicable. o
al., 2018 brasiliensis 5% Unrealized Used 2h (25°C)
NaClO2
Mulinari Coconut
et al., 1% Unrealized Unrealized Unrealized
2011 shell

Table 1. Bibliographic analysis of cellulose extraction parameters.
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Levels

Factors Answer Variables
A B
NaOH concentration (%w/v) 2 1
Soaking Time (min.) 40 20
Soaking Temperature (°C) 60 25 Cellulose
Autoclave Time (h) 60 20 Final

concentration

NaOCI Concentration (%v/v) | 1,70 0,85 weight
- - (mg cellulose
Bleaching Time (h) 6 1 g-1 DM¥) 9)
Bleaching Temperature (°C) 60 25
Changing the NaOCI 4 1
solution

Table 2. Factor matrix of the fractional factorial experiment 282 (factor V) of
cellulose extraction. *DM, dry mass.

Levels

Factors A B C Answer Variables
NaOCI| Concentration 0211042 | 085 Cellulosc_a | |
(%v/Iv) concentration Final weight
, _ (mg cellulose (9)
Bleaching Time (h) 6 8 10 g-1 DM¥)

Table 3. Factor matrix of the complete factorial experiment to obtain cellulose,
its levels, and response. *DM, dry mass.

Determination of cellulose concentration. Cellulose concentration was
determined adapted to Brendel et al. (2000). Initially, 100 mg of ground samples
were weighed into screw-capped glass tubes. Next, 2 mL of 80% acetic acid and
200 pL of 69% nitric acid were added. The samples were carefully homogenized
and placed in a water bath at 100 °C for 1 hour. After cooling, the samples were
transferred to 15 mL Falcon tubes, to which 2.5 mL of 99% ethanol was added.
The samples were then homogenized on a vortex shaker and centrifuged at 2,500
x g for 10 minutes at 25 + 2 °C and the supernatant carefully discarded. Then,
the samples were washed following the sequence: (1st) 5 mL of 99% ethanol, to
remove products degraded during the extraction; (2nd) 5 mL of deionized water,
to remove traces of nitric acid; (3rd) 5 mL of 17% NaOH, remaining at rest at 25
+ 2 °C for 10 minutes; (4th) 5 mL of deionized water; (5th) 2.2 mL of deionized
water and 600 pL of acetic acid, to eliminate persistent non-cellulosic materials;

and (6™) 5 mL of deionized water. Between each washing step, the samples were
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centrifuged at 2,500 x g for 10 minutes at 25 £ 2 °C and the supernatants
discarded. The samples were dried in an oven at 50 °C for 48 hours and weighed.
Cellulose concentration was expressed in milligram of cellulose per gram of dry

mass (mg cellulose g-1 DM).

Scanning Electron Microscopy (SEM). Morphological and structural analysis
of the fibers was performed by scanning electron microscopy (SEM). The fibers
were metallized with gold for 2 minutes using argon as a carrier gas, dried, and
analyzed in a ZEISS microscope, EVO MA10, with an electron acceleration

voltage of 15 keV.

Fourier transform infrared spectroscopy (FTIR). The FTIR experiments were
performed with attenuated total reflection (ATR), using a Cary 630 spectrometer
(Agilent technology) equipped with a zinc selenide (ZnSe) crystal. The samples
were dried and ground and their spectra recorded in the range from 4000 to 650
cm™ with a resolution of 4 cm. Absorption ratios were obtained by measuring
the peak heights and normalizing them to the cellulose absorbance peak at 897

cm?, which is due to the Ci—H deformation of the glucose rings.

3. Result and Discussion

To establish the best condition for extracting cellulose from coconut fibers, a
fractional factorial experiment, with 2 levels and 8 variables, and a complete

factorial experiment, with 3 levels and 2 variables, were carried out.

The factors studied in the 282 fractional factorial included: 1- NaOH concentration
(% wlv), 2- Fiber soaking time in NaOH (min), 3- Fiber soaking temperature in
NaOH (°C), 4- Autoclaving time (min.), 5- NaOCI concentration (% v/v), 6-

Bleaching time, 7- Bleaching temperature (°C), and 8- NaOCI solution change.

The authors Arsyad et al. (2015) Karthikeyan & Balamurugan (2012), Rosa et al.
(2010), and Silva et al. (2015) discussed and highlighted the importance of the
NaOH Concentration and NaOCI Solution Exchange factors in the extraction of
cellulose in natural fibers. However, the Pareto charts (Figure 2) revealed that

these parameters and parameters 2, 3, 7, and 8 were not statistically significant
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for the response variables analyzed. Only factors whose p values fell under 0.05

were considered statistically significant.

a)

idual
DV: mg celulose g™ MS

(5)[Hipociorito]

220

(4)Tempo Autoclave (min) 1504671

(W[NaOH) 1,056724
(6)Tempo Branqueamento (h) 7692357
(7)T°C Branqueamento 6384916

(3)T°C Encharcamento

H

4542613

(8)Troca Hipoclorito 4089466

(2)Tempo Encharcamento (min) 12492309

p=05
Standardized Effect Estimate (Absolute Value)

rt of Standardi
b) 8 factors at two leve!

(6)Tempo Brangueamento (h)
(4)Tempo Autoclave (min)
(7)T°C Branqueamento
(5)[Hipoclorito]

(1){NaOH]

(2)Tempo Encharcamento (min)
(8)Troca Hipoclorito

(3)T°C Encharcament

to 2048846

‘rz,znezg

-1.27042
-1,07462

-958955

5407066

p=05
Standardized Effect Estimate (Absolute Value)

Figure 2. Pareto plots showing the significant variables affecting cellulose
concentration (a) and final weight (b).

The Normal Effects Plot (Figure 3.A) indicates the magnitude, direction, and
importance of the effects. Thus, among all the parameters analyzed as a function

of Final Weight (g), Bleaching Time (h) was the most significant.

When analyzing the Marginal Means Graph (Figure 3.B) of the parameters
autoclave time and bleaching time, which are significant factors in the Pareto
graph (Figure 2.B), one can observe perfectly parallel lines, which indicate that
the effect of interaction is not important between these two factors. Calado &
Montgomery (2003)

Probability Plot; Var.:Peso Final (g); R-sqr=,53312; Adj: 46522 Plot of Marginal Means and Conf. Limits (95,%)
274(8-2) design; MS Residual=,1951722 DV: Peso Final (g)
DV: Peso Final (g) Design: 8 factors at two levels
3 NOTE: Std.Errs. for means computed from MS Error=, 1951722
25 o 28
2 26
15 (8)Troca gipoclorim 95 24
2 1 (3T°C Encharcamento 22
s
s (2)Tempo Encharcamento (min) 7%
3 05 o 2 5 2
2 (1INOH] g c
g o (5)[Hipg%|orim] S5 € ] 18
3 (7)T°C BrandUeamento s 5 o
£ 0! o
g o (@)Tempo Autociave (min) & 3 16
g 15
o (6)Tempo Branqueamento (h) 14
15 °© 8
12
2
1
25 &
g 08 =& Tempo Autoclave (min)
8 20
r E 3 r E p E E B 1, 6, d
9 8 7 o 5 4 3 2 1 o 1 2 S Tempo Autoclave (min)
Standardized Effects (t-values) Tempo Branqueamento (h) 60,

Figure 3. Normal Graph of Effects (a) and Graph of Marginal Means of the factors
Hypochlorite Concentration (v/v%) and Bleaching Time (h) (b), in relation to final
weight (g).

However, in the Marginal Means Graph of the factors Hypochlorite Concentration
(v/v %) and Bleaching Time (h), in relation to the cellulose concentration (Figure
4), the lines in the different levels of Hypochlorite Concentration (v/v %) intersect.
Therefore, the interaction effect between Hypochlorite Concentration (v/v%) and

Bleaching Time (h) is important. Analyzing the direction of the lines in the graph,
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one observes that the amount of cellulose is higher at the lower level of

Hypochlorite Concentration (v/v%) and higher at the Bleaching Time (h).

Plot of Marginal Means and Conf. Limits (95,%)
DV: mg celulose g™ MS
Design: 2+(8-2) design

NOTE: Std.Errs. for means computed from MS Error=,0000887

0.035 = [glspoc\orllo]

1, 6, d
= [Hipoclorito]
Tempo Branqueamento (h) 17

Figure 4. Graph of Marginal Means of the factors Hypochlorite Concentration
(v/v%) and Bleaching Time (h) (b), in relation to cellulose concentration.

Thus, the factors studied in the full 32 factorial included: A — NaOCI concentration
(% v/v) and B — Bleaching time (Table 4).

_ Factors Cellulosg Final
Exgcutlon Blocks NaOCl _ Bleaching concentration weight
rder concentration Time (h) (mg cellulose @)
(%v/v) g-1 DM*)
1 1 0.21 6 0.063 1.406
2 1 0.21 10 0.051 1.139
3 1 0.21 12 0.060 1.196
4 1 0.42 6 0.052 1.024
5 1 0.42 10 0.054 1.357
6 1 0.42 12 0.049 1.210
7 1 0.85 6 0.049 1.202
8 1 0.85 10 0.082 1.106
9 1 0.85 12 0.050 1.079
10 1 0.42 10 0.080 0.972
11 1 0.42 10 0.048 0.821
12 1 0.42 10 0.076 0.670

Table 4. Complete factorial design 32 of the experiment based on factors, levels,
and response data (Slurry Concentration and Yield) to obtain the pulp. *Dry Mass.

To obtain the optimal values for the two factors analyzed, the graph of the
composite desirability function was built (Figure 5). Figure 5 shows the optimal
point values of the 2 response variables — Cellulose concentration (0.06498 mg

cellulose g DM) and Final weight (0.3811g) — and the operating conditions that
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made that possible — Hypochlorite Concentration (0.60%) and Bleaching Time
(8.0667h).
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Figure 5. (a) Desirability function plot. Maximum response: cellulose
concentration and intermediate response: final weight; (b) Response surface plot
of the desirability function.

After statistical analysis, we identified that the best condition for extracting
cellulose from coconut fibers was: 1% NaOH, 20 minutes of autoclaving, 0.60%
hypochlorite, and bleaching time of 8.0667h. The final yield obtained was 1% (g
cellulose/g dry fiber).

Figure 6 shows the difference in cellulose concentration between untreated
coconut fiber (0.008 g cellulose/g DM) and coconut fiber after treatment with the

optimal conditions (0.08 g cellulose/g DM).
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0,15+

0.101

0.054

0.00-
Untreated Coconut fibers after

coconut fibers treatment
(Optimal conditions)

Cellulose concentration (g celulose/g DM)

Figure 6. Bar graph comparing the difference in cellulose concentration between
untreated coconut fibers and coconut fibers after treatment with optimal
conditions.

FTIR spectroscopy revealed that lignin and hemicellulose were removed during
the cellulose isolation process by analyzing their functional groups. The FTIR
spectra of coconut fibers before and after treatment for cellulose extraction are
shown in Figure 7.

In the FTIR spectrum, it was possible to verify the presence of an absorption band
at 897 cm, characteristic of the B-glycosidic bond between glucose units; an
elongation band at 1030 cm™, attributed to the -C-O- group of secondary alcohols
and ether functions present in the cellulose chain structure; an asymmetrical
elongation signal C-O-C at 1159 cm™ characteristic of cellulose; elongation
bands O-H at 3330 cm™ and C-H at 2900 cm referring to cellulose in the
coconut fibers after treatment. Furthermore, signals related to lignin and
hemicellulose, such as CH deformation outside the plane of lignin at 771 cm™,
CO elongation of hemicellulose and lignin at 1724 cm™, and C=C aromatic
skeletal vibration of lignin at 1609 and 1510 cm™, were absent (Rosa et al., 2010;
Stuart et al., 2004; Fan et al., 2012)

1030 Untreated coconut fibers
Coconut fibers after treatment

Absorbance Normalized (u.a)

i T
T 1 T T T T 1
1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm')

Figure 7. FTIR spectra of powdered coconut fibers, before (black) and after the
cellulose extraction treatment (red).
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When analyzing the images of treated fibers obtained by scanning electron
microscopy (SEM), we observed that the treatment proposed eliminated globular
particles, including the wax and fat layers that covered the entire structure of the
coconut fiber (Figure 8), thus making the cellulose fibers stand out. These data
corroborate the results from the quantitative fiber analysis. Despite the low final
weight yield (1%), treated fibers have a concentration of cellulose (0.08 g

cellulose/g DM) ten times greater than that of untreated fibers (Figure 6).

Figure 8. SEM images of coconut fibers before (a,b) and after physical-chemical
treatment (c,d).

Conclusion

The use of DOE for screening and optimization is an excellent tool for determining
optimal pulp extraction conditions. The alkaline treatment for cellulose extraction
has been frequently discussed in the literature; however, we observed that, in the
extraction process adopted here, other variables were statistically more
expressive, such as the concentration of hypochlorite and bleaching time. These
steps have been previously described as adjuvants in the process of extracting

cellulose from coconut fibers. The best conditions to extract cellulose from
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coconut fibers were 1% NaOH, 20 minutes of autoclaving, 0.60% hypochlorite,
and bleaching time of 8.0667h.
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Abstract

About 5 to 6 million tons of Cocos nucifera (dwarf coconut) fibers are produced
annually worldwide, but only 10% of this material is commercially recycled. The
amount of coconut residue generated by the agro-industrial sector is greater than
the natural capacity of biomass degradation, and this translates into an
environmental amount. The wide availability of coconut fiber, added to the
environmental problem generated, justify the use of this material as a source of
raw material for obtaining nanocellulose gels. In this study, we show that an
organic waste (coconut fibers) can be converted into nanocellulose gels, using
mechanics combined with water. The nanomaterial obtained after the application
of shear force was centrifuged and both the supernatant and sediment
lyophilized. The nanomaterials were structurally characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), and the
groups identified by Fourier transform infrared (FTIR) and Raman spectroscopy.
The images produced by SEM and TEM highlight that two types of nanocellulose
gels were produced: cellulose nanofiber gels (CNF-G), produced from the
precipitate, and cellulose nanocrystal gels (CNC-G), produced from the
supernatant. Thus, a sustainable and easily scalable process can be used to
produce two types of high-market-value nanocellulose gels.

Keywords: Cocos nucifera, mechanical extraction, cellulose nanocrystals
(CNCQC), cellulose nanofibers (CNF), TEM, and recovery of agro-industry waste.
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1. Introduction

The species Cocos nucifera produces fruits with several food applications, such
as coconut water, shredded coconut, and coconut oil [1,2,3]. However, the shell
of the green coconut, before complete maturation, corresponds to 85% of the
total weight of the fruit and has high humidity, which hinders the application of
coconut fibers in the production of bags, brushes, mats, ropes, insulation panels,
packaging, and car seats [4, 5]. This residue is, therefore, discarded. Although
about 5 to 6 million tons of coconut fibers are produced annually around the world,

only 10% of this material is commercially recycled [6].

The amount of coconut waste generated by the agroindustry sector is greater
than the natural capacity of biomass degradation, and that translates into
environmental pollution [7]. Thus, it is imperative to develop new initiatives that
take the use of coconut waste into account. One of the alternatives discussed is
the production of low-cost nanomaterials, which, in addition to contributing to the

reduction of solid waste, can increase the added value of the final product [8].

Coconut fiber is made up of 37.3% cellulose, being, therefore, an attractive
source for nanocellulose production. Nanocellulose or cellulose nanoparticles are
elements derived from cellulose with at least one dimension smaller than 100 nm
[9]. Morphologically, they can be differentiated as cellulose nanocrystals (CNC)
or cellulose nanofibers (CNF), both with unique properties, such as high surface
area [10, 11], ability to form a highly porous structure [12], excellent mechanical
properties [13], low thermal expansion coefficient [14], low density [12], easy
surface modification [15], high biodegradability [16], and biocompatibility [17, 18].
That results in a variety of applications, such as synthesis of antimicrobial
materials [19], drug delivery [20], biosensors [21, 22], cement [23], and
bioadhesives [24].

Nanocellulose can be obtained through three distinct approaches: mechanical
[25, 26], chemical [27, 28], and enzymatic [29, 30]. In all three, the goal is to
eliminate the amorphous domains of cellulose. In the production of CNF, the
cleavage of the amorphous region of cellulose is aleatory, resulting in nanofibers
with both crystalline and amorphous regions [31]. On the other hand, in the
production of CNC the cleavage is directed, thus yielding a nanomaterial
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composed exclusively of the crystalline region of cellulose [32]. It is common to
have a combination of these approaches for the production of CNF and CNC, but

this makes the process more expensive and time-consuming [33].

Some studies on the production of nanocelluloses from coconut fiber have
already been carried out [34, 35]; however, they all used the chemical method for
the production of cellulose nanocrystals. The mechanical extraction method was
described only for the production of CNF [36, 37, 38, 39], suggesting the
impossibility of applying this method for the production of nanocrystals. However,
only the application of statistical models, aiming to exhaust the variables that
affect the product, can prove the impossibility of producing CNF and CNC by this
method. Recently, Kang et al. (2018) failed to produce CNF and CNC from
cellulose pulp using only mechanical force, obtaining CNF and CNC only when a

previously processed cellulose — microcrystalline cellulose — was used.

Here, we show that if the correct parameters determined by the Design of
Experiments (DOE) method are employed, mechanical force combined with
water can transform the cellulose pulp obtained from an organic residue (coconut
fiber) into two types of nanocellulose gels: cellulose nanofiber gel (CNF-G) and
cellulose nanocrystal gel (CNC -G).

2. Materials and Methods
2.1. Materials

Sodium hydroxide (NaOH), sodium hypochlorite (NaOCI), glacial acetic acid
(CH3CO2H), nitric acid (HNO3s), and absolute ethanol (Et-OH) were purchased
from Sigma Aldrich Ltd and used as received without any further purifications.
Deionized water obtained from Millipore Direct-Q® 3 water purification system
was used for all experiments. Coconut fibers were donated by the company

Marquinhos Agua de Coco®.

2.2. Obtaining cellulose from coconut fibers
Fibers were extracted from green coconuts, washed thoroughly in running water,
oven-dried at 60 °C for 48 hours, ground in a mill with stainless steel blades, and

sieved in 40-mesh sieves.
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Fiber samples (10 g) were added to 400 mL of 1% sodium hydroxide (NaOH) and
the resulting solution was autoclaved (20 minutes). The fibers were then washed
with distilled water until the complete removal of water-soluble substances. To
the resulting pulp were added 100 mL of 0.8% sodium hypochlorite and 10 drops
of glacial acetic acid, and the mixture was stirred at 250 rpm for 8 hours and 4

minutes. The cellulose pulp was filtered and oven-dried (40 °C) for 24 hours.

2.5. Obtaining nanocellulose

Cellulose was mixed with ultrapure water and 1:10 glass spheres (4 mm) and
submitted to ball grinding at 250 rpm in an orbital shaker. After milling, the
samples were centrifuged at 4,000 rpm for 5 minutes. The supernatant and pellet
were lyophilized and weighed. The amount of sample and stirring time were
determined by Design of Experiment (DOE).

2.6. Design of experiment (DOE) and statistical modeling for the production of
nanocellulose

The matrix of factors used in the experiment, its levels, and responses is shown
in Table 1. We generated a full factorial combining 2 factors and 3 levels, with
repetition of the central point, in which the response of each test (yield) was
recorded (Table S1). The results of each test run were evaluated through the
graphical and statistical analysis tool of the Statistica® 10 software, based on the

main effects, interaction, ANOVA and a response table.

Levels
Factors Responses
A B C
Amount(g; sample 1 3 5 Nanocrystal Nanofiber
Time (h) 6 15 o4 yield (g) yield (9)

Table 1. Matrix of factors, levels, and responses for the complete factorial
design to obtain nanocellulose.

2.7. Nanocelullose characterization

2.7.1. Scanning Electron Microscopy (SEM)

The fibers were morphologically and structurally analyzed by scanning electron
microscopy (JSM-6610LV, JEOL, USA inc.). The fibers were metallized with gold
for 2 minutes, using argon as a carrier gas, being then dried and analyzed with

an electron acceleration voltage of 15 keV.
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2.7.2. Transmission Electron Microscopy (TEM)

Nanocellulose was dispersed in water to form a 0.2% suspension; a drop of this
suspension was deposited on nickel grids covered with Formvar and dried under
the hood at room temperature. Samples were observed at 80 kV (JEM-1400,

JEOL, USA inc.) and dimensions determined using the Image J software.

2.7.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR experiments were carried out with attenuated total reflection (ATR), using a
Cary 630 spectrometer (Agilent technology) equipped with a zinc selenide (ZnSe)
crystal. The samples were dried and ground and their spectra recorded in the
range from 4000 to 650 cm™ with a 4 cm™ resolution. Absorption ratios were
obtained by normalizing the peak heights to the cellulose absorbance peak at

897 cmt, which results from the C1—H deformation of the glucose rings.

2.7.4. Raman Spectroscopy

Cellulose nanocrystals and nanofibers were characterized using Raman
scattering (Raman Spectrometer Mira DS, Metrohm) in the 640-2000 cm* range
at a laser wavelength of 785 nm.

2.7.5. Energy dispersive x-ray (EDS)

The elemental composition of the sample was identified by energy dispersive x-
ray spectroscopy (EDS), using a liquid nitrogen-based 30 mm detector (EDAX
model). Although EDS and SEM analyses are usually integrated, for the former

samples were not metallized.

2.7.6. X-ray diffraction (XRD)

The crystal structure of CNC was determined using X-ray diffraction (XRD). CNC
samples were scanned in a 20 region from 30° to 90° at 0.01° per minute, with a
time constant of 2 s, using a D8 Advance (Brukeraxs) X-ray diffractometer. The

crystallinity index (Crl) was determined through Eq. (1):

Icrystalline - Iamorph

Crl = x100

Icrystalline
In which, lcrystatiine is the peak intensity at 26~22° and lamorph IS the intensity of the

minimum region at 2 © ~18°.
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3. Results and discussion

3.1. Design of experiment (DOE) and statistical modeling for the production of
nanocellulose.

Several factors affect the synthesis of nanocellulose through the ball mill, such
as the number and size of balls, the rotation speed, the state of the sample (dry

or wet), the time, and the proportion balls:sample [26].

For the simultaneous production of nanocrystals and cellulose nanofibers, we
performed a complete 32 factorial analyzing the factors time (h) and amount of
sample (g), with repetition of 3 central points. We used as a response variable
the final weight (g) of the nanocrystals and nanofibers produced. The optimal
values for the response variable were 0.034 g and 0.272 g, for nanocrystals and
nanofibers, respectively (Fig. 1A). The optimal operating conditions based on the
factors time and amount of sample were 15.424 h and 3.1886 g, respectively (Fig.
1A). To assess whether there is a relationship between the maximum and
minimum points with the desirable point, we observed a quadratic function in the

three-dimensional response surface plot (Fig. 1B).
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Fig. 1. (a) Desirability function plot. Maximum response for nanocrystals (g) and

nanofibers (g); (b) Response surface graph of the desirability function.

3.2. Nanocellulose characterization

Nanofibers can be separated from cellulose nanocrystals by centrifugation
because their longer length cause them to entangle and aggregate, precipitating
upon centrifugation [40]. Thus, following the synthesis of nanocellulose, the
samples were centrifuged and separated into precipitate (P) and supernatant (S),
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which represented, respectively, 92.65% and 7.35% of the lyophilized material

recovered.

3.3. Structural and Morphological analysis of nanocellulose (SEM and TEM)

The structural characterization of the lyophilized precipitate and supernatant was
performed by scanning electron microscopy (SEM) and transmission electron

microscopy (TEM).

Through SEM, we observed that the precipitate has a porous and fibrillar nature
(Figure 2 A and C), like the nanofibers visualized by Lee et al. (2021). The
hydrated structure presented a consistent gelatinous aspect (Figure 3A), and the
images obtained by TEM (Figure 3C) revealed fibrillar structures with a diameter

between 10-20 nm.

The image of the supernatant obtained by SEM (Figure 2B and D) shows an
amorphous structure, consistent with the characteristic flake appearance after
lyophilization [33]. Klem et al. (2005) found only CNF in the NC supernatant
produced from cellulose pulp. This is due to the high degree of polymerization of
this material, which implies that CNC cannot be produced by shear force alone.
However, in addition to the hydrated structure with an inconsistent gelatinous
aspect (Figure 3B), the TEM image (Figure 3D) shows CNC of 13.95 nm in

diameter and 200 nm in length.
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Cellulose Nanofibers (CNF)

gy IKEV]

F S Cellulose Nanocrystals (CNC)

Figure 2 Appearance of the lyophilized precipitate (A) and supernatant (B). SEM

images of the lyophilized precipitate (C) and supernatant (D). EDS analysis of
CNC (E) and CNF (F).

Figure 3 Appearance of the hydrated precipitate (A) and supernatant (B). TEM
images of the hydrated precipitate (C) and supernatant (D).

EDS spectra (Figure 2E and F) show the peaks of carbon, oxygen, and other
elements corresponding to their binding energies. As expected, the two forms of
NC contain mainly carbon, oxygen, and hydrogen. CNC contain only 7.8% of
impurities, while the main components — carbon and oxygen — account,
respectively, for 53.47% and 38.7% of the CNC weight (Figure 2F).

The crystal structure of the CNC sample was assessed through XRD analysis
(Figure 7). Characteristic diffraction peaks were observed at approximately 16.2°,
22.4°, and 34.7°, corresponding to the crystallographic planes (110), (002), and
(004), respectively. These crystallographic planes represent the typical structural

type of cellulose | in cellulose samples [44]. Previous studies have shown that
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CNC are highly crystalline when the crystallinity index falls between 54 and 88%
[45]; that of CNC obtained from coconut fiber was 58.74%.

100 4

80 +

60

40

Intensity (a.u)

204

0

= Nanocrystal

2°0 (degree)

LA DL BRI | LA DL DL DL DL DL DL |
5 10 15 20 25 30 35 40 45 50 55 60

Figure 7 XRD spectrum of nanocrystal samples

3.4. Fourier Transform Infrared Spectroscopy (FTIR)

To assess the elemental chemical composition of nanocellulose, Fourier

transform infrared spectroscopy (FTIR) analysis was performed, as shown in

Figure 4. The FTIR spectra confirm the absence of possible contaminants during

the production of nanocellulose, as the same bands and signals observed in the

analysis of cellulose extracted from coconut fiber were detected, namely 897,
1030, 1159, 2900, and 3330 cm™[45, 46].
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Fig. 4. FTIR
spectra of powdered coconut fibers after cellulose (black), nanofiber (red), and
nanocrystal (blue) extraction treatment.

3.5. Raman spectroscopy

Nanocelluloses have similar Raman spectra, but the Raman frequency, intensity,
and shape of the vibration band can vary between cellulose nanofibers (CNF)
and nanocrystals (CNC), because crystalline compounds are associated to
higher intensities [47]. We observed that the Raman spectra of CNF and CNC
are similar (Fig. 5), with bands at 485 cm, 900 cm, and between 1080-1097
cm?, associated with nanocellulose obtained from plant material [48]. However,

the nanocrystal sample has a sharper resolution.
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Fig. 5. Raman spectra of nanofibers (black) and nanocrystals (red).

Conclusion

The use of organic waste as a raw material has several benefits. These materials
can provide cost-effective products, low greenhouse gas emissions and, most
importantly, a sustainable environment for a better life. With cellulose extracted
from agribusiness residue, we produced high value-added nanomaterials —
cellulose nanofiber gel (CNF-G) and cellulose nanocrystal gel (CNC-G) — using

a sustainable technique, using only water and mechanical strength.
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Paper 2. Green production of nanocellulose gels and films from Cocos
nucifera

Supplementary material

Factors
Run Blocks Nanpcrystals Nqnofiber
order Amount of Time (h) Yield (g) Yield (g)
sample (g)
1 1 1 6 0,024 0,111
2 1 5 6 0,019 0,147
3 1 1 24 0,016 0,173
4 1 5 24 0,018 0,174
5 1 3 2,27 0,034 0,159
6 1 3 27,73 0,033 0,147
7 1 0,17 15 0,005 0,0
8 1 5,83 15 0,01 0,146
9(C) 1 3 15 0,031 0,272
10 (C) 1 3 15 0,028 0,215
11 (C) 1 3 15 0,029 0,243

Table S1. Complete factorial design 32 with repetition of the central point of the
experiment based on factors, levels and response data (Nanocrystal and
nanofiber yield), to obtain nanocellulose.
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5. CHAPTER 3 — ANTIBACTERIAL ACTIVITY OF NANOCELLULOSE
FUNCTIONALIZED WITH GREEN NANOPARTICLES

Paper 3. High antibacterial activity against Staphylococcus aureus and
Pseudomonas aeruginosa using nanocellulose hybridized with

Pomegranate (Punica granatum L.) nanoparticles

Laryssa Pinheiro Costa Silval, Natane Aparecida de Oliveiral, Rafaela
Spessemille Valotto!, Flavio Cunha Monteiro!, Luiz Alberto Contreras?,
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Abstract

Environmental concern has increased the search for new biodegradable
materials and materials derived from renewable resources. Cellulose nanofiber
(CNF) combines the properties of cellulose (e.g., biocompatibility and
biodegradability) with the high surface area of nanomaterials. It can serve as a
polymeric matrix for inorganic agents in the form of nanoparticles. Gold
nanoparticles (AuNPs) have physicochemical stability and can be easily
functionalized with bioactive organic molecules. Here, we synthesized,
characterized, and investigated the antimicrobial activity of the AuNP-
Pomegranate + CNF complex. The complex formed is stable, non-cytotoxic, and
has considerable antibacterial activity against strains of Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa, which makes it suitable for

application in the health area.

Keywords: Nanocellulose; Cellulose nanofiber; Gold nanopatrticles;

Pomegranate nanoparticle; Antimicrobial activity.
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1. Introduction

Cellulose is a linear homopolymer whose production reaches up to 10%-10° tons
per year. It is among the most abundant, renewable, low-cost, biocompatible, and
biodegradable polymers in the world, and can replace synthetic materials (Kumari
et al., 2019). Cellulosic materials with at least one dimension smaller than 100
nm are referred to as nanocellulose. Nanocellulose combines the properties of

cellulose with the high surface area of nanomaterials (Benini et al., 2018).

The growing demand for cost-effective, high-performance renewable materials
makes nanocellulose attractive for advanced applications in many industries,
such as food packaging and healthcare (Roig-Sanchez et al., 2019).
Nanocellulose can also act as a polymer matrix for organic or inorganic agents in
the form of nanoparticles and nanotubes (Zhang et al., 2020; Bacakova et al.,
2020).

Gold nanoparticles (AuNPs) are more stable compared with other metallic noble
metal nanoparticles (Cu, Hg, Ag, Pt), although the former have weaker
antibacterial activity (Mokammel et al., 2022). This property can be improved by

forming compounds of AUNPs with other antibacterial agents.

Pomegranate (Punica granatum L.) fruits grow in warm climates and their peels
have been historically applied as herbal remedies to treat flu, allergy,
inflammation, and parasitic and microbial infections (Naeem et al., 2020).
Pomegranate peel extract contains numerous bioactive constituents such as
polyphenols, flavonoids, and tannins that have potent antioxidant and

antimicrobial mechanisms (Gad et al., 2021).
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Compounds in which AuNPs are combined with cellulose nanofibers have great
potential to be used as components in a wide range of products. These may
include protective equipment (particularly in healthcare settings) (Zhou et al.,
2020), food packaging (Abdalkarim et al., 2021), textiles (Zhou et al., 2018), drug
carriers (Tian et al., 2022), in ultrafiltration (Jiang et al., 2019), and wound
dressing (Nezhad-Mokhtari et al., 2020).

In this study, we synthesized, characterized, and investigated the antimicrobial
activity of the AuUNP-Pomegranate+CNF complex. The antibacterial activity of the
complex was observed in Staphylococcus aureus (ATCC 29213), Escherichia
coli (ATCC 25922), Enterococcus faecalis (ATCC 29212), and Pseudomonas
aeruginosa (clinical sample 64B) strains. Our results indicate that the AUNP-NF
complex is stable, non-cytotoxic, and has antimicrobial activity against gram-
positive and gram-negative bacteria. These features make it an excellent material

for possible applications in the health area.

2. Materials and Methods
2.1. AuNP synthesis
2.1.1 Preparation of plant extract

The aqueous extract of pomegranate peel was produced by infusing 10 g of
crushed peels in 50 mL of ultrapure water at 90 °C (Ahmad et al., 2012). The
system was kept under orbital agitation (400 rpm) in a round-bottomed flask
coupled with a Graham condenser for 20 minutes. The resulting solution was
filtered using 0.45-um quantitative filter paper. The filtrate was then vacuum-
filtered using 0.22-um membranes, poured into an amber bottle, and kept under

refrigeration.

2.1.2 Reduced AuNP synthesis with pomegranate peel extract

Gold nanoparticles were synthesized by reduction method using 10 mL of a
2.5x107* mol.L™* HAuCIs solution (Sigma-Aldrich) and 100 pL of pomegranate
extract at 56 °C under 400 rpm for 5 minutes. The resulting solution was cooled

in an ice bath until cold.
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2.2 Characterization of AUNP-Pomegranate

AuNP formation was confirmed by color changes in the solution and by localized
surface plasmon resonance (LSPR), using a UV-Vis spectrophotometer
(Evolution® 300 ThermoScientific) at a resolution of 1 nm and scanning between
230-800 nm. For morphological characterization, AuNPs were placed on a
Formvar-coated copper grid (Ted Pella Inc., Redding, CA, USA) and examined
by transmission electron microscopy (TEM) using a JEOL microscope (JEOL,
Inc., Peabody, MA, USA), model JEM1400, operating at 120 V with lanthanum
hexaboride filament (LAB6). The size distribution and zeta potential of the
particles were determined using dynamic light scattering (DLS) combined with
the interaction of random Brownian motion and the electrical field movement of
the particle suspensions (Litesizer 500). To investigate which organic compounds
may be associated with AuNPs, we performed Fourier-transform infrared
spectroscopy (FTIR) (Agily 630). The concentration of the AuNPs formed was
determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS — model
NEXION300D, USA) and that of the extract on the AuNP surface by
spectrophotometry (Evolution® 300 ThermoScientific), using the equation (Eq.1)
obtained through the calibration curve of the pomegranate extract performed at
373 nm (Fig. S1).

Eq.1.y =0.7913x + 0.0653
In which x is the concentration of the extract and y is the absorbance of the AUNP
solution at 373 nm.

2.1 Assessment of cell viability in the presence of AUNPs

Cell viability in the presence of AuNP-Pomegranate was assessed using the MTT
(3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium) assay as described by
Mosmann (Mosmann et al.,1983). The test was performed using L-929 ATCC ®
CRL-6364 ™ normal fibroblasts and HaCat MRC-5 ATCC ® CCL cell lines. The
cells were seeded in flat-bottomed 96-well plates (2 x 10% cells.ml') and
incubated for 24h at 37 °C in a humidified atmosphere (5% CO2) for adhesion.
Dilution series (42.7; 21.35; 10.67; 5.34; and 2.67 pug/mL) of AuNP-Pomegranate
were added to the plates, which were incubated under the same conditions for

another 24h to determine the ICso. Camptothecin (10 uM) was used as a positive
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control. After incubation, 100 puL of MTT (5 mg/mL in PBS) (1:3) was added to the
plates, which were further incubated for 2 h. Subsequently, the excess of MTT
was aspirated and the formazan crystals formed were dissolved in 100 pL of
dimethyl sulfoxide (DMSO). The absorbance proportional to the number of viable
cells was measured at 595 nm using a microplate reader (Molecular Devices,
Spectra Max 190, USA). The experiments were performed in triplicate and the

percentage of inhibition calculated by equation 2 (Eq.2):

Sample intensity

Eq.2. Y%inhibition = ( 1) x100

Control intensity
Data were analyzed using the GraphPad Prism 7 program for non-linear
regression analysis, in which the average inhibition (ICso) was obtained at the

different concentrations of AUNPs tested.

2.2.  Production of cellulose nanofiber film

Cellulose extracted from coconut fiber (3.26 g) was mixed with ultrapure water
(100 mL) and 4-mm glass spheres (62 g) and submitted to ball grinding at 250
rpm in an orbital shaker at 25 °C. After milling, the samples were centrifuged 5
times at 4,000 rpm for 5 minutes. The pellet was lyophilized and stored protected

from moisture.
2.3. Formation of the AuNp-Pomegranate + Cellulose Nanofiber complex

Nanofibers (0.001 g) were immersed in 1 mL of AuNP-Pomegranate at three
different concentrations (C1: 42.7; C2: 128.1; and C3: 256.2 ug/mL) for 24h/150
rpm/25 °C, protected from light. The material was then centrifuged twice at 4,000
rom/ 5 min and resuspended in ultrapure water to remove possible AuNPs that
did not adhere to the cellulose nanofiber. The material was dried in an oven at 37
°C for 36h and sterilized by UV radiation.

2.4. Characterization of the AuNp-Pomegranate + CNF Complex
2.4.1. Transmission Electron Microscopy (TEM)

AuNp-Pomegranate + CNF complex samples were dispersed in water to form a
0.2% suspension, of which a drop was deposited on nickel grids covered with
Formvar and dried at room temperature. Samples were observed at 80 kV (JEM-
1400, JEOL, USA inc.).
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2.4.2. Energy dispersive x-ray (EDS)

The elemental composition of the sample was identified by energy dispersive X-
ray spectroscopy (EDS) using a 30 mm liquid nitrogen-based detector (model
EDAX). For the EDS analyses — which are built-in features of SEM — the samples

were not metallized.

2.4.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The total concentration of AUNP-Pomegranate adsorbed on the surface of the
nanocellulose was determined using ICP-MS (model NEXION300D, USA). The
nanocellulose-nanoparticle (NC-NP) solution (1 mL) was added to 1 mL of aqua
regia (1 nitric acid (HNO3): 3 hydrochloric acid (HCI)) and the mixture allowed to
stand for 1 hour. Then, 0.5 mL of the resulting solution was diluted in 9.5 mL of

ultrapure water and analyzed by ICP-MS.
2.4.4. Dynamic light scattering (DLS) and zeta potential measurements.

The size distribution and the zeta potential of the particles were determined using
dynamic light scattering (DLS) combined with the interaction of random Brownian
motion and the electrical field movement of the particle suspensions (NPA152
Zetatrac, Microtrac Instruments, York, PA, USA). Measurements were performed

at neutral pH. Each sample was measure in triplicate and the averages reported.
2.2 NC-NP antimicrobial activity
2.2.2. Hohenstein challenge test

In this study we used two Gram-positive bacteria [Staphylococcus aureus (ATCC
29213) and Enterococcus faecalis (ATCC 29212)] and two Gram-negative
bacteria [Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (clinical
sample 64B)] strains.

NC-NP samples were previously sterilized with UV radiation for 15 minutes.

The antimicrobial efficacy of NC-NP was evaluated according to the Hohenstein
challenge test (AATCC-100) (Tong et al., 2018). NC-NP samples (0.001 g) were
added to 1 mL of nutrient broth containing 1.0 x 102 CFU/mL of bacteria (Jafary
et al. 2015). The flasks were then incubated at 37 °C, with a rotation speed of
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120 rpm for 10 h. After the incubation period, the viable cell count was performed
using the drop technique, inoculating 10 pL of the sample diluted in nutrient agar.
The antimicrobial activity of NC-NP was evaluated by making a plate count of
each sample after 12 h. The tests were performed in triplicate. The antimicrobial
efficiency of the sample in terms of percentage of growth was determined in

relation to the negative control (nanocellulose film without AUNPS).

The percentage of reduction in bacterial colonies was calculated using Equation
3:

R(%) = ( >x100

In which A is the negative control and B the treated sample [18].
2.2.3 Transmission Electron Microscopy (TEM)

Samples of NC-NP-treated and untreated bacteria were washed and
resuspended with Phosphate Buffer Saline (PBS). A drop of this suspension was
deposited on nickel grids covered with Formvar and dried at room temperature.
Samples were counterstained for 10 minutes with 0.5% uranyl acetate solution
and observed at 80 kV (JEM-1400, JEOL, USA inc.).

3. Results and Discussion
Physicochemical characterization of AUNP-Pomegranate

In this study, AuNPs were produced through green synthesis, in which the
stabilizing and reducing agent was the pomegranate peel extract. Uniform AuNP
formation was initially observed by the color of the solution changing from
colorless to pink-red, a color characteristic of surface plasmonic resonance (SPR)
emitted by Au®. The UV-Vis absorption spectrum showed that the synthesized
AuNPs had an absorption peak at 530 nm (Fig. 1). Similar results were reported
by Manna et al., who used pomegranate peel alcoholic extract as a reducing
agent, obtaining AUNPs with optical spectra with a dominant plasmonic band
centered at 525 nm (Manna et al., 2019). The position, intensity, and shape of
the surface plasmonic band peak depend on factors such as shape, size,
composition, and dielectric constant of the surrounding medium (Haiss et al.,
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2007; Martinez et al., 2012). The peak at 373 nm suggests the presence of 13-
Punicalagin isomers on the surface of AuNPs. 3-Punicalagin — an ellagitannin
present in pomegranate peels — is a potent antioxidant because of its ability to
undergo in vivo and in vitro hydrolysis (Mehra et al., 2022).
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Fig. 1. UV-Vis AuNP-Pomegranate absorption spectrum. *The peak at 373 nm
suggests the presence of 3-Punicalagin isomers on the surface of AUNPs.

To verify the chemical components and the functional groups present in the
AuNP-Pomegranate, Fourier transform infrared (FTIR) measures of the
pomegranate peel extract and the colloid extract were performed. There are
similarities in the location of some bands of the Pomegranate peel extract and
AuNP-Pomegranate spectra and also some differences (Fig. 2). Differences in
the position and intensity of the bands between the extract and the AuNP-
Pomegranate reflect the interaction of Au ions with the functional groups of the
pomegranate coat extract, which lead to the reduction of gold and the formation
of a capping layer around the resulting AuNPs (Hussein, et al., 2021). The FTIR
spectra of the extract and AuNP-pomegranate show bands representative of
functional groups of various compounds available in the pomegranate peel, such
as amino acids, phenols, ellagic tannins and esters of gallic and ellagic acid
(Table 1) (Goudarzi et al., 2016; Omer et al., 2019).
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Fig. 2. Fourier transform infrared (FTIR) spectra of AUNP-Pomegranate (black)
and Pomegranate peel extract (red).

Table 1. FTIR spectroscopy interpretation of P. granatum plant extracts and
AuNP-Pomegranate.

Wavelength

Wavelength 1 Functional Phyto-
2 cm
cm group compounds Reference
(Reference . ) e
. assignment identified
article)
O-H stretch Poly Sharif et al
3254 3570-3200 ’ Hydroxy N
Hydroxy group 2020
compound
Sharif et al.,
O-H stretch, Carboxylic 2020;
2353 3500-2400 Acidic acids Deepashree et
al., 2012
Naeem et al.,
C=0 stretch Carboxylic 2020;
1718 1700-1725 Carbonyl group acids Gubitosa et al.,
2018
C=0 stretching .
1632 1650-1600 vibration, Ketone | Sharif etal,
compound 2020
Ketone group
C=C C, Aromatic Sharif et al.,
1510 1510-1450 Aromatic ring compound 2020; Salem et
stretch P al., 2017
Aromatic ring Aromatic Naeem et al.,
1409 1390-1420 vibration compound 2020
1223 1250-1020 | C-Nstretching |  Amine Shat eral.
1057 1250-1020 | C-Nstretching |  Amine Shazrgzeot al.
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The hydrodynamic size pattern of the nanoparticles was confirmed through DLS
analysis, having been found to be 48.40 nm (Fig. 3A). The zeta potential of the
AuNPs in water was -30.88 mV, indicating that, when in aqueous solution, AUNPs
have a negative charge and the colloidal solution is quite stable, with the particles

not easily aggregating (Vinay et al., 2018; Ivanov et al., 2009).
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Fig. 3. A) DLS of AuNP-Pomegranate. B) Images of the AuNP-Pomegranate
obtained by TEM.

The images obtained by TEM revealed that the particles are distributed in a
polydisperse way, presenting little variation in size and having, for the most part,

an approximately spherical shape, with an average diameter of 20 nm (Fig. 3B).

Nanoparticles of similar appearance, using pomegranate peel alcoholic extract
as reducing agent, were synthesized by Manna et al., who obtained mostly round
AuNPs, also with an average diameter of 20 nm (Manna et al., 2019). The
morphology and composition of nanoparticles are extremely important for the
biological application of nanomaterials, since the cellular absorption and toxicity
of nanopatrticles depend mainly on their size, shape, and surface chemistry (Jin
et al., 2013; Albanese et al., 2012).

The ICP-MS analysis showed that the concentration of reduced gold with the
green synthesis was 42.70 ug/mL. The concentration of Pomegranate extract
present in AUNP was 380 pyg/mL, according to the standard curve (Table S1, Fig.
S2).
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Evaluation of the cytotoxicity of AUNP-Pomegranate

Potential cytotoxic effects of Pomegranate-AuNP were evaluated in L-929 ATCC
® CRL-6364™ normal fibroblasts and HaCat MRC-5 ATCC ® CCL cells, using
the MTT colorimetric method. Cells were exposed to different concentrations of
nanoparticles and, at the end of treatment, viability was evaluated. The degree of
cytotoxicity was analyzed considering the standardized protocol ISO 10993-5
(2009), which considers a substance cytotoxic when cell viability is < 70% in
relation to the untreated control. Through the cytotoxicity test, we observed that
the AuNPs were not cytotoxic to either of the two strains tested, at any

concentration.
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Fig. 4. Evaluation of the cytotoxicity of AuUNP-Pomegranate.

Characterization of the AuNP-Pomegranate +NFC complex

The CNF TEM images (Fig. 5) show cellulose nanofibers impregnated with
AuNPs. The inorganic nanoparticles are homogeneously distributed along the
nanofibers, and the content of nanoparticles in the CNF increases with increasing

concentrations of AUNPSs.
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Fig. 5. TEM images of CNF impregnatd with three different concentrations of
AuNP-Pomegranate. A) AuNP-Pomegranate C1; B) AuNP-Pomegranate C2;
C) AuNP-Pomegranate_C3.

The spectra obtained by EDS of CNF and the AuNP-Pomegranate+CNF complex
show the presence of Au only after the complex is formed (Fig. 6 A-D). In the
chemical elements distribution map (EDS/SEM) one can observe the dispersion

of the elemental components (C, O, and Au) over the complex (Fig. 6E).
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Fig. 6 EDS anaIyS|s of fibers Wlthout AuNP-Pomegranate (A) and W|th three
different concentrations of AuNP (B - AuNP-Pomegranate_C1; C - AuNP-
Pomegranate_C2; D - AuNP-Pomegranate_C3). (E) Distribution map of chemical
elements (EDS/SEM) present in the AuNP-Pomegranate + CNF complex.

The quantitative analysis of the AUNP content present in the AUNP-Pomegranate
+ CNF complex was performed by ICP-MS and that of the pomegranate extract

content present in the nanofibers by UV-Vis. Table 2 shows the actual amount of
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AuNPs and Pomegranate extract present in the AuNP-Pomegranate + CNF

complex.

Table 2. Analysis of the concentration of Au and pomegranate extract present in
the AuNP-Pomegranate + CNF complex.

0.77 380
0.98 921
2.31 1349

The DLS analysis of the AuNP-Pomegranate_ C3 + CNF sample reveals the
presence of different populations with different sizes. This is due to AuNP and
CNF having different sizes. It is important to note that, although DLS is widely
used to obtain the statistical size distribution of suspended nanoparticles, it
considers that all particles are spherical, and their sizes therefore depend on the

orientation of the suspended nanofibers (Jimenez et al., 2017).
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Fig. 7. DLS of the AuNP-Pomegranate_C3 + CNF complex.

Antimicrobial action of the AUNP-Pomegranate + CNF complex

Because of low toxicity and good biocompatibility, the nanocellulose matrix allows
numerous applications related to antibacterial and biomedical materials after
being incorporated with antibacterial nanoparticles such as Ag, ZnO, and TiO2
(Zhang et al., 2020). Despite having greater stability in relation to other metallic

nanoparticles, AuUNPs have lower antibacterial action. Thus, here we use
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pomegranate peel extract not only to reduce and stabilize AuNPs, but also to
improve the antibacterial action of these nanoparticles and complex them with
CNF. We observed that CNF alone does not induce a significant percentage of
CFU reduction in any bacteria (Fig. 8). On the other hand, when AuNP-
Pomegranate is added to CNF, forming the AUNP-Pomegranate + CNF complex,
excellent antimicrobial activity against S. aureus, E. coli, and P. aeruginosa and
low antimicrobial activity against Enterococcus faecalis — clinical sample — were
achieved. The data obtained are consistent with the results reported by Negi et
al. and Prashanth et al. when analyzing the antibacterial activity of pomegranate

peel extracts.
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Fig. 8. Percentage of reduction in Colony Forming Units (CFU) of S. aureus, E.
faecalis, E. coli, and P. aeruginosa bacteria, when treated with AuNP-

Pomegranate + CNF complex.

The images obtained by TEM show the interaction between the AuNPs present
in the AuNP-Pomegranate + CNF complex and the bacteria (Fig. 9).
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Fig. 9. Images obtained by TEM of the interaction between AuNPs present in the

AuNP-Pomegranate + CNF complex and bacteria. A) S. aureus control; B) S.
aureus in contact with AuNP-Pomegranate + CNF complex; C) E. coli control, D)
E. coli in contact with AuUNP-Pomegranate + CNF complex; E) E. faecalis control;
F) E. faecalis in AuNP-Pomegranate + CNF complex contact; G) P. aeruginosa

control; F) P. aeruginosa in contact with AUNP-Pomegranate + CNF complex.

The antibacterial properties of AUNPs can be attributed to the production of
reactive oxygen species that induce oxidative stress within bacterial cells. Thus,
compounds formed by the combination of AUNPs with other antibacterial agents
aim to enhance the antimicrobial activity of these nanoparticles (Hussein et al.,
2021). Pomegranate peel extract is rich in polyphenols, including ellagitannins,
phenolic acids, and flavonoids, which have strong antiseptic and antibacterial
activity against gram-negative and gram-positive bacteria (Al-Zoreky et al., 2009).
Many studies have shown the biological efficacy of Punica granatum, such as its
potential to inhibit the growth of gram-positive bacteria, especially S. aureus
(Lokina et al., 2014).

Ellagitannins are the main class of tannins present in pomegranate peel extracts.
Punicalagin isomers (a and B), ellagic acid, and punicalin are the main
ellagitannins found in these extracts (Akhtar et al.,, 2015; Yan et al., 2017).
Pomegranate peel polyphenols display a variety of pharmacological and

physiological activities, such as anticancer (Li et al., 2019; Ma et al., 2015),
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antioxidant (Zhao et al., 2016; Guo et al., 2007), anti-inflammatory (Glazer et al.,
2012; Du et al., 2019) and antibacterial (Sun et al., 2021; Yemis et al., 2019).

Ruan et al. isolated 10 phenolic compounds from pomegranate peel and tested
the antimicrobial activity of each of them by disk diffusion against the
microorganisms Candida albicans, E. coli, and S. aureus. They observed that
only punicalagin, ursolic acid, arjunolic acid, and punicatannin C3 extracted from

pomegranate peels showed antimicrobial bioactivity.

Wattrelot et al. suggest that tannins are highly reactive and can readily combine
with sulfhydryl (SH) groups of peptidoglycans and, therefore, interact with
proteins. Indeed, many microbial enzymes present in culture filtrates were

inhibited when mixed with tannins.

Tannins also have a strong ability to bind iron, an element necessary for microbial
cells, as they reduce the ribonucleotide precursor of bacterial DNA (Akiyama et
al., 2001). In addition, the phenolic groups of these compounds are good
hydrogen bond donors and, therefore, can form strong hydrogen bonds with the
amide carbonyl groups of peptide chains, which is likely to occur with

peptidoglycans of bacterial cell membranes (Hagerman, 1992).

4. Conclusion

The green synthesis of AUNP-Pomegranate allows not only Au reduction but also
confers bioactive properties to AUNPs. We observed that even when complexed
with CNF, AuNP-Pomegranate maintains its antimicrobial activity against gram-
positive and gram-negative bacteria, whether ATCC or clinical samples.
Therefore, our results demonstrate the possibility of using this bioactive and non-
cytotoxic nanocomplex in products aimed at the health, textile, and

pharmacological areas.
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Abstract

In recent years, the functionalization of textile materials with nanoparticles has
become increasingly important because of the demand for high value-added and
durable products, having several applications. In this study, we coated a cotton
fabric with a bioactive complex composed of cellulose nanofibers and gold
nanoparticles synthesized with pomegranate peel extract (CNF+AUNP pomegranate),
to improve its functional properties and produce an antibacterial fabric. The
physicochemical properties of the CNF+AuUNPpomegranate complex (MET, FTIR,
and ICP-MS) and the coated fabric (AFM, SEM, and EDS) were analyzed, as well
as the antibacterial action of the fabric against Staphylococcus aureus,
Escherichia coli, and Enterococcus faecalis. The physicochemical analyses
showed that the CNF+AuNPPomegranate cOMplex has fatty acids, phenols, ellagic
tannins, and gallic and ellagic acid esters in its composition and is able to adhere
to the cotton fabric, giving the surface of the fabric a rougher texture. As for the
analysis of antibacterial activity, we verified that the cotton fabric preserved the
antibacterial properties of the pomegranate extract and AuNPs. Thus, the

application of this nanomaterial in the textile and health industry is feasible.

Keywords: Cotton fabric, Pomegranate, Gold nanoparticles, Cellulose

nanofibers, Antibacterial activity.
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1. Introduction

Cotton fiber is a common type of natural fiber, made up of more than 95%
cellulose. It is widely used in the textile industry because of its excellent softness,
biodegradability, air permeability, hygroscopicity, and comfortable wear (Yang et
al. 2020). However, cotton fiber is more sensitive to bacterial colonization than
synthetic fibers because it has a hydrophilic porous structure, retains water, and
allows the easy diffusion of oxygen and nutrients, providing an ideal environment
for bacterial growth. Thus, modification of textile materials — especially cotton

fabrics — with antimicrobial substances, is necessary (Jafary et al. 2015).

In recent decades, metallic nanoparticles have attracted great attention in many
fields because of their unique optical and electrical properties and good catalytic
effects. For antimicrobial purposes, gold nanoparticles (AuNPs) have been of
particular interest. These nanoparticles present biocompatibility, ease of surface
functionalization, intense plasmonic resonance, and adequate chemical stability
both in atmospheric conditions and in living cotton fabrics, being resistant to
oxidation (Roy et al. 2016).

The conjugation of AuNPs with other agents such as chitosan, antibiotics,
antimicrobial enzymes (lysozyme), and plant extracts (which act both as reducing
agents and have antimicrobial effect) is common, as it increases the antimicrobial
activity of these nanoparticles in textile composites (Mehravani et al.2021).
Extracts of Punica granatum L. have been widely used for the synthesis of AUNP
(Gubitosa et al. 2018; Lydia et al. 2020; Naeem et al. 2020). Punica granatum L.,
commonly known as pomegranate, is a fruit native to the Mediterranean region
currently cultivated and consumed throughout the world as fresh fruit, extracted
juice, jam, and infusion. It has been used in folk medicine since ancient times and
is known for its antioxidant, anti-inflammatory, anticancer, antidiabetic, and
antimicrobial properties (Andrade et al., 2019). Pomegranate rinds are
particularly rich in hydrolysable tannins such as ellagitannins, flavonoids, lignans,
triterpenoids, phytosterols, organic acids, and phenolic acids (Gosset-Erard et al.
2021).

The use of metallic nanoparticles in the coating of textile fibers poses challenges.

These nanopatrticles usually become thermodynamically unstable and tend to
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aggregate because of their large surface area. In addition, there may be
electrostatic repulsion between the colloidal particles and textile fibers. Thus,
cellulose nanofibers (CNFs) appear as excellent tools to adhere textile fibers to
the colloid and stabilize metallic nanoparticles, by promoting the nucleation of

nanoparticles and thus preventing their agglomeration (Zhang et al. 2022).

Herein we sought to develop pomegranate-based nanocomposites to improve
the functional properties of cotton fabrics. To do so, we produced a bioactive
CNF+AUNPpomegranate  complex and impregnated cotton fabrics with it.
Pomegranate peel extract was used to produce AuUNP-Pomegranate and coconut
fibers were used to produce cellulose nanofibers. Next, the nanocomposites
coated on cotton fabrics were assessed as to their antibacterial nature against
Staphylococcus aureus (ATCC 29213), Escherichia coli (ATCC 25922) and

Enterococcus faecalis (ATCC 29212) strains.

2. Materials and Methods

2.1 Synthesis and characterization of the CNF+AUNPpomegranate COMplex
2.1.1 Pomegranate extract preparation

To obtain the aqueous extract of pomegranate peel, 10 g of crushed peels was
added to 50 mL of ultrapure water at 90 °C (Ahmad et al. 2012). The system was
kept under orbital agitation (400 rpm) in a round-bottomed flask coupled with a
Graham condenser for 20 minutes. The solution was filtered through 0.45 ym
quantitative filter paper to remove the husks. The filtrate was submitted to vacuum
filtration with a 0.22 ym membrane and reserved for the preparation of

AuN PPomegranate.
2.1.2 Synthesis and characterization of AUNPpPomegranate

A 100-uL sample of the extract was added to 10 mL of 2.5 x 107 mol.L™* HAuCla4
solution (Sigma-Aldrich) at 56 °C and kept under agitation at 400 rpm for 5
minutes. The solution was cooled in an ice bath and the color changed from
colorless to pink-red. The formation of AuNPs was confirmed through the
spectrum obtained by UV-Vis spectrophotometry (Evolution® 300
ThermoScientific) with a resolution of 1 nm and a sweep of 230-800 nm. The size
and morphology of AUNPPromegranate Were determined through images obtained by
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transmission electron microscopy (JEOL, JEM1400, operating at 120 V with a

filament of lanthanum hexaboride (LABG)).
2.1.3 Synthesis and characterization of the CNF+AUNPPomegranate cOMplex

A total of 3.26 g of cellulose extracted from coconut fiber was mixed with 100 mL
ultrapure water and 62 g of glass spheres (4 mm) and submitted to ball grinding
at 250 rpm in an orbital shaker at 25 °C. After milling, the samples were
centrifuged five times at 4000 rpm for 5 minutes. The pellet was lyophilized and
stored protected from moisture. Nanofibers (0.001 g) were added to 1 mL of
AUNPPomegranate (42.7 pg/mL) and kept under agitation at 150 rpm and 25 °C for
24 h, protected from light. Next, the material was centrifuged twice at 4000 rpm
for 5 min and resuspended in ultrapure water to remove possible AUNPpomegranate
that did not adhere to CNFs. The material was dried in an oven at 37 °C for 36 h.
The adhesion of AUNPpPomegranate t0 CNFs was observed through images obtained
by transmission electron microscopy (JEOL, JEM1400, operating at 120 V with a
filament of Lanthanum hexaboride (LAB6)). The total concentration of AUNP-
Pomegranate present on the surface of CNFs was determined using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS — model NEXION300D from
Perkin Elmer, model Optima 7000, USA).

2.2 Preparation of cotton fabrics coated with CNF+AUNP pomegranate cOMplex

Cotton fabric samples (5x5 mm), previously washed with neutral soap (5gpl) and
oven-dried at 50 °C, were sprayed with 0.625 mL of a homogeneous solution of
CNF+AUNPpomegranate complex (C1: 2 mg/mL; C2: 1 mg/mL and C3: 0.5 mg/mL).
The fabric was then dried at 30 °C for 2 hours.

2.3 Characterization of cotton fabrics coated with CNF+AUNPpomegranate cOMplex

2.3.1 Scanning Electron Microscopy - Energy-Dispersive X-ray spectroscopy
(SEM-EDX)

The dried samples were analyzed as to the disposition of the
CNF+AuUNPpomegranate cOMplex on the cotton fabric and elemental composition, by
Scanning Electronic Microscopy (ZEISS, EVO MA10) coupled with Energy-

Dispersive X-ray spectroscopy (Oxford Instruments-EDX). EDX analyses are
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built-in features of SEM. However, for EDX analyses, the samples were not

metallized.
2.3.2 Atomic Force Microscope (AFM)

The surface of cotton fabrics coated with CNF+AUNPPpomegranate cOMplex was
analyzed by AFM (AFMAIpha 300 Witec), using a resonance frequency of 300

kHz. The size of the assessed areas was 2 x 2 ym.
2.4 Antimicrobial analysis of cotton fabrics
2.4.1 Hohenstein challenge test

In this study we used two Gram-positive [Staphylococcus aureus (ATCC 29213)
and Enterococcus faecalis (ATCC 29212)] and one Gram-negative [Escherichia
coli (ATCC 25922)] bacteria strains. To ensure the sterility of the test, cotton
fabric samples were previously autoclaved (121 °C/40 minutes) and the
CNF+AUNPPpomegranate cOMplex was subjected to UV radiation for 15 minutes. The
antimicrobial efficacy of cotton fabrics impregnated with CNF+AUNPpPomegranate
was evaluated according to the Hohenstein challenge test (AATCC-100) (Tong
et al. 2017). Cotton fabric samples impregnated with CNF+AUNPPomegranate
complex were added to 1 mL of nutrient broth containing 1.0 x 103 CFU/mL of
bacteria (Jafary et al., 2015). The flasks were incubated at 37 °C for 10 h, with a
rotation speed of 120 rpm. After the incubation period, viable cells were counted
using the drop technique, by inoculating 10 pL of the sample diluted in nutrient
agar. The antimicrobial activity of the cotton fabrics was evaluated by making a
plate count of each sample at 12 h. The tests were performed in triplicate. The
antimicrobial efficiency of the sample in terms of percentage of growth was
determined in relation to the negative control (cotton fabrics without the complex).

The percentage reduction in bacterial colonies was calculated using Equation (1):

R(%) = ( )x1oo

In which A is the negative control and B the treated sample (Jafary et al. 2015).

2.4.2 Scanning electron microscopy (SEM)
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Following the antimicrobial test, the control and cotton fabric samples were
observed using a scanning electron microscope (ZEISS, EVO MA10) with

electronic acceleration varying between 10 and 20 kV.

3. Result and discussion

3.1 Physicochemical characterization of AUNPpPomegranate and Cellulose Nanofibers
(CNF)

During the synthesis, the color of the colloid changed from transparent to pink,
evidencing the formation of nanoparticles as described by Turkevich et al. 1954.
The UV-vis spectrum of AuNPpomegranate IS shown in Fig. 1A. AUNPpPomegranate
exhibit absorbance in the UV region at 530 nm. The spectrum also reveals a peak
at 373 nm, which suggests the presence of R-Punicalagin-type ellagitannins on
the surface of AUNPPomegranate. [3-Punicalagin is widely present in pomegranate
peel extracts and is a potent antioxidant because of its ability to undergo
hydrolysis in vivo and in vitro (Mehra et al. 2022). The images obtained by TEM
show that the AuUNPPromegranate are distributed in a polydisperse way, present little
variation in size (approximately 20nm), and are mostly spherical, although some
particles are shaped as triangles and hexagons (Figure 3B). The ICP-MS analysis
showed that the reduced gold concentration obtained using the green synthesis

was 42.70 ug/mL.
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Figure 1. A) AuNPpomegranate UV-Vis absorption spectrum. *Peak at 373 nm
suggestive of the presence of punicalagin. B) Images of AUNPpomegranate Obtained

by transmission electron microscopy (TEM). C) Nanocellulose fibers impregnated
with AUNPPomegranate.

TEM images of the CNF+AUNPpomegranate cOmplex depict the AUNPpomegranate
adsorbed on the cellulose nanofibers (Figure 1C). One can observe that the
inorganic nanoparticles are homogeneously distributed along the nanofibers. The
guantitative analysis of the AuUNP content in the CNF+AUNP pomegranate cOmMplex,
performed by ICP-MS, revealed that 1 mg of CNF+AUNPPpomegranate cOntains 0.77
pg of AuNP.

The FTIR spectra (Figure 2) show absorption bands at 876 cm™! (referring to O-
C=0 groups in carboxylic acids) (Salem et al. 2017), 1009 cm* (referring to
phosphate ions), 1173 cm (referring to C-N stretching of amine groups) (Sharif
et al. 2020), 1322 - 1435 cm* (referring to vibrations of aromatic rings) (Naeem
et al. 2020), 1604 cm™ (referring to C=0 stretching vibration of ketone groups)
(Sharif et al. 2020), 2353 - 2930 cm? (referring to O-H stretching of carboxylic
acids) (Deepashree et al. 2012), and 3245 cm™ (referring to O-H stretching of
Hydroxyl groups present in polyhydroxy compounds) (Sharif et al. 2020). The
bands that appear in the FT-IR spectra of the pomegranate peel extract,
AUNPpomegranate, and CNF+AUNPpomegranate COmMplex are representative of
functional groups of several compounds available in the pomegranate peel, such
as phenols, ellagic tannins, and esters of gallic and ellagic acid (Goudarzi et
al.2021).
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Figure 2. Fourier transform infrared (FTIR) of pomegranate peel extract (black),
AUNPPomegranate (red), and CNF+AUNPPpomegranate cOmplex (blue).

3.1 Characterization of cotton fabrics with Cellulose Nanofibers (CNF) and
CNF"‘AUNPPomegranate Comp|eX

The surface morphology of cotton fabrics with and without the
CNF+AUNPpomegranate  complex was observed by SEM (Figure 2A-B). The
untreated cotton fabric has a typical longitudinal fibrillar structure, with a natural
twist and some grooves on its surface (Figure 3A). After coating with
CNF+AUNPpomegranate, the surface of the cotton fiber tends to be smoother
because of the formation of a covering film on the surface of the cotton fiber
(Figure 3B). This film is due to the presence of cellulose nanofiber. In fact, Yang
et al 2020 found similar morphological results regarding the presence of
nanocellulose on cotton fabrics and observed that as the nanocellulose size
increases, the surface of the film becomes rougher because of the aggregation
of particles. The EDS spectra of the cotton fabric and the fabric with the
CNF+AUNPPpomegranate cOmMplex show the presence of Au only in the latter (Figure

3 C-F), thus indicating the presence of AUNPpromegranate ON the surface of the fabric.
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Figure 3. SEM images of the cotton fabric (A) and the cotton fabric with
CNF+AuUNPpomegranate  (B). EDS analysis of the cotton fabric without
CNF+AUNPpomegranate  (C) and with three different concentrations of
CNF+AuUNPpomegranae (D — 2 mg/mL CNF+AUNPpPomegranate; E — 1 mg/
CNF+AUNPpomegranate; F — 0.5 mg/mL CNF+AUNPPomegranate).

To analyze the cotton fabric surface before and after the addition of the
CNF+AUNPpomegranate cOMplex, we used topography and phase contrast images
obtained by AFM (Figure 4). Topography images and cotton fabric cross-
sectional roughness profiles obtained before and after addition of the
CNF+AUNPpomegranate cOmplex are shown in Figure 4 A-C. The addition of CNF
(Figure 4B) and the CNF+AUNPPomegranate cOmplex (Figure 4C) clearly reduces
the depth of naturally existing valleys in the cotton fabric, thus demonstrating the
formation of a film on the cotton fabric. However, these images alone do not
establish whether the CNF film and the CNF+AuNPpomegranate complex are
chemically different. Thus, for a better understanding of the surface, phase
contrast images were analyzed (Figure 4D-F).
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On a surface with uniform composition, the resulting phase contrast image
corresponds to variations in surface friction. However, when surface composition
is variable, the phase contrast includes information about such variations, friction,
and topographic adhesion (Pang et al 2000; Ye et al. 2010; Kim et al. 1992). As
expected, the phase contrast image of the untreated cotton fabric (Figure 4C)
does not add any information to the topographic image, because the surface of
the material is relatively smooth. However, in the image of the cotton fabric
treated with CNF (Figure 4E) and CNF+AUNPpomegranate cOmplex (Figure 4F), the
phase contrast revealed fine details of rough surfaces, which are normally
obscured in topographical images. This is because the phase contrast in these
materials can be attributed to the greater adhesion of the tip in a region of greater
contact area, such as grain boundary or triple junction step (Pang et al 2000).
Figures 4 D-F show phase contrast images of uncoated cotton fabric, fabric
coated with CNF, and with CNF+AUNPpomegranate cOMplex. Figures 4 E-F show
the phase difference with slight darkening, in relation to the untreated cotton
fabric (Figure 4D), which is probably determined by the roughness of the film. As
can be seen in figures 4 E-F, the addition of CNF+AUNPPpomegranate makes the
image darker, which indicates a significant change in the phase of the probe's
oscillation. This is the result of gold having 73 more electrons than carbon atoms,
so the interaction potential of the probe's atoms with these two elements is
significantly different, which leads to a sharp contrast in the image. This contrast
depends on the phase shift of the probe’s oscillation, which depends directly on
the energy of the dissipative interaction of the probe with the sample according
to the law sin (p)~E /mkA, in which E is the energy that compensates for the
losses during the dissipative interaction, A and k are the amplitude of the
cantilever oscillations and the Boltzmann constant, respectively (Ryaguzov et al.
2022).
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Figure 4. Topography and roughness (insert) AFM images of the cotton fabric
surface cross section. a) Untreated cotton fabric, b) after the addition of CNF, and
c) after the addition of the CNF+AuUNPPpomegranate cOmplex. Cotton fabric surface
phase contrast AFM images. d) Untreated cotton fabric, e) after the addition of
CNF, and d) after the addition of the CNF+AUNPpomegranate cOMplex.
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3.2 Analysis of the antimicrobial action of cotton fabrics coated with the

CN F+Au N PPomegranate Comp|eX

The antibacterial activities of cotton fabrics coated with CNF and
CNF+AUNPpPomegranate cCOMplex are shown in Figure 5. As expected, there was a
significant reduction of bacterial growth in cotton fabric coated with
CNF+AUNPpomegranate cOMplex in relation to cotton fabric coated only with CNF.
This is the result of the complex having AUNPpomegranate, Which, as shown in
Figures 1A and 2, present on their surface phytochemical compounds such as
phenols, ellagic tannins, and esters of gallic and ellagic acid derived from the
pomegranate peel extract. Among the ellagic tannins, punicalagin a and 8 —
phenolic compounds formed by multiple esters of gallic acid and glucose — stand
out. These compounds are known for their antioxidant, antimicrobial, and anti-
inflammatory properties (Foss et al., 2014; Kharchoufi et al., 2018; Pagliarulo et
al., 2016). Gallic acid, also identified on the surface of AUNPpomegranate, has
antibacterial action as well. Rattanata et al. 2016 observed that AuNP-gallic acid
adhere to and penetrate the bacterial cell wall, disrupting the cellular environment
and leading to cell lysis due to leakage of cellular components. A careful
observation of the results obtained here revealed no statistically significant
differences among fabrics coated with different concentrations of the

CNF+AUNPPomegranate cOMplex.
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Figure 5. Reduction percentage in Colony Forming Units (CFU) of S. aureus, E.
faecalis, and E. coli bacteria, when treated with cotton fabric + CNF and cotton
fabric + CNF+AUNPpomegranate COMplex.

Images obtained by SEM (Figure 6) show that the bacterial membrane was
wrinkled and damaged after direct contact with the cotton fabric impregnated with
CNF+AUNPPpomegranate complex for 12 hours (Figure 6 D-F). AuUNPs exhibit intense
electrostatic attraction to the bacterial wall, accumulate on cell surfaces, and
interact with the cell membrane (Shaikh et al. 2019). Thus, the phenolic
compounds present in AUNPPromegranate Can penetrate the bacterial membrane and

promote bacterial lysis (Moreno et al. 2006).
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Figure 6. SEM images of cotton fabrics impregnated with CNF alone: a) S.
aureus, b) E. coli, and c) E. faecalis; and cotton fabrics impregnated with the
CNF+AuUNPpomegranate cOmplex: d) S. aureus, e) E. coli, and f) E. faecalis.

4. Conclusion

The CNF+AuUNPpomegranate cOmplex successfully coated the fibers of cotton
fabrics. Cotton fabrics coated with CNF+AUNPpomegranate cOmplex showed
antimicrobial activity against S. aureus, E. coli, and E.faecalis. Thus, one can
conclude that the medicinal property of Pomegranate can be transferred to textile
fabrics via CNF+AuUNPpomegranate CcOating on the surface. Antimicrobial textiles
have diverse applications, such as in health and hygiene products, infection
control, and as barrier materials. They can, therefore, be applied in biomedical

and textile industries.
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7. Conclusions and future prospects

Using the DOE statistical tool, we determined the ideal condition for extracting

cellulose from coconut fibers and producing nanocellulose.

The present work elaborated a cellulose extraction route using low amounts of
chemical reagents and produced nanocellulose without chemical reagents, thus
obtaining an ecologically correct product that can be functionalized with other

nanomaterials with known biological activity.

Non-cytotoxic gold nanoparticles obtained by green synthesis with pomegranate
peel extract (AUNP-Pomegranate) with antibacterial activity, as described in

previous studies carried out by our research group (data not shown), were used.

AuNP-Pomegranate were able to adhere to cellulose nanofibers, forming the
nanocomplex CNF+ AuNP-Pomegranate. In addition, these nanoparticles
conferred antibacterial action to the nanocomplex, mainly against strains of S.

aureus and P. aeruginosa.

The nanocomplex produced successfully adhered to cotton fabric fibers,

conferring antibacterial action to the fabric.

The smart fabric produced here validates a new approach to manufacture smart
fabrics that can be applied in healthcare, such as in the production of Personal

Protective Equipment -PPE-, hospital bedding, and anti-odor clothing.
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Economic impact

The presente work used coconut fiber as a source of celulose. Brazil is the fifth
largest producer of coconut in the world ' and among Brazilian states, Espirito
Santo stands out as an importante producer of the dwarf variety. The state has a
planted area of approximately 11 thousand hectares and an annual production of
about 134 million fruits, concentrated mainly in the northern region. Cultivation is
carried out mainly by small family-based rural producers. The plantation of
coconut has great socioeconomic importance, as it is an alternative to coffee
monoculture. From the 1960s onwards, there was an increase in tourism on the
Espirito Santo coast, generating a greater interest in coconut cultivation, with the

purpose of meeting the consumption of green coconut water 2.

This growing consumption had as na immediate consequence a large production
of solid waste, formed by the fibrous coconut husks, which are responsible for
60% of the volume of domestic waste generated in some areas of the Brazilian
coast 3. In the state of Rio de Janeiro, for example, around 12,000 t/month of
coconut waste is produced during the summer 4. In addition, when this material
is discarded in ladfills and dumps, it is a potential emitter of greenhouse gases
(methane) °(Nunes et al. 2007).

The great availability of coconut fiber in Brazil, added to the environmental
problem it generates, justify the use of this material as a source of raw material
for obtaining nanocellulose. This should turn a public health problem into a source

of wealth, since the price of cellulose nanofiber varies between 2-40 $/g°.

! Brainer, M.S. de C. P. Produc3o de coco: o nordeste é destaque nacional. Cad. Set. ETENE, 3:61, 2018.
2 polos de Fruticultura — Coco. Incaper, 2016. Disponivel em: < https://incaper.es.gov.br/fruticultura-
coco>. Acesso em: 30 de junho de 2020.

3 Sinsinwar, S.; Sarkar, M.K.; Suriya, K.R.; Nithyanand, P.; Vadivel, V. Use of agricultural waste (coconut
shell) for the synthesis of silver nanoparticles and evaluation of their antibacterial activity against
selected human pathogens. Microb. Pathog., 124:30-37, 2018.

4|shizaki, M. H.; Visconte, L. L. Y.; Furtado, C. R. G.; Leite, M. C. A. M.; Leblanc, J. L. Caracterizacdo
mecanica e morfoldgica de compdsitos de polipropileno e fibras de coco verde: influéncia do teor de
fibra e das condigGes de mistura. Polimeros, 16(3), 182-186, 2006.

> Nunes, M.U.C.; dos Santos, J.R.; dos Santos, T.C. Tecnologia para Biodegradacdo da Casca de Coco Seco
e de Outros Residuos do Coqueiro. Aracaju: Embrapa Agroindustria Tropical, Circular Técnica, 46; 2007.
62020 Cellulose Lab Nanocellulose Products Price. Celluloselab. Disponivel em:<
https://www.celluloselab.com/price/CelluloseLab%20Product%20Price%20List%202020.htm>. Acesso
em: 20 de agosto de 2022.
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Socioenvironmental impact

The smart textile produced is made of a 100%-cotton fabric functionalized with
nanomaterials from organic waste, such as pomegranate peel and coconut fiber,
extracted through methods that reduce or eliminate the use and generation of
chemical pollutants. Thus the circular economy adds value to products that would

otherwise be discarded.

ANNEX IV

Scientific outreach

“School of Nano Science”
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Social media channel focused on the dissemination of nanoscience to students

in the areas of health, engineering, physics and the curious.
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