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ABSTRACT

The widespread use of facemasks became a necessity during the COVID-19 pandemic caused
by the SARS-CoV-2 virus. Even with the onset of vaccination, the use of masks was
recommended for an additional two to ten weeks after achieving global vaccination coverage
of 70-90%, due to the emergence of new variants of the virus. Facemasks are typically
composed of one or more partially filtering materials, and the World Health Organization
recommends a filtration efficiency of at least 95%. An added feature to enhance protection is
the incorporation of antimicrobial materials, such as graphene oxide (GO) and silver
nanoparticles (AgNPs), which provide additional defense against fluids potentially carrying the
SARS-CoV-2 virus. Within this context, this study aimed to develop an antiviral and
antimicrobial filter element for application in masks and respirators. Different polyamide 6
(PAG6) formulations containing graphene oxide (GO) and silver nanoparticles (AgNPs) were
prepared and processed into microfibers by solution blow spinning technique for its use as a
filter element in face respirators. The resulting samples were then characterized by field
emission gun-scanning electron microscopy (FEG-SEM), energy dispersion spectroscopy
(EDS), ultraviolet—visible diffuse reflectance spectroscopy (UV—Vis DRS), water contact angle
analysis (WCA), thermogravimetric analysis (TGA), respirability testing, and antibacterial,
antiviral and cytotoxicity assays. Microbiological analyses demonstrated antibacterial activity
against Escherichia coli and Staphylococcus aureus, with inhibition zones of up to 4.0 mm in
disk diffusion assays and growth inhibition in liquid medium assays for the samples containing
AgNPs. The samples with GO did not present antibacterial activity and were discontinued.
Antiviral tests revealed efficacy against the betacoronavirus MHV-3, achieving up to a 99.9%
reduction in viral particles. Additionally, cytotoxicity assays indicated initial cytotoxic effects
on days 1 and 2, while some extracts exhibited no cytotoxicity by day 7, suggesting cellular
adaptation to the culture medium. In general, the microfibers exhibited good dispersion and
uniform AgNPs distribution, a hydrophilic character, and thermal stability, with a maximum
weight loss of 2.9% attributed to the water evaporation. The sample produced with a silver
nitrate concentration of 10 mmol L (A) showed respirability levels within the expected
standards established by technical regulations. Based on the dataset and the simplicity of the
microfiber fabrication process, this material demonstrates suitability as a filter element for face
respirators, with potential applications not only as a preventive measure in future pandemics
but also in other products requiring antibacterial or antiviral performance, such as air-
conditioning filters, water filters, hospital textiles, and medical dressings.

Keywords: solution blow spinning; microfibers; graphene oxide; silver nanoparticles; antiviral
activity; antimicrobial activity.
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1 INTRODUCTION

Face masks and respirators have long been recognized as effective tools in protecting
against environmental hazards. These pieces of personal protective equipment (PPE) help
safeguard the respiratory system from droplets and aerosols that may carry viral particles or
pollutants. The filtration efficiency of different masks against aerosols can vary significantly,
as viral particles differ in size, shape and properties (TCHARKHTCHI et al., 2021).

The pandemic caused by the SARS-CoV-2 virus has infected millions of people
worldwide. The virus primarily spreads through respiratory fluids, prompting the World Health
Organization (WHO) to recommend the use of face masks as the most effective method to
reduce the risk of transmission (FORMENTINI et al., 2021).

However, if masks are not resistant to microorganisms, they may pose a risk to the
wearer (HIRAGOND et al., 2018). Since virus-laden droplets and aerosols can settle on the
mask surface, combined with the temperature and humidity conditions created during the
respiratory cycle, the penetration of virus into the masks can be accelerated (TCHARKHTCHI
etal., 2021).

One way to enhance the protective capabilities of masks is by incorporating
nanomaterials with antimicrobial properties. Among the various nanoparticles studied, such as
copper (CuNPs) (MORENO-SAMANIEGO et al., 2024), zinc oxide (ZnONPs) (LAHOTI;
CARROLL, 2025) and iron oxide (Fe2OsNPs) (SHANMUGAM et al., 2025), silver
nanoparticles (AgNPs) are the most commonly used due to their unique physicochemical and
biological properties (HIRAGOND et al., 2018). Recently, graphene oxide is also being studied
as a very promising antimicrobial and antiviral agent (RHAZOUANI et al., 2021; SEIFI; REZA
KAMALLI, 2021). To preserve their reactivity and minimize their environmental release, the
nanomaterials are often embedded within a matrix.

Over the past decade, techniques for manufacturing polymeric microfibers have been
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significantly advanced, making them easier to scale up. Additionally, other nanoscale materials
can be integrated into these microfibers to create hybrids or composites with more interesting
properties. Among emerging technologies, the solution blow spinning process stands out for its
cost-effectiveness and speed (DADOL et al., 2020).

The solution blow spinning technique can be used to produce microfiber membranes
that effectively capture micro and submicron particles. When graphene oxide (GO) and/or silver
nanoparticles (AgNPs) are incorporated into these membranes, they impart antimicrobial
properties, making them suitable for applications in face masks and respirators.

In view of all these aspects, the methodology proposed in this project focuses on a
strategy for preventing viral and bacterial contamination, which can later be adapted for a wide
range of products, including air conditioning filters, water filters, hospital textiles (such as
sheets and lab coats), and even medical dressings. Therefore, this work not only presents an
effective approach for developing antiviral and antimicrobial filter elements but also seeks to
expand the scope of research in this field, paving the way for other innovative antiviral and

antimicrobial protection systems.

1.1 GENERAL OBJECTIVE
To develop a hybrid material for use as an antiviral and antimicrobial filter element in

masks and face respirators through the solution blow spinning process.

1.1.1 Specific objectives
To achieve the general objective, the following specific objectives have been defined:
a) determine the optimal concentration of polyamide 6 (PA6), graphene oxide (GO) and
silver nanoparticles (AgNPs) for the production of antiviral and antimicrobial microfibers;

b) evaluate the formation of AgNPs using transmission electron microscopy (TEM);
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c) produce microfibers using the blow spinning process, based on the defined
composition;

d) evaluate the antimicrobial activity of the microfibers through bactericidal tests in both
semi-solid and liquid media;

e) assess the antiviral activity of the microfibers;

f) investigate the cytotoxicity of the microfibers using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay and cell adhesion tests;

g) confirm the presence of AgNPs in the microfibers through a UV-vis reflectance
spectroscopy;

h) analyze the morphology of microfibers using the field emission gun-scanning
electron microscopy (FEG-SEM);

i) determine the hydrophilic or hydrophobic character of microfibers using the water
contact angle (WCA) technique;

J) assess the thermal stability of the microfibers using the thermogravimetric analysis
(TGA);

k) evaluate the breathability of the microfibers;

1) evaluate the performance of aging samples with antimicrobial and cytotoxic assays.



18

2 LITERATURE REVIEW
2.1 VIRAL INFECTIONS

Viruses are infectious intracellular parasites whose genomes consist of
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA). These viral genomes are responsible
for their own replication and the synthesis of other viral components, using the cellular systems
of host cells. Viruses depend on host cells for the biosynthesis of proteins and other
macromolecules. A minimal virus consists of a genome, which contains an origin of replication,
and a protein coat, known as a capsid (PELLETT; MITRA; HOLLAND, 2014).

According to the International Committee on Taxonomy of Viruses (ICTV, 2022),
viruses can be categorized into two mains on their genomic content: those with RNA genomes
and those with DNA genomes. Further divisions are made according to the size and structure
of the capsid (icosahedral, helical or complex), whether the capsid is enveloped, and the nature
of the genome (single- or double-stranded, linear or circular, segmented or unsegment). This
taxonomic classification provides a framework to define the main groups of genetically distinct
viruses across families (PELLETT; MITRA; HOLLAND, 2014).

Figure 1 presents a simplified diagram of the viral replication cycle. The cycle begins
with entry of the virus into the host cell, which consists of several steps. Attachment proteins
on the surface of virions (the infectious form of viruses) recognize and bind to specific receptors
on the host cell surface. In the penetration stage, the viral envelope fuses with the host cell
membranes, enabling the virus to enter. Once inside host cell, the viral capsid is degraded,
releasing the viral nucleic acid, which is then available for replication and transcription

(PELLETT; MITRA; HOLLAND, 2014).
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Figure 1 — Schematic representation of the viral replication cycle, illustrating the key steps

from host-cell entry to release of newly assembled virions (Nogueira; Ponce, 2021)

Infectious diseases caused by viruses pose serious risks to public health and economic
stability. Viral epidemics and pandemics have been recurring events throughout human history,
underscoring the vulnerability of societies to such threats (ALBUQUERQUE et al., 2022).
Examples of notable outbreaks include the severe acute respiratory syndrome (SARS) in 2003,
the HIN1 influenza pandemic in 2009, the Ebola epidemic in 2013, and most recently, the
COVID-19 pandemic. These events have been classified as public health emergencies of
international concern (HAN et al., 2022; NGUYEN; KANNEGANTI, 2022; SONI; DINDA,;

KUMAR, 2022).

2.1.1 SARS-CoV-2

Viral infections pose significant threats to human health due to their widespread
dissemination and ability to evolve through genetic mutations. The Coronaviridae family,
commonly referred to as coronaviruses (CoVs), consists of two subfamilies: Coronavirinae and
Torovirinae. Infection with a member of the Coronavirinae subfamily can lead to various

diseases, including reproductive disorders, pneumonia, polyserositis, enteritis, hepatitis,
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encephalomyelitis, nephritis, or sialodacryoadenitis (NIKAEEN; ABBASZADEH,;
YOUSEFINEJAD, 2020). In humans, coronaviruses are associated with a broad spectrum of
illnesses, ranging from the common cold to severe respiratory diseases such as Middle East
respiratory syndrome (MERS), severe acute respiratory syndrome (SARS), and novel
coronavirus infections.

Recent coronavirus epidemics emerged unexpectedly and spread easily, posing
significant threats to global health and socio-economic stability. For example, the SARS-CoV
epidemic in 2003 infected more than 8,000 individuals and caused approximately 900 deaths
worldwide. Similarly, MERS-CoV, first identified in 2012, has infected 2,494 individuals by
June 2019, with a mortality rate of 34.4% (ALIZADEH; KHODAVANDI, 2020;
BARTOSZKO et al., 2020). In late 2019 and early 2020, cases of a novel coronavirus infection
were reported. On January 7, 2020, China confirmed the discovery of a new coronavirus, later
named SARS-CoV-2, responsible for causing the coronavirus disease known as COVID-19.
The structure of SARS-CoV-2 is shown in

Figure 2.

— Spike Protein (S)
Membrane Protein (M)

- Envelope Protein (E)

Figure 2 — Schematic representation of the SARS-CoV-2 structure, highlighting its major
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structural components (Naqvi et al., 2020)

On March 11, 2020, the WHO declared the SARS-CoV-2 outbreak a pandemic.
Although the pandemic officially ended in May 2024, new cases and deaths continued to occur.
By June 2025, over 775 million cases and more than 7.1 million deaths had been reported
globally due to COVID-19 (WHO, 2024). The highest number of cases and deaths were
recorded on the American and European continents. Figure 3 illustrates the number of deaths

reported to WHO between March 2020 and October 2024.
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Figure 3 — Number of COVID-19 deaths reported to WHO from March 2020 to October 2024

Some precautions became essential to prevent the spread of the virus and protect
healthcare professionals as well as the general population. These measures included frequent
hand hygiene, social distancing, and the use of face masks. Even after the vaccines became

available, a significant portion of the population did not complete their vaccination schedules.
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By December 2023, 67% of the global population had received a complete primary series of a
COVID-19 vaccine (Figure 4), while 32% has received at least one booster dose (WHO, 2024).
Consequently, the use of personal protective equipment (PPE), such as face masks, remained

crucial for a prolonged period, even for vaccinated individuals.

% of total population

Min Max

:y 0O . .f\ M 0
00%

>0

Figure 4 — Percentage of the world population vaccinated with a complete primary series of a
COVID-19 vaccine by December 2023

A study using computer modeling highlighted the importance of continuing face mask
use for 2 to 10 weeks after achieving the target of complete vaccination coverage (70-90%).
The study considered factors such as the cost-benefit of mask usage compared to hospital and
insurance costs and emphasized the reduction in hospitalization and mortality rates through the

continued use of masks. Additionally, emergence of new variants, which may be more
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transmissible and potentially diminish vaccine effectiveness, underscores the critical role of
masks in mitigating the spread of infection (BARTSCH et al., 2022).
2.2 FACE MASKS

The use of face masks significantly contributes to controlling infectious diseases such
as COVID-19 (MA et al., 2020; MORAIS et al., 2021). They serve dual purposes: preventing
healthy individuals from contracting the virus and limiting transmission from infected
individuals (WHO, 2022).

Different types of face masks are classified according to their filtration efficiency.
Respiratory protection devices, commonly known as N95 or PFF2 masks, offer the highest
filtration capacity. These masks are designed to filter at least 95% of airborne particles and fit
snugly to the user's face. Typically, they comprise four layers: a non-woven layer that filters
particles as small as 0.5 um, an activated carbon layer that removes chemicals, and a cotton
layer that filters particles up to 0.3 um, and another non-woven fabric layer (LI et al., 2021).

Surgical masks, on the other hand, are intended to block large respiratory particles
during routine procedures but are less effective against smaller particles. These masks usually
consist of three layers, with a filter layer placed between two non-woven fabric layers (LI et
al., 2021; PALMIERI et al., 2021). A metal or plastic nose clip at the top allows adjustment
around the nasal bridge, minimizing gaps between the mask and the user's face to reduce particle
entry and leakage (LI et al., 2021).

For non-professional use, fabric masks and other improvised options became
widespread, particularly during the early stages of the COVID-19 pandemic when N95 and
surgical masks were in short supply. Although these masks are less effective against aerosols,
their use still plays an important role in reducing virus spread, especially when combined with
preventive measures such as social distancing and frequent hand washing (LI et al., 2021).

The filtration efficiency of different masks available in Brazil was assessed by Morais
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et al. (2021). Table 1 summarizes the key findings from their study. Some of these masks are
presented in Figure 5.

Table 1 — Filtration efficiency of different masks available in Brazil

Type of mask Filtration efficiency (60-300 nm)
N95 0.98
Surgical masks 0.89
Non-woven masks 0.78
Non-woven masks (3 layers) 0.87
Non-woven masks (5 layers) 0.91
Cotton 0.40
Combined fabrics 0.83
Neoprene 0.78
Laminated polyurethane foam 0.25
Microfiber 0.51
70% polyester, 30% resin 0.12
A B
/"{
C

Figure 5 — Different types of face masks: N95 (A), surgical (B), cotton (C) and neoprene (D)
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One study found that many N95-type face masks tested were not water-repellent,
significantly reducing their protective effectiveness when moistened by accidental splashes of
patients' blood, bodily fluids, sweat, or respiratory droplets. If the surface of the mask becomes
contaminated with infectious agents, microorganisms can penetrate the protective layers along
with droplets (LI et al., 2006).

Respiratory droplets vary in size, with aerosols specifically comprising droplets smaller
than 5 um. Larger droplets (> 5 um) tend to settle within 1-2 m due to gravitational forces,
whereas aerosols, being smaller and lighter, can remain airborne for extended periods,
increasing the likelihood of viral transmission (EL-ATAB et al., 2020). Consequently, the use
of face masks acts as a physical barrier, reducing exposure to respiratory droplets. However,
inadequate filtration properties can compromise their protective efficacy.

The SARS-CoV-2 virus, classified as betacoronavirus, has an elliptical or spherical
shape with a size range of 60—140 nm (EL-ATAB et al., 2020; ZERAATI et al., 2021), which
confirms the need for developing masks with enhanced filtration capabilities to effectively
block viral particles of this scale.

In response to the COVID-19 pandemic, substantial research has been conducted to
improve mask performance by incorporating nanoparticles. These innovations aim to enhance
antiviral activity, filtration efficiency, and breathability (PALMIERI et al., 2021). Nanoscale
materials are of particular interest due to their antiviral properties, which are primarily attributed
to their high surface-to-volume ratio and multivalent interactions. These characteristics enable
them to interfere with viral binding, block viral entry into cells, or deactivate viral particles
(CHEN; LIANG, 2020; CHEN et al., 2016).

In this context, Nanotechnology has attracted significant attention across various fields,
including medicine, agriculture, and biosensing. Its applications in medical science are

extensive, ranging from gene therapy, controlled drug delivery systems, and imaging to
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artificial implants and biosensors for detecting pathogens. Additionally, nanotechnology is
being used to treat or diagnose cancer and develop potent agents against viral, bacterial, and
fungal infections (HUSSAIN et al., 2019; NIKAEEN; ABBASZADEH; YOUSEFINEJAD,
2020; USKOKOVIC, 2020).

Silver nanoparticles (AgNPs) have demonstrated antimicrobial efficacy against bacteria
and viruses, attributed to their high surface-area-to-volume ratio and distinctive chemical and
physical properties. Studies have confirmed the antiviral activity of AgNPs against a range of
viruses, including human immunodeficiency virus (HIV), hepatitis B virus, herpes simplex
virus type 1, respiratory syncytial virus, monkeypox virus, Tacaribe virus, and influenza A virus
(WIELER et al., 2023). The antiviral mechanism of AgNPs involves physical interactions with
viral particles, where nanoparticles bind to and deactivate viruses, thereby blocking their
activity or entry into host cells (ALLAWADHI et al., 2021; WIELER et al., 2023). Several
factors influence the antiviral efficacy of AgNPs, such as their size, shape, and the capping
agents used in the synthesis. Previous studies indicates that AgNPs smaller than 10 nm are most
effective, with spherical shape particles outperforming tubular or aggregated forms (CHEN et
al., 2016).

Another nanomaterial that has stood out is graphene oxide (GO). GO-based
nanomaterials have emerged as promising candidates for a wide range of applications,
particularly in the medical and electronic fields, due to their unique physicochemical
characteristics. These include a high surface-to-volume ratio, surface charge, size, shape, and
notable optical, electronic, and biological properties. GO’s strong negative surface charge
enables interactions with positively charged viruses, which contributes to its notable antiviral
activity. Furthermore, both GO and graphene are capable of neutralizing viruses through several
mechanisms, such as inhibiting viral attachment, promoting photodegradation, causing

electrostatic trapping, and directly inactivating viral particles (RHAZOUANI et al., 2021;
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SEIFI; REZA KAMALL, 2021).

The integration of graphene-based materials with AgNPs has emerged as a powerful
strategy in the development of multifunctional nanocomposites for biomedical applications
(UNNIKRISHNAN et al., 2024). The antibacterial activity of GO arises from a combination of
physical interactions, including membrane disruption caused by its sharp edges, and chemical
mechanisms associated with oxidative stress mediated by reactive oxygen species (ROS)
(BADONI; PRAKASH, 2024). However, these effects can be significantly enhanced by
anchoring metallic nanoparticles, especially silver or silver oxide, onto GO sheets. The
combination not only prevents nanoparticle agglomeration but also mitigates GO restacking,
preserving the physicochemical properties of both components (CHAUDHARY et al., 2024;
UNNIKRISHNAN et al., 2024).

The integration of AgNPs into GO matrices results in nanohybrids with enhanced
antibacterial activity compared to either AgNPs or GO alone, due to enhanced ROS generation,
physical membrane disruption, and sustained release of silver ions (BENTEDLAOUTI,
BELOUATEK; KEBAILI, 2024; CHAUDHARY et al., 2024). These synergetic effects have
been confirmed by significantly reduced minimum inhibitory concentrations (MICs) and larger
inhibition zones in comparison to GO or AgNPs alone. For instance, Sharma et al., (2021)
demonstrated that GO/AgNP-impregnated polyacrylonitrile nanofibers exhibited effective
antibacterial activity and potential use in filtration devices due to their high surface interaction
with microbes. Similarly, Saeidi et al. (2024) found that Ag/CosV20s-GO nanocomposites
exhibited enhanced efficacy against multidrug-resistant strains such as Pseudomonas
aeruginosa and Staphylococcus aureus, further confirming the utility of GO as a delivery
platform for metallic antimicrobials. In summary, the convergence of GO and AgNPs results in
a multifunctional, biocompatible, and highly efficient antibacterial platform. The combined

mechanical robustness of GO and the potent antimicrobial activity of silver nanoparticles hold
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significant promise for applications ranging from wound healing dressings to biomedical device
coatings and air filtration membranes (CHAUDHARY et al., 2024; SHARMA et al., 2021;
UNNIKRISHNAN et al., 2024).

To optimize the application of AgNPs and GO, they are typically embedded within a
matrix, which enhances their reactivity and reduces the risk of environmental release. Such
release could pose environmental and health hazards. For face masks, polymeric microfiber
matrices serve as ideal supports due to their high porosity. This structural feature promotes
greater contact between AgNPs, GO and airborne particles, enhancing the overall filtration

efficiency and antiviral effectiveness.

2.3 POLYMERIC MICROFIBERS

Polymeric microfibers have attracted much attention due to their advantageous
properties, including lightweight construction, small diameters, controllable porous structures,
and a high surface-to-volume ratio. These characteristics make them ideal for various
applications, such as sensors, functional materials, tissue engineering, protective clothing, and
filtration systems (MONSORES et al., 2022).

Polymeric micro and nanofibers can be produced from synthetic and natural polymers,
giving them a wide range of tunable physicochemical properties. When associated with
functional nanocomponents, such as metal nanoparticles, metal oxides, or organic compounds
with biological activity, these fibers become promising platforms for applications that require
continuous antimicrobial and antiviral action, such as face masks, hospital gowns, air filters,
and smart dressings (EL-SEEDI et al., 2023; MALISZEWSKA; CZAPKA, 2022). The
morphology and properties of the fibers are highly dependent on parameters such as polymer
concentration, solution viscosity, relative humidity, and ambient temperature. Modifications in

the equipment configuration, such as the use of multiple needles and rotating collectors, have
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been explored to improve the uniformity, alignment, and production rate of the fibers (EL-
SEEDI et al., 2023; MILAZZO et al., 2020; PALANI et al., 2024).

The polymers used in the production of micro and nanofibers can be classified into two
broad categories: natural and synthetic. Natural polymers, such as gelatin, chitosan, collagen,
cellulose and their derivatives, are widely used due to their biocompatibility, biodegradability
and intrinsic biological activity. However, their processability can be limited by factors such as
solubility and thermal stability (CHEAH et al., 2023). On the other hand, synthetic polymers
such as poly(lactic acid) (PLA), poly(caprolactone) (PCL), polyurethane (PU), and
polyethylene oxide (PEO) present excellent processability and stability, but may lack biological
functionality (ALOSAIMI et al., 2023; PALANI et al., 2024).

Vitchuli et al. (2010) developed protective clothing material against chemical and
biological warfare agents using electrospinning PA6 fibers supported directly on nylon or
cotton fabrics. The resulting material demonstrated aerosol filtration efficiency on the
micrometric scale exceeding 250% when the PAG6 fiber layer was deposited on the fabric.

Lee (2009) produced polypropylene (PP) fibers embedded with zinc oxide nanoparticles
via electrospinning, supported on cotton fabric. The resulting laminated fabrics provided
bacterial protection and ultraviolet radiation shielding, achieving a UVA and UVB protection
level of 40.

Zhang et al. (2020) created multilayer poly(vinyl alcohol) (PVA) membranes by
electrospinning, achieving filtration efficiency between 99.3% and 99.9% for NaCl and 99.4%
to 99.8% for bis(6-methylheptyl) decanedioate aerosols. These membranes also exhibited lower
airflow resistance compared to N95 face masks commonly used by healthcare professionals.

Wang et al. (2022) developed a nanofiber membrane for face masks using
electrospinning with a highly diluted poly(lactic acid) (PLA) solution. The material was

designed for high porosity, small pore size, good mechanical properties, and hydrophaobicity.
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Compared to commercial masks, it showed superior filtration efficiency (99.996%) and reduced
weight. Furthermore, the membrane was biodegradable, fully decomposing within 150 days in
soil.

Park et al. (2021) fabricated poly(acrylonitrile) (PAN) microfibers via electrospinning
and incorporated silver nanowires (AgNW) using electrospray, creating an air filter with
antimicrobial properties. The resulting product demonstrated filtration efficiencies of 98.3%
and 99.6% and significant antimicrobial activity against various bacteria.

Cheng et al. (2018) produced films with PP, PA6 and AgNP microfibers using
electrospinning. The AgNPs were evenly distributed throughout the microfibers, providing up
to 100% inhibition of Gram-negative and Gram-positive bacterial growth, depending on the
AgNP concentration. Similarly, Shi et al. (2011) developed PA6 nanofibers with AgNPs,
observing analogous antimicrobial effects.

One of the most promising strategies in the development of advanced polymeric fibers
is the incorporation of functional nanocomponents with antimicrobial and antiviral properties.
These nanomaterials can be introduced into the polymer matrix by different routes, such as
direct dispersion in solution, post-production surface immobilization, or by hybrid methods that
combine chemical and physical functionalization (ALOSAIMI et al., 2023; MALISZEWSKA,;
CZAPKA, 2022; PALANI et al., 2024).

The use of nanofibers with antiviral activity has proven particularly relevant in response
to recent pandemics, such as COVID-19, where barrier materials with active properties against
respiratory viruses have become essential. Fibers containing nanoparticles of silver, copper or
metal oxides showed significant reduction in viral load as well as antimicrobial properties
(KUBO et al., 2022; SALAM et al., 2021).

Although electrospinning is widely recognized as the most established technique for the

production of polymeric micro and nanofibers, it has limitations that may restrict its application
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in industrial contexts, such as low productivity, the need for a high electric field, and restrictions
on the use of polymers and solvents with certain dielectric properties. In view of this, alternative
methods have been proposed, with emphasis on the solution blow spinning (SBS) process,
which has established itself as a promising technology due to its simplicity, versatility, and

potential for large-scale production (RODRIGUES et al., 2024).

2.3.1 Blow spinning process

Medeiros et al. (2009) were the first to develop and report the blow spinning process as
an alternative method to obtain polymeric micro- and nanofibers compared to those obtained
by the electrospinning and melt blowing techniques. Since then, the blow spinning process has
emerged as a promising microfiber production technique due to its simplicity, high productivity,
and versatility. The conventional setup for blow spinning, illustrated in Figure 6, consists of
concentric nozzles with an infusion pump, a pressurized gas source, and a collector (DOS

SANTOS et al., 2020).
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Figure 6 — Basic configuration of the solution blow spinning process (Medeiros et al., 2009)
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This technique relies on two parallel concentric fluid flows: a polymer solution
dissolved in a volatile solvent and a pressurized gas surrounding the polymer solution. These
flows are efficiently combined using a commercial airbrush, offering a cost-effective and
accessible approach (DADOL et al., 2020; DARISTOTLE et al., 2016).

During the process, the polymer solution is delivered through the inner nozzle, forming
adroplet at its tip. A high-pressure gas flows through the external nozzle, stretching the droplet.
Once the aerodynamic forces exceed the surface tension of the polymer solution, the droplet is
released and elongated, while the solvent rapidly evaporates. This results in the formation of a
web of microfibers that can be deposited on virtually any target substrate (DADOL et al., 2020;
DARISTOTLE et al., 2016; DOS SANTOS et al., 2020).

The formation of polymeric fibers with the blow spinning technique is explained by the
entanglement of polymer chains, which requires a minimum concentration of the solution,
known as the overlap concentration (c*). When this concentration is reached, the viscosity of
the solution is increased due to the interaction between the polymer chains and can overcome
the surface tension (DADOL et al., 2020; DARISTOTLE et al., 2016; GAO et al., 2021). ¢

can be estimated with Equation 1.

c* = _62y @)
8Ng(R2) /2

My is the molecular weight, Na is the Avogadro’s number and R? the mean-square end-

to-end distance for the polymer solvent system. R2 can be calculated with Equation 2.

R? = a2C,, (ZMW) 2 2)
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a is the Flory temperature expansion coefficient, C IS the characteristic ratio, Mo is the
molecular weight of the monomer and | is the bond length.

According to Daristotle et al. (2016), if the actual work concentration (c) is equal to or
very close to c*, one can expect the formation of fibers with a "beads on a string™ morphology.
When ¢ > c*, the formation of continuous, defect-free fibers is favored due to the stabilization
of the polymer jet.

The blow spinning technique offers several advantages over extrusion and
electrospinning methods. Fibers produced by the extrusion technique typically have larger
diameters, and the process involves high energy consumption due to the elevated temperatures
required to melt the polymers. In contrast, the electrospinning technique, while capable of
producing finer fibres, has a low yield and is limited to certain types of polymers. This limitation
arises from the need for specific solution conductivity to maintain the process, which relies on
high voltage. Additionally, electrospinning requires specialized collectors, which can restrict
its versatility. Blow spinning, on the other hand, provides high performance in a shorter time
frame. Since it does not rely on an electrostatic field or high temperatures, this technique allows
fibers to be collected on a wide variety of surfaces with greater safety and flexibility compared
to the other techniques mentioned (GAO et al., 2021).

The blow spinning process is relatively simple; however, it is essential to fine-tune
certain parameters in advance. According to Gao et al. (2021), the formation and morphology
of polymeric fibers obtained by blow spinning is altered by the type of polymer and its
concentration, in addition to factors inherent to the process, such as gas pressure, the distance
between the airbrush tip and the collector, the airbrush opening diameter and factors related to
the environment, such as atmospheric pressure, temperature and humidity.

J Gonzalez et al. (2017) observed that the gas pressure and the working distance
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presented a great influence in the production, diameter and distribution of fibers obtained from
solutions of polyethylene oxide (PEO), polyethylene-co-vinyl acetate (EVA) and
polyvinylidene fluoride (PVDF). Nicolau et al. (2022) evaluated different concentrations to
obtain polycarbonate (PC) nanofibers by SBS and found that the increase in the concentration
of the solution directly influences the formation of nanofibers, and that at low concentrations it
was not possible to obtain nanofibers. As the concentration increased, the formation of fibers
with a large number of droplets was observed, until they obtained the ideal concentration,
producing homogeneous fibers without the presence of droplets that formed a nanoporous mat.
The solution concentration is also one of the most important parameters to evaluate in the
electrospinning processes; low concentrations can generate an electric spray phenomenon,
while high concentrations increase the viscosity of the solution and can cause the obstruction
of the nozzle equipment (XU et al., 2025).

The attributes of the blow spinning technique enables the exploration of non-woven
materials in a broad range of applications (DARISTOTLE et al., 2016). Microfibers, which are
gaining significant market potential, stand to benefit from this technique, which could emerge
not only as an alternative but also as an enhanced method for producing high-performance fibers
for various industrial uses (DADOL et al., 2020).

Despite the advantages of the SBS process, it also presents challenges. One of the main
ones is the precise control of fiber diameter and uniformity, which can be influenced by
fluctuations in gas pressure and instabilities of the polymer jet. In addition, the choice of
solvents must consider not only their volatility, but also operator safety and environmental

impact, since large volumes of solvents can be released during the process (GAO et al., 2021).
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3 MATERIALS AND METHODS
3.1 MATERIALS

The polymers used in this study were poly(vinyl alcohol) (PVA, Sigma-Aldrich,
85,000 — 124,000 Da), polypropylene (PP, Sigma-Aldrich, 250,000 Da), poly(vinylidene
fluoride) (PVDF, Sigma-Aldrich, 534,000 Da), polyamide 6 (PA6, LANXESS, 30,000 Da) and
natural rubber latex (NRL, RubberSul, 60% wt. in aqueous solution). PVA was solubilized in
deionized water, while PP and PVDF were dissolved in N,N-dimethylformamide (DMF,
CsHsNO, Sigma-Aldrich). PA6 was solubilized using a mixture of methanoic acid (98 — 100%,
CH:0-, Merck) and ethanoic acid (100%, C2H4O, Merck). All materials were used as received,
without further purification.

Graphene oxide (GO) was obtained from BoomaTech Company (S&o Marcos, Brazil).
The dispersion of GO in ethanoic acid was performed by the company, using an ultrasonic tank
(CTA do Brasil). The concentration of the obtained dispersion was 30 mg mL™,

Silver nitrate (AgNO3z) was synthesized from silver recovered from discarded Ag.O

button cells.

3.2 METHODOLOGY
3.2.1 Characterization of Graphene Oxide

Graphene oxide characterization was performed by UCSGRAPHENE (Embrapii unit),
before dispersing the sample in ethanoic acid. The sample was dried in an oven (Thermo
Scientific) at 105 °C for 24h before analysis. Scanning electron microscopy with a field
emission gun (SEM-FEG) and energy dispersive spectroscopy (EDS) tests were performed
using a TESCAN MIRA 3 electron microscope. The X-ray diffraction (XRD) was obtained in
a Shimadzu XRD-6000 instrument, scanning from 5 to 90° in steps of 0.02° per second, using

CuKa radiation (A = 1.54056 A), voltage of 40.0 kV and current of 30.0 mA. The XRD
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diffractogram was evaluated with QualX software and PowCod database (ALTOMARE et al.,
2015).

Raman spectroscopy was performed on a Horiba LabRAM HR Evolution spectrometer,
according to ISO TS 21356-1:2021, from 500 cm™ to 3000 cm™ and acquisition time of 10 s.

Fourier transform infrared spectroscopy (FTIR) analysis was performed on a Perkin
Elmer Spectrum 400 equipment. The spectral range comprised 400 and 4000 cm™ and a
resolution of 4 cm™. After moisture removal, GO was incorporated into potassium bromide
(KBr) and pressed into a tablet.

Thermogravimetric analysis (TGA) was performed using a Netzsch STA 449 F3
equipment, according to adaptations of ASTM C561-16 and ISO 11308:2020 standards. To
evaluate the ash content, the sample was heated from room temperature to 910 °C, with a
heating rate of 8 °C min to 500 °C, 2 °C min to 750 °C and 3 °C min™! to 910 °C, maintaining
this temperature for 1 min. To evaluate the carbon purity, the sample was heated from room
temperature to 1010 °C, with a heating rate of 5 °C min’. Both tests were performed in an
alumina crucible under air.

Atomic force microscopy (AFM) images were obtained with a Shimadzu SPM 9700HT

equipment.

3.2.2 Synthesis and Characterization of Silver Nitrate

The process began by collecting material from the cathodes of spent batteries, which
was then subjected to an acid digestion process. A copper wire was submerged in the resulting
solution to precipitate metallic silver. The recovered silver was further digested with nitric acid
(HNO3 65% PA) in a water bath at 90 °C. After the digestion process, the solution was cooled
to room temperature, allowing the AgNO3z to crystallize completely. The salt was then

characterized by Energy-Dispersive X-Ray Spectroscopy Fluorescence (EDX), in a Shimadzu
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EDX-7000 device under vacuum using a 10 mm collimating beam for 100 s. XRD was obtained
in a Bruker D8 Advance equipment, from 20 to 100 ° in steps of 0.05° with 5 s per step, CuKa
radiation (A = 1.54056 A), voltage of 40 kV and current of 30.0 mA. EDS analysis was

performed using a silicon drift detector (SSD) using a TESCAN MIRA 3 electron microscope.

3.2.3 Obtaining PA6-GO-AgNPs microfibers

To obtain the PA6-GO-AgNPs microfibers, a PA6 solution with a concentration of
15% wt was initially prepared by dissolving the polymer in a mixture of ethanoic acid and
methanoic acid in a of 2:1 (v/v) ratio. The solution was stirred at 100 rpm in a shaker-type
incubator (Novatecnica, model 715D) at 50 °C for 6 h. Subsequently, different concentrations
of GO and AgNO3 (as shown in Table 2) were added to the polymeric solution. The mixture
was then stirred at 100 rpm in the incubator for an additional 24 hours at room temperature,

facilitating the formation of AgNPs.

Table 2 — Nomenclature of the samples and the different concentrations of GO and AgNO3

evaluated during the preparation of PA6-GO-AgNPs microfibers

Sample GO (mL) [AgNOs3] (mmol L)
A 0.0 10.0
B 1.0 10.0
C 1.0 0.0
D 0.0 20.0
E 2.0 20.0
F 2.0 0.0
G 0.0 0.0

The solutions containing only AgNOs were analyzed using TEM, to evaluate the

formation of AgNPs. PA6-AgNPs solutions were diluted in ethanoic acid, and a drop of the
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solution was placed on a holey carbon grid for analysis. TEM analysis was conducted on a
MORGAGNI 268 D microscope (FEI Company) at an acceleration voltage of 80 kV. The size
of the AgNPs was determined using ImageJ software.

Subsequently, all the polymeric solutions underwent the blow spinning process
(Figure 7), using an airbrush with a nozzle diameter of 0.3 mm, a compressed air pressure of

0.5 MPa, a collector distance of 30 cm, and a process duration of 20 min.

Figure 7 — Photograph of the experimental setup used for the solution blow spinning (SBS)
process
The microfibers obtained after the solutions underwent the blow spinning process were
analyzed through antimicrobial assays in semi-solid and in liquid medium. These assays served
as guidelines for the continuation of the research, since only the samples that showed

antimicrobial activity continued to be analyzed.

3.2.4 Sample sterilization
Prior to conducting the antimicrobial and cytotoxic assays, the samples were sterilized
under UV light. Different exposure times of 1, 4 and 8 h, with half of the exposure time applied

to each side of the sample. To assess the effectiveness of the sterilization process, the samples
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were immersed in thioglycolate medium for 7 days. After this incubation period, the medium
was inspected for any turbidity. In addition, a Gram stain test was performed. Samples that did
not cause turbidity in the medium and that did not indicate the presence of bacteria in the Gram

stain test were considered successfully sterilized.

3.2.5 Antimicrobial assays
3.2.5.1 Semi-solid medium

Antimicrobial tests in semi-solid medium were performed according to the CLSI M2-
A8 (disc diffusion) and AATCC 147 (striation) standards. Gram-negative Escherichia coli (E.
coli) and Gram-positive Staphylococcus aureus (S. aureus) were used at a concentration of
1.0 x 10° colony forming units (CFU) mL™.

In the disc-diffusion assay, bacteria were evenly plated on Mueller Hinton (MH) agar
medium in Petry dishes, after which the samples were placed over the plates. For the striation
test, bacteria were plated in five parallel streaks on the MH agar, with samples positioned
perpendicularly to the streaks. Petry dishes were incubated at 37°C for 24 h. Following
incubation, the formation of inhibition halos around the samples was evaluated, as the presence

of these halos indicates the inhibition of bacterial growth.

3.2.5.2 Liquid medium

For tests in liquid medium, E. coli and S. aureus were used at a concentration of
1.0 x 10* CFU mL*. Samples were placed in a 24-well plate, each submerged in 600 pL of MH
culture medium and 30 pL of bacterial solution. Culture medium alone served as the negative
control, while culture medium with bacteria was used as the positive control. All plates were
incubated at 37 °C for 24 h. After incubation, small aliquots were collected and inoculated onto

Petry plates containing MH agar medium to assess whether the samples exhibited bactericidal
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or bacteriostatic effects. Bacterial growth was also evaluated by adding 30 pL of resazurin to
each well and gently stirring at 37 °C for 1 h. Resazurin is a dye that indicates cell viability by
changing color from blue to pink due to the chemical reduction associated with aerobic

respiration during cell growth.

3.2.6 Antiviral assays

The antiviral assay was performed at the Ndcleo Vitro laboratory (Porto Alegre, RS,
Brazil) in accordance with ISO 18184:2019. Betacoronavirus MHV-3 was used at a
concentration of 1.0 x 10° tissue culture infectious dose (TCIDso). Virus aliquots were diluted
in cell culture medium, and the samples were soaked in closed tubes for 2 h. The samples were
then inoculated onto a monolayer of L929 cells, in quadruplicate to evaluate viral
multiplication. Cellular changes, including the cytopathogenic effects induced by the viruses,
were assessed. Control group comparisons were made through imaging and viral titration,
which indicated the reduction in the number of infectious viral particles, expressed as

logarithmic reductions in accordance with 1ISO 18184:20109.

3.2.7 Cytotoxic assays
3.2.7.1 MTT assay

Cell viability was assessed using the MTT assay. Microfibers were sterilized under UV
light for 8 h, with half the exposure time for each side. The samples were then submerged (6.0
cm?mL™?) in in Dulbecco’s Modified Eagle’s medium (DMEM, Sigma Aldrich), supplemented
with 10% fetal bovine serum (FBS, Gibco BRL, Life Technologies) and 1%
penicillin/streptomycin (P/S, Sigma Aldrich), and incubated for 24 h at 37 °C (ISO 10993-
12:2012). Dilutions of 10, 50, and 90% (v/v) of the extracts were prepared.

1.929 cells were seeded at a density of 1.0 x 10° cells mL™ in 96-well plates, each well
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containing 100 pL of DMEM medium supplemented with 10% FBS and 1% P/S. After 24 h,
the cells were exposed to the sample extracts for 1, 2, and 7 days. The negative control consisted
of DMEM medium, and the viability was assessed by adding 100 pL of MTT (1.0 mg mL™?) to
each well. After 2h of incubation at 37 °C, the MTT solution was removed, and the formazan
crystals were solubilized with 100 pL of dimethylsulfoxide. The optical density was measured
at 570 nm using a spectrophotometer (Max190 Spectra, Molecular Devices, USA). Results were
expressed as a percentage of cell viability, with the negative control equating to 100% viability.
A sample was considered cytotoxic if cell viability fell below 70%, according to 1ISO 10993-
5:20009.

Statistical analysis was performed using ANOVA followed by a post hoc Tukey test,

with statistical significance set at 5% (p < 0.05).

3.2.7.2 Cell adhesion

Cell adhesion on the samples was evaluated by seeding L929 cells in 12-well plates at
a density of 5.0 x 10* cells mL* for 1, 2, and 7 days. After incubation, the cells were fixed with
3% glutaraldehyde solution in PBS (v/v) for 15 min, followed by dehydration with ethanol
solutions (30, 50, 70, 90, and 100% (v/v) for 10 min. The samples were then analyzed by FEG-
SEM. FEG-SEM micrographs were obtained using the same operating conditions described in

Section 3.2.2.

3.2.8 Characterization of PA6-GO-AgNPs microfibers

The microfibers were characterized using several techniques: field emission gun-
scanning electron microscopy (FEG-SEM) to assess morphology; energy dispersive X-ray
spectroscopy (EDS) to evaluate silver distribution on the samples; UV-Vis diffuse reflectance

spectroscopy (UV-Vis DRS) to confirm the presence of AgNPs; WCA measurements to
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determine the hydrophilic or hydrophobic nature of the samples; TGA to evaluate thermal
stability; breathability tests to assess airflow during inhalation and exhalation; microbiological
assays to evaluate antibacterial and antiviral properties; and cytotoxicity tests.

FEG-SEM micrographs were obtained using a Tescan MIRAS3 electron microscope with
a secondary electron detector. The samples were mounted on stubs with carbon tape and then
covered with a thin layer of gold. The voltage used to obtain the micrographs was 10.0 kV.

EDS spectra were acquired immediately following the FEG-SEM analysis, maintaining
the same operational conditions. The silicon drift detector (SSD) from Oxford Instruments was
used for the analysis.

UV-Vis DRS analysis was performed using a Shimadzu UV-2600 spectrophotometer,
covering a range of 250 to 700 nm with a step size of 1.0 nm. The sample was placed in a
specific holder for solids protected by quartz glass, with barium sulfate used as the reference
sample.

WCA measurements were carried out using an SEO Phoenix 150 device. The sessile
drop method was applied, where 100 uL of distilled water was deposited on the sample, which
was fixed on a flat surface, and the photographic record of the water drop on the sample was
captured using the equipment’s software.

TGA was performed on a Shimadzu TGA 50 instrument. The samples were heated from
room temperature to 310 °C in a platinum crucible at a heating rate of 20 °C min™ under a
nitrogen atmosphere with a flow of 50 mL min™,

Breathability tests were conducted by the Falcdo Bauer laboratory (Sdo Paulo, Brazil)
following the NBR 13698:2022 standard. The test measured the resistance to inhalation at
continuous airflows of 30 L min™ and 95 L min, and to exhalation at a continuous airflow of
160 L min™. The pressure drop should remain as low as possible, not exceeding 70, 240, and

300 Pa, respectively.
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3.2.9 Evaluation of the aging samples
To assess the stability of the samples over time, antimicrobial tests with E. coli and the

MTT assay were performed on one-year-old samples.
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4 RESULTS AND DISCUSSION

This chapter presents the results obtained from the analysis of the data collected during
the research, in accordance with the methodology described in the previous chapter. The
organization of the results follows the specific objectives of the study, as presented in the
introduction.

First, the characterization tests of graphene oxide and silver nitrate are presented. Next,
the procedures for determining the process parameters leading to the production of microfibers
are described. These microfibers are then subjected to microbiological and characterization
tests.

The results are discussed as they are presented, based on the scientific literature.

4.1 GRAPHENE OXIDE CHARACTERIZATION
The morphology of the graphene oxide sample can be observed in the SEM images

presented in Figure 8.
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Figure 8 — FEG-SEM micrographs of graphene oxide sample
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Itis possible to observe the presence of different interconnected and stacked layers. The
image with 100 kx magnification shows very wrinkled GO sheets, similar to what was observed
in other studies (FARIVAR et al., 2021).

The EDS test (Figure 9) revealed the presence of carbon (47.5%) and oxygen (27%),
constituents of GO, in addition to impurities such as sodium (12.2%), sulfur (6.2%), chlorine
(5.9%), potassium (0.6%) and manganese (0.6%). Figure 9 also shows that these elements are
uniformly distributed in the sample, and are not isolated contaminations. The presence of these
elements is possibly due to residues related to the production process or to impurities present
in the raw materials used. It is important to note that in the datasheet presented by the
manufacturing company (Annex A), the composition of the material is different, being carbon
(49-56%), oxygen (41-50%) and the observed impurities are hydrogen (1-2%), nitrogen (0-1%)

and sulfur (2-4%).
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Figure 9 — EDS composition maps of graphene oxide sample

The diffractogram shows the presence of several diffraction peaks (Figure 10). GO is
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characterized by an intense peak at approximately 10° (PERUMBILAVIL et al., 2015).
Graphene and graphite, in turn, present peaks in the same position, at ~26°, with a difference in
intensity (FARIVAR et al., 2021). The obtained diffractogram was analyzed in the QualX
software, where a search was performed in the PowCod database, and it was not possible to
relate the peaks to any standard. This occurred due to the presence of impurities observed in the

EDS test.
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Figure 10 — X-ray diffraction pattern of graphene oxide sample

Raman spectroscopy analysis (Figure 11) identified peaks at 1339 cm™, 1580 cm™* and
2670 cm™, corresponding to the D, G and 2D bands respectively. According to 1ISO TS 21356-
1:2021, the presence of these bands identifies a graphitic material. The D band is known as the
disorder band and is associated with structural imperfections derived from sp3-type bonds. The
G band is associated with sp2-type bonds between carbons and the 2D band is used in the
identification of graphene (PERUMBILAVIL et al., 2015; YE et al., 2015).

The intensity ratio between bands D and G (Ip/lc) determines the oxidation and the level
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of structure disorders in carbonaceous materials (ANUAR et al., 2024). Also, the Ip/lg
correlates to lateral size of graphene or GO flakes (ISO TS 21356-1:2021). Larger ratios
typically indicate smaller lateral dimensions. The Ip/lc measured for the GO sample is 0.68,

which implies a lower level of oxidation and structure disorders and large lateral dimensions.
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Figure 11 — Raman spectra of graphene oxide sample

The FITR spectra of the graphene oxide sample is shown in Figure 12 and showed
distinct absorption bands corresponding to O—H stretching vibrations at 3413 and 1637 cm ™,
C=C stretching at 1618 cm™', C—O vibrations at 1115 cm™, and C-S bonds at 616 cm™'. The
broad O—H band and its associated bending mode are indicative of hydroxyl and adsorbed water
groups, commonly observed in oxidized carbon materials (ANUAR et al., 2024,
BENTEDLAOUTI; BELOUATEK; KEBAILI, 2024, ZIKALALA et al., 2024). The band at
1618 cm™ is consistent with aromatic C=C stretching, suggesting the partial retention of the

sp2-hybridized carbon network within the GO structure (ANUAR et al., 2024, ZIKALALA et
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al., 2024). The C-O vibration detected at 1115 cm™ aligns with signals typically attributed to
epoxy or alkoxy functional groups, confirming the presence of oxygenated functionalities
introduced during oxidation (BENTEDLAOUTI; BELOUATEK; KEBAILI, 2024,
ZIKALALA et al., 2024). Notably, the presence of a C—S vibration at 616 cm™ suggests that
sulfur-containing species may have been incorporated during the synthesis of GO, contributing
to a modified surface chemistry. Compared with literature data, which frequently show stronger
signals in the 1700-1725 cm™! region due to carboxylic C=0 groups, the absence of this feature
in the present sample implies a lower abundance or absence of such groups, potentially

influencing the material's reactivity and compatibility with further functionalization.
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Figure 12 — FTIR spectra of graphene oxide sample

Thermogravimetric analysis (Figure 13) sought to evaluate the ash content and carbon
purity. The mass loss of GO occurs in three temperature ranges: up to 100°C, related to water

evaporation; between 100 and 360°C, the removal of oxygenated functional groups occurs; and
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from 360 to 1000°C, oxidative pyrolysis of carbon occurs (FARIVAR et al., 2021). It was
observed that, in the test based on the ASTM C561-16 standard, the ash content was 41.65%.
Generally, it is observed that pure GO samples have an ash content of less than 10% (FARIVAR
etal., 2021; ZIKALALA et al., 2024). Regarding the carbon purity test, the value observed was
49.77%, which, according to ISO 11308, classifies this sample as poor in relation to carbon

purity, since the residual mass is greater than 20%.
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Figure 13 — Thermogravimetric analysis of graphene oxide sample

The AFM image shown in Figure 14 shows that the material analyzed contains dirt with
a thickness of approximately 80 nm, as shown in the profile presented in Figure 15 which made
it impossible to obtain measurements to determine the number of layers and obtain the

histogram.
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In general, the tests demonstrated that the material analyzed is a carbonaceous sample
that presents characteristics similar to graphene oxide, but contains a high content of impurities,

in addition to being a sample considered poor in relation to carbon purity.

Figure 15 — AFM profile of graphene oxide sample

4.2 SYNTHESIS AND CHARACTERIZATION OF SILVER NITRATE

The methodology used to obtain silver nitrate from silver recovered from batteries is
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outlined in Figure 16.
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Figure 16 — Methodology of silver recovery and silver nitrate synthesis

Basically, the batteries were opened and the residue containing silver was collected,
which was then leached with nitric acid. Then, the solution obtained was filtered and a copper
wire was inserted into it, where the precipitation of silver was observed due to the oxidation-
reduction reaction, reducing Ag** ions to AgP. The silver obtained was diluted in nitric acid at

a controlled temperature, then the solution was cooled to room temperature, promoting the
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crystallization of silver nitrate. This process was developed in a previous work, where it is
widely discussed (SARTORI et al., 2020).

The XRF analysis demonstrated that the silver nitrate was highly pure (>99.4%), which
was confirmed by the XRD diffractogram (Figure 17), in which all the peaks observed were
related to silver nitrate. The XRD diffractrogram of silver nitrate is known for presenting
several intense and cristaline peaks (AZIZ et al., 2017; BAKR et al., 2022). The obtained

diffractogram was related to the letter 00-150-9468 from the PowCod database.
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Figure 17 — X-ray diffraction pattern of silver nitrate sample

The EDS test (Figure 18) confirmed the purity of the material, with only the presence
of silver, nitrogen, oxygen and carbon being observed, the latter being related to the tape used

to fix the sample.
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Figure 18 — EDS composition map of silver nitrate

In addition to the characterization performed to demonstrate the purity of the
synthesized silver nitrate, the material was tested in the synthesis of AgNPs in a previous study.
The AgNPs were synthesized by a chemical route, using sodium citrate and sodium
borohydride, at different pHs (2.0 - 13.0). The obtained AgNPs were characterized and, after
verifying that pH 10.0 was more favorable to the formation of smaller and stable nanoparticles,
they were incorporated into a chitosan solution to obtain hybrid pellets that were used in the
treatment of industrial wastewater, inhibiting the growth of E. coli. In the study, the synergistic
action that occurred between chitosan and AgNPs was clearly demonstrated (SARTORI et al.,

2023).

4.3 DETERMINATION OF BLOW SPINNING PROCESS PARAMETERS

In this study, the parameters were evaluated in such a way that no form of environmental
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control was required. Accordingly, the different polymers selected for testing were assessed,
and it was found that microfibers of PP, PVA, and PVDF could only be obtained when
controlling the temperature of the solution and/or the environment, as well as the humidity. In
the case of NRL, it was not possible to produce microfibers even under controlled conditions.
PAGB, on the other hand, yielded microfibers without any type of environmental control and with
the solution kept at room temperature; therefore, PA6 was selected as the polymer of choice for
this work.

Several tests were conducted to optimize the process parameter. It was observed that
with low compressed air pressure, microfibers failed to form, and only droplets were produced.
Conversely, at high pressure, some microfibers were initially formed but were subsequently
degraded. The PA6 concentration plays a crucial role in determining the viscosity of the
solution. Solutions with low viscosity resulted in difficulty forming fibers, and when fibers did
form, the solvent did not evaporate completely. On the other hand, solutions with high viscosity
could not flow through the airbrush nozzle, preventing microfiber formation. Furthermore, the
distance between the airbrush nozzle and the collector must be adjusted to ensure that all
solvents have sufficient time to evaporate during the movement between from one point to the
other. After several iterations of optimizing these parameters, the initial following conditions
were established as optimal for obtaining microfibers: a PA6 solution concentration of 15% wt,
a compressed air pressure of 0.5 MPa, and an airbrush-to-collector distance of 30 cm.

The experimental concentration (c), in g mL™?, was compared with the theoretical
overlap concentration (c*), calculated from equations 1 and 2. The values used for the

calculations are presented in Table 3.
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Table 3 — Parameters used to calculate c*

Parameter Value
Muw 30000 g mol*
Na 6.022 x 10% mol™
o 1.3
Co 9.5
Mo 113.16 g mol*
I 1.54 x 10 cm

After solving the equations, a value of ¢* = 0.0319 g mL™ was obtained. The working
concentration is 0.218 g mL, therefore the relationship between the concentrations is given by
c/c* = 6.83. This value, according to Daristotle et al. (2016), indicates the possible formation

of uniform fibers.

4.3.1 Proportion of solvents

The 15% wt PAG6 solutions were initially prepared using two solvent ratios of ethanoic
acid and methanoic acid: 1:1 and 2:1 (v/v). During the microfiber production process, it was
observed that the 2:1 solvent ratio lead to better microfiber formation, with higher yield and
productivity. The solvent evaporated more easily, and the resulting fibers exhibited improved
process stability and flexibility compared to those produced with the 1:1 solvent ratio. The
microfibers formed with the 1:1 ratio displayed greater mechanical fragility and became brittle
during handling.

Figures 19 and 20 show that, in both solutions, the fibers are randomly arranged, and
droplet formation occurs in both samples. However, droplet formation is more pronounced in

the 1:1 solvent ratio, which seemingly results in a higher fiber packing density.
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Figure 20 — Microfibers obtained from 15% wt PAG6 solution with 1:1 solvent ratio
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The difference in droplet formation helps explain the variation in mechanical properties
between the two samples. Based on these observations, the study proceeded with the fabrication

of microfibers using the 15% wt PAG6 solution with a 2:1 (v/v) solvent ratio.

4.3.2 Airbrush diameter opening

The diameter of airbrush opening significantly influences the morphology of the fibers.
A smaller opening results in larger droplets. Additionally, the airbrush opening diameter affects
the packing density of the fibers, which is particularly important for applications like filter
elements, where high packing density is required. Samples obtained using two airbrush opening

diameters, 0.2 mm (Figure 21) and 0.3 mm (Figure 22), were evaluated.
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Figure 21 — Microfibers obtained with airbrush diameter opening of 0.2 mm
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Figure 22 — Microfibers obtained with airbrush diameter opening of 0.3 mm

It was observed that the samples formed with a 0.2 mm diameter opening exhibited
greater droplet formation compared to those obtained a 0.3 mm diameter opening. Although the
droplets are slightly smaller in the fibers obtained with the 0.2 mm diameter opening, the higher
concentration may negatively impact the performance of the samples. Therefore, the 0.3 mm

diameter opening was found to be more suitable for the production of microfibers.

4.3.3 Spinning time

The spinning time is a critical parameter, as it must be sufficient to produce samples
with adequate mechanical resistance for handling and subsequent characterization, while
avoiding excessive fiber deposition. If the spinning time is excessively long, an overproduction
of fibers may occur, leading to increased material consumption, economic losses, and

alterations in membrane properties, such as reduced breathability.
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In this study, spinning times of 10 and 20 min were evaluated. The initial spinning time
of 10 min was selected because it corresponded to the onset of homogeneous membrane
formation. However, samples produced with a 10-minute spinning time exhibited low
mechanical resistance and were difficult to handle, as they deformed easily, rendering them
unsuitable for further evaluation. In contrast, samples prepared with a 20-minute spinning time
showed improved mechanical integrity and were easier to manipulate.

Based on these observations, a spinning time of 20 min was established as the working
condition, as it ensured the production of mechanically stable and manageable samples.
Although only two spinning times were investigated in this work, a more detailed evaluation of
intermediate and longer spinning durations may be explored in future studies to further optimize

membrane properties and process efficiency.

4.4 SYNTHESIS OF AGNPS IN THE PA6 SOLUTION

Upon the addition of AgNO3 to the polymeric solution, it was observed that it acquired
a yellow-gold color, characteristic of AgNPs (FU et al., 2021). This color change suggests
successful nanoparticle formation, which is further supported by the findings of Shi et
al. (2011), who noted that methanoic acid, in addition to its role in solubilizing PAG, acts as a
reducing agent due to the presence of its carbonyl groups. During the reduction of AgNPs, the
aldehyde group of methanoic acid is oxidized, forming carboxylic acid, which rapidly
dissociates into carbon dioxide and water (Figure 23). AgNPs remain stable in solution, as PA6
molecules act as stabilizing agents, preventing aggregation of the nanoparticles. According to
Hasan et al. (2020), this occurs due to the interaction of Ag* ions with the amino group (-NH>)

in PAG.
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Figure 23 — Reduction mechanism of AgNPs by methanoic acid (Shi et al., 2011)

The incorporation of AgNPs into polymeric microfibers to impart antimicrobial
properties has been widely reported in the literature. However, this typically involves multiple
steps: the synthesis of AgNPs followed by their incorporation into the polymeric solution or the
already formed fibers (ALJOHANI et al., 2021; HUANG; LIN; SU, 2024; KUMAR et al.,
2023; LV et al., 2021). The direct synthesis of AgNPs within the polymeric solution, as
demonstrated in this study, offers several advantages. Not only does this process eliminate the
need for an additional step to introduce nanoparticles into the microfibers, but it also ensures a
more homogeneous distribution of AgNPs throughout the sample, which is crucial for the
uniformity of antimicrobial activity. Furthermore, the release of Ag* ions from AgNPs is lower
when the synthesis is performed in situ. Cheng et al. (2018) observed that AgNPs are effective
in inhibiting bacterial growth even with an extremely low Ag™ ion release rate.

In the TEM micrographs (Figures 24 and 26), the formation of spherical nanoparticles
is clearly observed. The histograms shown in Figures 25 and 27 indicate that the nanoparticles
in both solutions exhibit sizes ranging from 3 to 14 nm.

As expected, sample D demonstrated a higher concentration of AgNPs; however, no
agglomeration due to increased concentration was observed. This observation aligns with the
findings of Alahmadi et al. (2018), who also reported that varying the concentration of AgNO3

during the formation of AgNPs did not significantly affect their size or shape.



Figure 24 — Transmission electron microscopy micrograph of sample A
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Figure 25 — Size distribution histogram of sample A
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Figure 26 — Transmission electron microscopy micrograph of sample D
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Figure 27 — Size distribution histogram of sample D

45 SAMPLE STERILIZATION

After sterilizing the samples with different exposure times to UV light, the Gram stain

test showed the presence of Gram-negative and Gram-positive bacteria after 1 h. Gram-positive
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bacteria were observed after 4 h and, at 8 h of exposure, no bacteria were observed. Figure 28
shows the results of the sterilization test for sample A after 8 h. The medium does not show any

turbidity when compared to the negative control, indicating successful sterilization.

Figure 28 — Sterilization test of sample A after 8 h under UV light

46 ANTIMICROBIAL ASSAYS
4.6.1 Semi-solid medium
The incorporation of AgNPs into PA6 microfibers exhibited both bactericidal and
antiviral potential, enhancing the safety to users wearing facial respirators with these filter
elements. On the other hand, the addition of GO did not achieve the expected results. Figure 29
shows the results of the disc diffusion and striation test while Figure 30 shows the results of
the antimicrobial assays in a liquid medium with E. coli. The results of the assays with S. aureus
are presented in Figure 31 (disc diffusion and striation test) and Figure 32 (liquid medium).
In the assays with E. coli, inhibition halos were observed around the samples containing
AgNPs. Similarly, in the assays with S. aureus, halos formed around the samples D and E. The
size of the inhibition halos was measured and is provided in Table 4. Notably, no bacterial

growth was observed under any of the samples in the E. coli assays. While no inhibition halo
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was formed around the samples A and B in the S. aureus assays, no bacterial growth was

detected under these samples, as was the case with the samples C, F and G.

Figure 29 — Disc diffusion and striation antibacterial assays against E. coli with samples A, B,
C,D,E,Fand G
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Figure 30 — Antibacterial assay in liquid medium against S. aureus with samples A, B, C, D,
E,Fand G
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Figure 31 — Disc diffusion and striation antibacterial assays against S. aureus with samples A,
B,C,D,E Fand G
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Figure 32 — Antibacterial assay in liquid medium against S. aureus with samples A, B, C, D,
E,Fand G
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Table 4 — Inhibition halos formed by the samples in antimicrobial assays

Thickness of the

inhibition halo in the

Thickness of the

inhibition halo in the

Sample Bacterium
disc diffusion assay striation assay
(mm) (mm)
A E. coli 3.0 2.0-3.0
B E. coli 20-3.0 1.0-3.0
D E. coli 3.0-4.0 3.0
E E. coli 3.0 3.0
D S. aureus 20-3.0 2.0-3.0
E S. aureus 20-3.0 1.0

The results of the antimicrobial assays in liquid medium align with the findings from

the bactericidal tests in the semi-solid medium. The solutions with E. coli containing the

samples with AgNPs (A, B, D and E) remained blue, indicating bacterial growth inhibition. In

contrast, the other solutions containing samples C, F and G turned pink, signifying aerobic

respiration by the microorganisms in the solution. In the case of S. aureus, the solutions with

samples A, D and E remained blue, while the solutions with samples B, C, F and G turned pink,

that is, they indicated the presence of microorganisms.

Regarding the action of the samples, it was observed that E. coli grew on the Petri dish

after inoculation with the solution containing samples A and E (Figure 33). This result indicates

that these samples exhibit bacteriostatic properties. In contrast, sample D demonstrated

bactericidal activity, as no bacterial growth was observed. All samples showed bacteriostatic

effects against S. aureus.
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Figure 33 — Evaluation of the bactericidal or bacteriostatic character of PA6-Ag10 and PAG-

Ag20 samples with E. coli

A study evaluating the antibacterial activity of AgNPs supported on starch nanofibers
found that all tested concentrations (5-100 mg mL™?) effectively inhibited the growth of E. coli
and S. aureus (LV et al., 2021). The authors suggested that AgNPs interact with the bacterial
cell wall, altering its permeability and ultimately leading to cell death. Tang and Zheng (2018)
further explained that when AgNPs accumulate in the cell wall and membrane, they induce
morphological changes, such as cytoplasm shrinkage, membrane detachment, and membrane
disruption, which can be observed by TEM. Another study, conducted by Xu et al. (2020),
investigated the antibacterial action of AgNPs supported on regenerated oxidized cellulose
microfibers. In addition to observing inhibition halos in disk-diffusion assays with E. coli and
S. aureus, the authors confirmed the activity of AgNPs through a fluorescent staining assay,
where almost all bacteria were killed, highlighting the strong damaging effect of AgNPs on the
bacterial membrane.

Anuar et al. (2024) observed antimicrobial activity of GO against Gram-positive
bacteria, such as S. aureus and B. subtilis, and Gram-negative bacteria, such as E. coli and
P. aeruginosa. In disk diffusion tests, the authors observed the formation of inhibition halos

around the GO samples in tests with all these bacteria and found that the diameter of the halo
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is directly dependent on the concentration of GO used. According to the authors, the
mechanisms of elimination of bacteria from GO include ROS, the entry of GO into the cells,
and the reaction between the epoxy groups of GO with the amino and carboxyl groups in the
cell walls of the bacteria. Bentedlaouti, Belouatek and Kebaili (2024) evaluated the action of
GO and GO with AgNPs against different Gram-positive and Gram-negative bacteria, as well
as a fungus. The authors observed, in the disk diffusion test, the formation of inhibition zones
around the samples with all the microorganisms evaluated. The GO-Ag samples showed
significantly larger zones of inhibition than the GO samples, clearly indicating the occurrence
of a synergistic effect between GO and AgNPs, increasing the antimicrobial capacity of the
materials. Similar results were observed by Chaudhary et al. (2024), who also compared GO
and GO-AgNPs samples against Gram-negative and Gram-positive bacteria. The authors
believe that these nanocomposites are a potential alternative to common antibiotics.

Although the literature clearly presents results in which GO is used as an antimicrobial,
this effect was not observed in our tests, in the same way that it was not possible to observe a
synergistic effect with AgNPs. The previous characterization of GO showed that the material
is not pure and it was not possible to evaluate its thickness. Thus, it can be speculated that this
material is not a GO, which explains the results obtained in the antimicrobial tests. Thus, the
samples containing GO were not further analyzed. The work continued with samples A and D,
containing only AgNPs, and sample G, without any additive, which was used as a control

sample.

4.6.2 Antiviral assays
Regarding the antiviral assays, samples A and D exhibited, respectively, a reduction of
99.0 and 99.9% of viral particles, demonstrating significant antiviral activity against

betacoronavirus MHV-3. Garcia-Serradilla and Risco (2021) evaluated the antiviral effects of



69

non-toxic concentrations of AgNPs against the Bunyamwera virus (BUNV), a group of
pathogenic viruses affecting humans, animals, and plants. The authors reported that AgNPs
could inhibit viral replication by up to three orders of magnitude (99.9% of viral reduction). In
another study, Jeremiah et al. (2020) tested various concentrations and sizes of AgNPs and
found that those with an average diameter of 10 nm and concentrations between 1.0 and 10 ppm
were effective in inhibiting SARS-CoV-2. The authors noted that cytotoxicity was only
observed at concentrations of 20 ppm and above, suggesting that AgNPs are highly potent
against SARS-CoV-2 when used carefully to avoid potential harm to health and the
environment.

Our results indicate that the antimicrobial and antiviral activities of the samples are
directly correlated with the concentration of AgNPs. Medvedev et al. (2023) observed that both
concentration and the size of AgNPs influence in the antimicrobial and antiviral effectiveness
of melt blown PP fibers loaded with AgNPs. This finding is consistent with the work of Lv et
al. (2021), who indicated these factors affect the cytotoxicity of the samples.

The antiviral activity of AgNPs can be explained by different mechanisms. One of them
is that AgNPs can bind in the surface of RNA viruses, preventing the fusion of the virus and
the host cell. AgNPs can also interact with the viral genome and block the replication inside the

host cell (WIELER et al., 2023; ALLAWADHI et al., 2021).

4.7 CYTOTOXICITY ASSAYS

4.7.1 MTT assay

Although the filter elements do not come in direct contact with the skin of facial
respirators users, it is essential that these materials pose no risk to users. The cell viability results
for the L929 cell line exposed the pure extract and the diluted solutions (10, 50, and 90%) of

A, D and G samples are shown in Figure 34.
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It can be observed that after 1 and 2 days, all solutions inhibited cell growth by more
than 30%, indicating a cytotoxic character. However, after 7 days, the 10 and 50% extracts did
not exhibit cytotoxicity for any of the samples. Additionally, the 90% extract and the pure
extract of sample G were not cytotoxic, as cell viability exceeded 70%, suggesting that the cells
adapted to the experimental conditions. These results correlate with the antimicrobial and

antiviral assays, showing that cytotoxicity increases with higher concentration of AgNPs.
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Figure 34 — Cell viability of L929 strain with PA6, PA6-Ag10, and PA6-Ag-20 samples (Equal
letters indicate no statistical difference between the groups; different letters indicate statistically

significant differences)

In vitro analyses, such as the MTT assay, are typically the first step in assessing the
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toxicity of a material. Cytotoxicity data are essential for defining the concentrations used in
subsequent in vivo assays (e.g., with guinea pigs). Although there is no standard method to
directly translate vitro data into in vivo parameters, it is widely recognized that concentrations
can often be scaled up significantly.

A guide published by the United States Health Service ((NATIONAL INSTITUTE OF
HEALTH, 2015) indicated that linear regression can be employed to compare the concentration
that kills 50% of cells (ICso) in vitro with acute toxicity in vivo (LDso). The guide emphasized
the need for case-by-case evaluations, as the regression was applied to 347 chemical
compounds, each yielding different results. Nevertheless, it is evident that for all compounds
tested, LDso values were higher than ICso values.

In a similar approach, another study evaluated the minimum inhibitory concentration
(MIC), total lethal concentration, and no observable adverse effects concentration (NOAEC) of
AgNPs in different cell lines. These findings indicated that, depending on the cell line, the
concentration could be 5 to 18 times higher (SAMBALE et al., 2015), suggesting that the
cytotoxicity of AgNPs varies according to the evaluated cell line.

A literature review (KRUSZEWSKI et al., 2011) demonstrated that cell viability
decreases with increasing concentrations of AgNPs. Beyond concentration, other factors such
as the size and shape of the AgNPs, functionalization of the surface, exposure time, and the
specific cell line being studied significantly influence the outcomes.

Souter et al. (2019) observed that even the culture medium used for L929 cell line
cultivation affects the cytotoxicity of Ag* ions. According to Rajan et al. (2022), it is still not
possible to have a conclusion about the cytotoxicity of AgNPs, a definitive conclusion on the
cytotoxicity of AgNPs is not yet possible. Further studies with robust controls are necessary to

expand the current understanding of AgNP cytotoxicity.
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4.7.2 Cell adhesion

Figure 35 shows the FEG-SEM micrographs of samples A, D and G obtained in the cell
adhesion assay. It is evident that cell adhesion occurred only on sample G. The cells, identifiable
as small uniformly distributed spheres, can be observed on sample G. This result suggests that
the samples A and D are cytotoxic to the L929 cell line, preventing cell growth and,

consequently, adhesion to the microfibers.

Figure 35 — FEG-SEM micrographs of PA6, PA6-Ag10 and PA6-Ag20 samples for evaluation
of L929 cell adhesion
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Martin et al. (2019) analyzed the effect of AgNPs on the basement membrane of
epithelial cells. Their findings indicate that exposure to AgNPs disrupts the dynamics of the
basement membrane and cell adhesion. The authors concluded that their data provide a
foundation for future studies to investigate the effects of long-term exposure of cellular

tissues to AgNPs.

4.8 CHARACTERIZATION OF PA6-AgNPs MICROFIBERS
The UV-Vis reflectance spectra of samples A and D (Figure 36) exhibited patterns
similar to those reported by Alahmadi et al. (2018) and Zi-Qiang et al. (2018), confirming the

reduction of AgNOs to AgNPs.
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Figure 36 — UV-Vis diffuse reflectance spectra of samples A and D
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The minimum reflectance, observed at 419 nm for PA6-Ag10 and at 425 nm for PAG6-
AgZ20, is indicative of spherical AQNPs with an approximate size of 10 nm (ALAHMADI et al.,
2018). The intensity of the peaks varies proportionally with the concentration of AgNPs in each
sample confirming the stability of the AgNPs post-blow spinning, as also observed in the TEM
micrographs. This assay confirms the stability of AgNPs after the blow spinning process.

Figures 37, 38 and 39 present the FEG-SEM micrographs and EDS composition maps
of samples G, A and D, respectively. The microfibers in both A and G samples are randomly
arranged, forming an interconnected network. Additionally, some beads were observed, which
are well-distributed without aggregation or negative impact on the arrangement of the
microfibers. In contrast, sample G shows a higher bead formation, which seems to affect the
arrangement of the microfibers, leading to some agglomeration. Regarding the EDS
composition maps, it was observed that AgNPs were distributed uniformly throughout both A

and D samples.

SR &4\ ph\ .
SEM HV: 10.0 kV WD: 12.05 mm
SEM MAG: 1.00 kx Det: SE 50 pm

Figure 37 — FEG-SEM micrographs and EDS composition maps of sample G
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Figure 39 — FEG-SEM micrographs and EDS composition maps of sample D

Kasiri et al. (2020) also reported the presence of beads in polystyrene (PS) microfibers

produced by solution blow spinning. The authors evaluated different processing conditions and
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noted some variations in the samples; however, the general morphology was characterized by
the presence of microfibers along with areas where PS accumulated in the form of beads. Zhang,
Xu and Liu (2025) investigated the presence of beads in nanofibers structures for air filtration
using computational fluid dynamics based on the parameters available on the literature. They
concluded that the bead shape has minimal impact, but the presence of beads help reduce
pressure drop and the presence of beads enhances filtration performance. The size of the beads,
however, plays a significant impact in the quality, since as the size increases, efficiency
decreases and affects the performance of the filtration.

The contact angles observed for the samples are presented in Table 5. Although both
samples A and D showed an increase in hydrophobicity compared to sample G, as demonstrated
in Figure 40, it was observed during testing that the water droplet was absorbed within a few
seconds. This indicates that all the samples retain hydrophilic characteristics. PA6 nanofibers
combined with soot pre and post-synthesis were analyzed by Alvarenga et al. (2023). They
observed that the initial angles which indicated hydrophobic behavior turned to 0° in 2 min and
a sample that was chemically activated with NaOH exhibited and angle of 0° in 20 s, therefore,
indicating that even with high initial contact angles, all the samples present hydrophilic

behavior.

Table 5 — Water contact angle for G, A and D samples

Sample Contact angle (°)
G 83.9
A 111.6

D 104.3




77

Figure 40 — Images obtained from the water contact angle test for samples G, A and D

Lv et al. (2021) observed a similar effect in starch nanofibers containing AgNPs
compared to pure starch nanofibers. In nanofibers without AgNPs, the water drop was absorbed
immediately, whereas in nanofibers with AgNPs, the contact angle increased proportionally
with the concentration of AgNPs, although the water drops still took only 1.0 s to be absorbed.
Zhang et al. (2023) conducted a study where they replaced the inner layer of a standard melt-
blown mask with a composite membrane made from nylon-6 micro and nanofibers, which
exhibited hydrophilic properties. They found that this modification allowed for better transfer
of condensation generated during breathing to the outer layer of the mask, enhancing the
wearer’s comfort. Moreover, the filtration efficiency of the masks incorporating composite
nanofibers remained consistently high, even under elevated humidity and temperature
conditions, unlike conventional melt-blown masks. According to Niu et al. (2025), the
formation of water droplets on the inside of masks due to the breathing process, especially in
colder seasons, negatively impacts the breathability and comfort of the user. The authors
developed Janus fibrous membranes, that is, membranes formed by layers of different materials
with distinct wettability properties, forming a wettability gradient in which water droplets do
not form on the inside of the mask, nor is it possible for moisture from the outside air to
penetrate the mask. PAN-SiO2 and PS-PU fibers were produced, which presented good

performance, high filtration and low-pressure drop, in addition to ensuring comfort during use.
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The thermal stability of filter elements is crucial to prevent deterioration of their
properties during use or storage. Figure 41 presents the TGA and DTG curves for all the
samples. As observed, the first weight loss occurs within the temperature range of 50-100 °C,
corresponding to the evaporation of water absorbed by the samples due to the hydrophilic nature
of PA6 (OULIDI et al., 2022). The recorded weight losses for G, A and D samples were 2.9,
2.2, and 1.7%, respectively. Overall, the curves display similar trends, with the addition of
AgNPs increasing the thermal stability of the microfibers. Previous studies have shown that
PAG6 microfibers experience a significant weight loss around 350 °C, which is associated with
the initial stage of PA6 decomposition due to scission of C—C bond (OULIDI et al., 2022;
VISCUSI et al., 2023). Alvarenga et al. (2023) observed that PA6 nanofibers mats were

completely decomposed before 450 °C.
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Figure 41 — TGA and DTG curves of samples A, D and G
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To ensure optimal breathability, filter elements must minimize the pressure drop
(RUSSO et al., 2022). The Brazilian standard NBR 13698:2022 specifies the maximum
allowable pressure drop for both inhalation and exhalation, which serves as a criterion for
approving filter elements for practical use. Table 6 presents the inhalation and exhalation

pressure drops for each sample.

Table 6 — Resistance to inhalation and exhalation of A, D and G samples

Sample Airflow Flow rate (L min™) Pressure drop (Pa)
28
30 40
62
71
G 95 98
168
166
Exhalation 160 189
299
50
30 43
40
135
A 95 113
105
250
Exhalation 160 277
279
86
30 66
71
235
D 95 178
192
554

Exhalation 160 366
312

Inhalation

Inhalation

Inhalation
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As shown, samples A and G exhibited pressure drops below the maximum allowed in
all tests, indicating their suitability for use in facial respirators. In contrast, sample D showed
pressure drop values exceeding the permissible limits during exhalation tests, indicating it does
not meet the NBR 13698:2022 standard for facial respirators. This observation aligns with the
FEG-SEM micrographs, where a higher bead formation was observed in sample D causing fiber
agglomeration.

The PVDF nanofiber membranes obtained by Al-Attabi et al. (2023) demonstrated high
filtration efficiency and greater durability and comfort when wearing compared to commercial
masks, due to the low pressure drop, which was obtained by controlling the operational
parameters of the electrospinning process. Other studies have also highlighted the potential of
polymeric micro and nanofibers as filter elements due to their high filtration efficiency and low
pressure drop (XU et al., 2021; YAN et al., 2019). For instance, Bortolassi et al. (2019)
observed that silver nanoparticles in polyacrylonitrile (PAN) solutions increased the viscosity
of the PAN solutions, leading to enhanced chain entanglement within the polymer. This, in turn,
resulted in an increased pressure drop in the electro spun nanofibers produced from these
solutions. The relationship between the thickness and porosity of PA6 nanofibers membranes
produced by SBS was related to the pressure drop and filtration efficiency by Alvarenga et al.
(2024). The authors found that the greater the thickness of the material, the greater the pressure
drop and also the filtration efficiency. In general, a good filtration capacity was observed for
nanoparticles with diameters between 30 and 300 nm, indicating that these nanofibers have
great potential for application in filtration systems for nanoparticles and viruses, in addition to
the possibility of being integrated into other types of membranes to achieve filtration efficiency
similar to high efficiency particulate air (HEPA) filters. Alaeddin et al. (2025) evaluated the
effect of nanofibers diameters with the efficiency of filtration and pressure drop. The authors

used mathematical relationships and an experimental design model to predict optimal



81

conditions of electro spun PVDF nanofibers with different concentrations of the polymer and
GO and cooper oxide nanoparticles (CUONPS). They observed that the addition of NP decreases
the diameter of the nanofibers and, consequently, decreases the pressure drop and increases the
filtration efficiency. Similar results were found by Hashmi, Ullah and Kim (2019), who
concluded that the addition of CUONPs to PAN nanofibers improved the breathability of the

samples.

49 EVALUATION OF THE AGING SAMPLES

In the antimicrobial assays with aged samples, no inhibition halos were observed around
the samples in semi-solid medium (Figure 42). Conversely, in the liquid medium assay, the
results were consistent with those observed in the initial tests: samples A and D inhibited
bacterial growth (Figure 43). Additional analysis was performed to assess the action of the
samples, and, once again, sample A demonstrated bacteriostatic behavior, while the sample D

exhibited bactericidal behavior against E. coli (Figure 44).

(a)

Figure 42 — (a) Disc diffusion and (b) striation antibacterial assays against E. coli with A, D
and G samples
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Figure 44 — Evaluation of the bactericidal or bacteriostatic character of aged A and D samples
with E. coli



83

Regarding the MTT assay, the results presented in Figure 45 demonstrate that the
solutions exhibited lower cytotoxicity compared to the first assay, although cell viability
remained below 70% on days 1 and 2. On day 7, as observed in the previous assay, the 10 and
50% solutions showed cell viability greater than 70%, whereas the 90% solutions and pure

extract solution continued to exhibit cytotoxicity.
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Figure 45 — Cell viability of L929 strain with one-year-old A, D and G samples

Although some properties of the aged samples remain similar to those of the new samples,
it is evident that significant changes have occurred. Changes in the properties of AgNPs over
time have also been observed in previous studies. Santos et al. (2024) observed that AgNPs lost
their activity against S. aureus after 1 year of storage, regardless of the concentration used. The

authors suggest that factors such as changes in the surface composition of AgNPs, silver



84

oxidation, and nanoparticle aggregation could explain this behavior. Wang et al. (2020)
demonstrated that AgNPs undergo physicochemical transformations with aging. These changes
include an increase in the dissolution of Ag* ions, aggregation, and particle size growth, which
ultimately result in reduced toxicity. However, over shorter periods AgNPs demonstrated
stability, as presented in the work of Syukri et al. (2021), in which AgNPs were synthesized on
a surgical nylon suture and maintained their properties against gram-positive and gram-negative
bacteria for 12 weeks. This indicates that further studies must be carried out evaluating different

periods to verify the shelf life of materials containing AgNPs.
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5 CONCLUSIONS AND FUTURE PERSPECTIVES

This study demonstrated the feasibility of producing hybrid microfibers via the blow
spinning process, incorporating additives with antiviral and antimicrobial properties that make
them suitable for applications such as filter elements.

The characterization of commercial GO revealed discrepancies between its actual
properties and those stated in its datasheet. This step proved crucial, as it provided insight into
the unexpected behavior observed compared to the literature.

Silver nitrate synthesized from recovered silver exhibited high purity. Its incorporation
into PAG solutions enabled the in-situ synthesis of AgNPs directly within the polymer matrix.

Defining the blow spinning parameters was essential to obtaining microfibers with
appropriate configurations for the intended application. For a 15 % wt PA6 solution with a
2:1 (v/v) solvent ratio, the optimal parameters were: airbrush opening of 0.3 mm, air pressure
of 0.5 MPa, collector distance of 30 cm, and spinning duration of 20 minutes.

Microbiological assays showed that all samples containing AgNPs exhibited
antibacterial activity against E. coli and S. aureus. The sample with the highest AgNP content
demonstrated a bactericidal effect against E. coli, confirming that antimicrobial efficacy is
directly related to AgNP concentration. In contrast, samples containing GO did not show
antimicrobial activity, nor was a synergistic effect between AgNPs and GO observed. These
unexpected results, contrary to the literature, were attributed to the characterization findings,
which indicated that the commercial GO was a carbonaceous material with low carbon content
and significant impurities. Consequently, GO-containing samples were excluded from further
testing.

In antiviral assays, the samples showed a significant reduction in beta coronavirus

particles. Sample A achieved a 99.0% reduction, while sample D achieved a 99.5% reduction,
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both qualifying as antiviral.

Cytotoxicity assays indicated that the samples were cytotoxic to L929 cells on days 1
and 2. However, by day 7, some extracts demonstrated cell viability above 70%, suggesting
possible cellular adaptation.

Morphological analysis showed that the microfibers formed randomly arranged,
interconnected networks, except for sample D, where bead formation led to fiber
agglomeration. All samples exhibited hydrophilic behavior and good thermal stability. While
minor differences in properties were noted depending on AgNP concentration, no significant
variations were observed in overall performance.

Breathability tests revealed that samples A and G met acceptable standards for
inhalation and exhalation resistance. Sample D, however, failed the exhalation test due to a
higher pressure drop.

Aging studies demonstrated that the properties of the materials are time-dependent, with
AgNPs showing decreased stability over time.

In conclusion, PA6-AgNP microfibers present suitable properties for antibacterial and
antiviral applications. Among the tested samples, sample A stands out as an effective candidate
for use as a filter element in facial respirators.

The combination of in-situ AgNP synthesis and blow spinning proved to be a scalable
and cost-effective approach, reducing the need for post-processing steps and enhancing material
uniformity. The methodologies established and validated in this work also provide a solid
foundation for future investigations into the development of advanced fibrous materials with
tailored functionalities, including the incorporation of other nanomaterials or active
compounds.

Although the COVID-19 pandemic was officially declared over by the WHO and mask-

wearing is no longer mandatory or widely recommended, the work presented here contributes
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to the advancement of scientific knowledge and could be applied as a preventive measure in
future pandemics. In a broader context, these findings align with the growing global demand
for functional materials capable of mitigating biological risks in healthcare, public
transportation, and indoor environments. In addition, it holds potential for use in other
applications that require antibacterial and antiviral materials. Notably, the in-situ synthesis of
AgNPs in the polymeric solution is an efficient process that simplifies and accelerates
microfiber production while ensuring sample homogenization.

In the short term, future studies could test a different sample of GO, with suitable
characteristics, and evaluate whether the results obtained show improvements in relation to
those observed to date. If a synergistic effect is observed between graphene oxide and silver
nanoparticles, the possibility of reducing the concentration of AgNPs used could be evaluated.

Another evaluation that can be assessed in the short term is the production of fibers
using exactly the same concentration of PA6 and AgNPs, but through the electrospinning
method. Although the literature presents some review studies comparing the methods and, in
general, presenting the SBS process as faster, simpler, and less expensive, there is still a lack
of research studies comparing fibers obtained from exactly the same solutions using different
techniques.

In the medium and long term, future studies should evaluate the stability of the samples
to clearly determine their shelf life. Furthermore, the recyclability and/or correct disposal of the
samples after use should be investigated to ensure user and environmental protection, especially

considering the increasing focus on sustainable materials development.
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ANNEX A

Annex A — Graphene Oxide Datasheet, from BoomaTech Company.
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Product DataSheet

BoomaTech Graphene Oxide (GO)

Properties
Form Liquid dispersion
D90 25-28 um
Particle size (laser diffraction) D50 13-15 um
D10 6-7 um
Color Brown
Odor Odorless
Dispersibility Polar solvents
Apparent density 0.2-0.4 gr/mL
Humidity (TGA) 13-16%

Elemental Analysis

Carbon 49-56%
Hydrogen 1-2%
Nitrogen 0-1%
Sulfur 2-4%
Oxygen 41-50%

SEM image* SEM image** TGA

*) 0.5mg/mL water dispersion (**) Powder format T T
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