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Abstract: The respiratory protection equipment (RPE) used by health professionals consists of an
essential device to prevent infectious diseases, especially those caused by biological agents such as
the coronavirus (SARS-CoV-2). The current epidemiological panorama is worrying, and the context
of creation and production of the mask has emerged as an alternative to RPE to face the public health
crisis worldwide. The aim of this work is to present a low-cost alternative as an FFP2-like filter for
a reusable respirator face mask. This study presents the comparison of different cellulose-based
filtering materials performed by retention testing, time saturation testing, aerosol penetration testing,
nanoparticle (~140 nm) filtration testing, bacterial filtration efficiency (BFE), analysis of material
morphology and usability. The reusable respirator face mask used in this study is an open-source
innovation, using 3D printing. Cotton disc proved to be the best filter material for the reusable mask,
with satisfactory results and a performance similar to that shown by the N95-type mask. The cotton
disc ensured effectiveness over 6 h of use, and after that, the reusable respirator face mask (here,
Delfi-TRON®) needed to be sanitized and replenished with a new cotton disc. Upon preliminary
analyses of filtration efficiency, the selected filter was shown to be a low-cost biodegradable and
biocompatible alternative.

Keywords: respiratory protection equipment; respirator face mask; reusable mask; filter material;
FFP2-like filter; health professionals

1. Introduction

The respiratory protection equipment (RPE) used by healthcare workers consists of
an essential device to prevent infectious diseases, especially those caused by biological
agents such as the coronavirus (SARS-CoV-2) [1,2]. The use of RPE is a standard practice
and is based on the idea of creating a physical barrier close to the nose and mouth, thus
preventing the spread of viral particles by infected people and protecting the healthy
population [3]. Therefore, in times of pandemic, the use of masks by health workers and
by infected people must be widely promoted, in order to mitigate community transmission
and the dissemination of the biological agent in question [4].

The coronavirus disease (COVID-19) is a viral respiratory infection transmitted from
human to human who, after close contact, spread viral particles when breathing, talking,
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coughing or sneezing via droplets and aerosols [5]. This infection has been recognized as a
pandemic and has led to a shortage of and increased demand for some medical devices,
especially RPE [6]. Respiratory and facial protection are necessary for microorganisms
that are usually transmitted via the airborne route or via droplets and require filtration
of inhaled contaminated air [7]. A respirator or filtering face piece (FFP) is one type of
personal protective equipment (PPE), mainly used by health professionals (especially
during aerosol-generating procedures); it is designed to protect people from exposure to
airborne contaminants and is considered a core component of protection [8,9]. According to
Tcharkhtchi et al. [10], mask filtration is based on different mechanisms consisting of gravity
sedimentation, inertial impaction, interception, diffusion, and electrostatic attraction.

The current epidemiological panorama is worrying, and the context shows the need
to create and produce masks as alternative RPE, as well as easily accessible and low-cost
filters, to face the public health crisis worldwide [10]. The aim of this work is to study a
biodegradable, biocompatible and low-cost alternative such as the cotton disc, to be used
as an FFP2-like filter for a reusable respirator face mask. The mask used was Delfi-TRON®
face mask (Figure 1), an open-source innovation using 3D printing, which was made by
TRON®, an Educational Robotics Startup (https://tron-edu.com/mascara/, accessed on
1 February 2021).

Figure 1. Scheme of reusable respirator face mask with cotton disc as filter element.

2. Materials and Methods
2.1. Filter Tested Materials

The filters studied for use in the Delfi-TRON® reusable respirator face mask were
based on commercially accessible materials, which were low-cost, renewable and easily
acquired by hospitals and healthcare workers. All the chosen materials were made of
cellulose, such as qualitative filter paper (80 g/m?), cotton discs (100% cotton, 180 g/m?)
and coffee filters (100 g/m?). Surgical face masks (approximately 20 g/m? in a single
layer) and N95 respirator face masks (150 g/m?) were used to control the tests. Because of
the thickness variations, different brands were tested for cotton discs. All analyses were
performed in replicates. The tests were performed according to the Brazilian National
Health Surveillance Agency (ANVISA) RDC No. 356 [11], based on technical standards
of ABNT NBR 13698:2011 [12] and ABNT NBR 13697:2010 [13] for FPP, level 2; N95
or equivalent.

2.2. Filter Characterization
2.2.1. Retention Test, Time Saturation Test and Aerosol Penetration Test

Briefly, the tests were performed with saline solution (0.9% NaCl w/v) aerosol from
nebulization, to evaluate the percentage of NaCl (Sodium chloride P.A, Neon, Suzano, SP,
Brazil), retained by the selected materials and the time taken for the filters to be saturated
with moisture, similar to what would happen with the air exhaled by the user reaching
the filter material. Retention testing with a continuous flow of 40 mL/min was carried
out using a single or double layer of alternating suggested materials. For the aerosol,
penetration (%) testing was carried out by loading the filter with 150 mg of NaCl (0.9%)
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polydispersed aerosol (particles in the size range 50-700 nm) under continuous airflow for
2 min. A sample of 5.5 cm diameter was used to evaluate particle retention, saturation,
and penetration. The results were obtained using ion-selective electrode (ISE) equipment
(Electrolyte Analyzer, AVL, Roche, New York, NY, USA) [14].

2.2.2. Nanoparticle Filtration Test

Filters were tested using previously characterized silver nanoparticles (AgNPs) with a
~140 nm mean size, the approximate size of Sars-CoV-2 (with an average size of 125 nm) [15]
and a concentration of 19.10 x 107 + 7.42 x 10® particles/mL by nanoparticle tracking
analysis (NTA) on Malvern NanoSight NS300 equipment (Malvern Instruments, Malvern,
UK), using a 542 nm LASER module and NTA 3.2 software (Malvern Instruments, Malvern,
UK) [16]. The test consisted of spraying AgNPs on the filter until saturation. The filters with
the retained nanoparticles and the solution that passed through each filter were evaluated
by UV-vis spectroscopy (Shimadzu, Kyoto, Japan) in the wavelength range 200 to 500 nm.
To analyze the nanoparticles that were retained, each filter was left in contact with distilled
water for 2 min submerged in 4 mL of water under constant magnetic stirring. The graphics
were created in OriginPro 8.5 software (Northampton, MA, USA).

2.2.3. Study of Filter Morphology

The morphology of all filters was assessed using optical microscopy (Zeiss, Berlin,
Germany) of the materials, with a magnitude of 40 x.

2.2.4. Bacterial Filtration Efficiency (BFE)

The bacterial filtration efficiency (BFE) testing was performed only for the candidate
filter suitable for the reusable respirator face mask and according to the EN 14683:2019
and the AC:2019 standards [17]. Briefly, the selected filter was clamped between the petri
dish containing the culture medium (Tryptic Soy Agar—TSA, BD Difco™, Franklin Lakes,
NJ, USA) and the aerosol source of Staphylococcus aureus ATCC 25923, at a concentration
of 5 x 10° CFU/mL. The same procedure was performed without the filter material as
a control for bacterial growth on the agar. For the test, S. aureus strain was previously
cultivated on TSA agar for 24 h/35 + 2 °C and the aerosol was prepared from the strain
inoculation in 0.9% sterile saline until reaching an absorbance ranging from 0.08 to 0.13
at 625 nm (5 x 10° CFU/mL), following CLSI standards (CLSI, 2015) [18]. The bacterial
filtration efficiency (BFE) of the selected filter was observed after 24 h under the same
conditions mentioned above, and was given by the number of colony-forming units (CFUs)
passing through the tested filter expressed as a percentage of the number of CFUs present
in the challenge aerosol (growth control). The test was performed in duplicate.

2.2.5. Filter Time-of-Use

Filter time-of-use testing was performed only for the candidate filter suitable for
reusable respirator face masks, i.e., the cotton disc. The testing was carried out by condi-
tioning the respiratory protection equipment (RPE) on a bench simulating the behavior of
the face mask when used by the user (air at 37 °C and saturated with moisture). Briefly,
the conditioning of RPE to simulate the use was performed in a mannequin with openings
for entry and exit of the saturated air, simulating 25 expiration and inspiration cycles,
according to ABNT NBR 13698:2011 [12]. After this period, aerosol penetration testing,
nanoparticle filtration testing and bacterial filtration efficiency (BFE) of the selected masks
were repeated, according to the above.

2.2.6. Filter Usage Time

Filter usage-time testing was performed only for the candidate filter suitable for
reusable respirator face masks, i.e., the cotton disc. The testing was carried out by con-
ditioning the Delfi-TRON® respiratory protection equipment (RPE) with the cotton disc
(Figure 1) on a bench, simulating the behavior of the face mask when used by the user (air
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at 37 °C and saturated with moisture). Briefly, the conditioning of RPE to simulate the
use was performed in a mannequin with openings for entry and exit of the saturated air,
simulating 25 expiration and inspiration cycles, according to ABNT NBR 13698:2011 [12].
After this period, aerosol penetration testing, nanoparticle filtration testing and bacterial
filtration efficiency (BFE) of the selected masks were repeated, according to the above.

3. Results and Discussion

Several methodologies have been described for the retention, and saturation test
results are depicted in Table 1. The retention showed values of 99.0%, 96.0%, 98.6%, 78.0%
and 98.5% for the qualitative paper filter, cotton disc, coffee filter, surgical mask and N95
respirator, respectively. The saturation test showed that the period of time of alternative
materials (paper filter, cotton disc, coffee filter) was shorter compared to the surgical mask
and NO95 respirator. For comparison, we also studied bilayer filters, such as qualitative
filter paper and cotton disc, showing a result of 99.5% for total retention, being superior to
isolated materials and commercial masks, this result was already expected according to the
literature, which shows that increasing the number of layers in the masks improves their
performance [19].

Table 1. Percentage of NaCl solution retention that passes through the filter layer for the time
necessary to saturate the filter with water vapor.

Material Total Retention (%) Time of Saturation (s)
Qualitative paper filter 99.0 16.0
Cotton disc 96.0 17.0
Coffee filter 98.6 7.0
Surgical mask 78.0 45.0
N95 respirator 98.5 70.0

The results of retention and time saturation were attributed to different hydropho-
bicity and hydrophilicity characteristics of each material. The results show that aerosol
penetration was less than 1% for the cotton disc and N95 respirator, which is in agreement
with the certification required for the N95 facepiece. However, the surgical mask was not
an efficient barrier, which corroborates the findings by Coia et al. [7], who claim that the
surgical face mask, despite being an efficient physical barrier against larger droplets, cannot
retain aerosols efficiently. Zangmeister et al. [20] also used N95 respirators and surgical
masks in their tests to evaluate the filtration efficiency of alternative materials, reporting
results similar to those described by us.

Cotton discs, qualitative filter paper and coffee filters are easily found materials,
consisting of cellulose, which is the most abundant polymer on Earth and represents one of
the largest sources of renewable raw materials [21]. The similar constitution may justify the
similar percentage of NaCl solution retention; despite that, the materials have a difference in
the fiber weave (which can be seen in the microscopic analyses), in the thickness (qualitative
filter paper = 180 um, coffee filter = 215 um, cotton disc = 400 um) and in the pore size
(qualitative filter paper = 11 pm, coffee filter = 20 um, cotton disc = 136 um). The saturation
time of the N95 respirator was longer than the time observed for the tested materials,
possibly due to the overlap of materials of different thicknesses and, in some cases, it has
charged fibers. The obtained result is in line with expectations, considering that the N95
respirator is certified according to the National Institute for Occupational Safety and Health
(NIOSH) regulations [22,23]; however, the literature also reports that these masks have
increased airflow resistance and, in some cases, low facial adhesion [24]. The findings by
Batazy et al. [23] showed a percentage of NaCl aerosol penetration similar to those we
described for the N95 respirator (~1%), with a flow rate of 30 L/min. In addition, they
demonstrated that this percentage can vary according to the flow and particle diameter.
The authors used a wide-range particle spectrometer (WPS) with a differential mobility
analyzer (DMA), condensation particle counter (CPC) and laser particle spectrometer (LPS)
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for measurements. Another methodology that can be used for the NaCl aerosol penetration
test is the TSI 3160 Fractional Efficiency Tester (TSI 3160) equipped with a long DMA
(TSI 3081) [25].

Viral particles that cause respiratory diseases are very hazardous, being among the
smallest bioaerosol agents, with particle sizes up to 300 nm [24]. With respect to silver
nanoparticle (~140 nm) retention, the cotton disc and N95 mask were capable of retaining a
more significant amount of nanoparticles, with the silver nanoparticles that passed through
the materials being practically undetectable (Figure 2A,B). Despite the limitations of the
technique used, which does not allow calculation of the exact number of particles that were
retained or that passed through the analyzed filters, the potential of these filters to retain
the nanoparticles used can be clearly observed. Figure 2 shows a similar behavior between
the N95 mask (Figure 2B) and the cotton disc (Figure 2A) in relation to the ability to retain
the silver nanoparticles.
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Figure 2. UV-vis scanning spectra obtained from samples of cotton disc—CD (A) and N95 mask (B).
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Additionally, in the spectrum of the qualitative filter paper, a small resonance band was
recorded in the region of 415 nm, which represents the nanoparticles that passed through
the qualitative filter paper. The nanoparticles that were retained in this material did not
appear in the spectrum as they were firmly absorbed inside the material (Figure 3A,B).
This finding would be expected because the literature reports the use of cellulose filter
paper with retained silver nanoparticles for antibacterial applications [26]. The reported
phenomenon can be attributed to the deposition of nanoparticles on the filter surface,
which may be due to the formation of particulate aggregates.

B
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Figure 3. (A) UV-vis spectra of test with qualitative filter paper (FP). Black line: AgNPs retained in qualitative filter paper;
red line: AgNPs that crossed the qualitative filter paper. (B) Image of the filter paper impregnated with silver nanoparticles

(which has a characteristic color, yellow).
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However, surgical masks allowed a greater passage of nanoparticles of mean size
140 nm (Figure 4), a fact that can be attributed to the larger and irregular pores that the
masks present (see morphology).
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Figure 4. Absorption spectra in the ultraviolet region for the sample retained (black line) in the
surgical mask (SM) and the sample that passed through it (red line).

Silver nanoparticles have several biomedical applications, including for wound heal-
ing [27] and as antimicrobials [28]. Here, silver nanoparticles were used because they
are a similar size to the coronavirus, which has a diameter between 60 and 140 nm.
Silver nanoparticles have already been used for testing the filtration potential of filter-
ing facepiece respirators; however, the authors used a scanning mobility particle sizer
(SMPS; TSI model 3080) equipped with a nanodifferential mobility analyzer (Nano-DMA,
TSI model 3085) or an ultrafine condensation particle counter (UCPC; TSI 3025A) for mea-
surements [25].

The images depicted in Figure 5 show the microscopic (upper panels) and macroscopic
(lower panels) appearance of the used materials. The cotton disc (Figure 5A) has sparse
fibers, similar to the cotton fibers described by Chen et al. [29] at the same magnitude
but, due to the various layers, the presence of large pores could not be seen in more
detail. The morphology of the coffee filter (Figure 5B) showed a predominance of full
cellulose fibers [30], and the pores are easily observed. However, the qualitative filter
paper (Figure 5C) presents thinner cellulose fibers [30] and, apparently, in a higher number,
allowing a narrower web to be obtained. Finally, the conventional surgical mask (Figure 5D)
reveals a more standardized weave with fine fibers, but with larger and more numerous
pores amongst the materials tested in this work, the intertwined and visible fibers, as well as
the open spaces, are also shown in the findings of Neupane et al. [31] and Kumar et al. [32].
The N95 respirator (Figure 5E) has sparse fibers in the visualized layer [32], which are
slightly less sparse than the fibers of the cotton disc, but again because of the various layers,
pores could not be observed in detail.

The microscopic image of the surgical mask (Figure 5D) shows a low density of fibers
in relation to other samples, which explains the low filtration of the nanoparticles used
(Figure 4). A similar finding was demonstrated by Kahler and Hain [33] for Halyard H600
material (used in the USA for protecting healthcare workers from aerosol infection), which
was not able to protect people in an environment contaminated by SARS-CoV-2.
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Figure 5. Morphology of used materials. Optical microscopy with 40x magnitude (upper panels) and macroscopic images

(lower panels). Cotton disc (A), coffee paper filter (B), quantitative filter paper (C), conventional surgical mask (D), and N95

mask (E), morphologically identified using optical microscopy with 40x magnitude. Bar = 50 pum.

With respect to the bacterial filtration capacity (aerosol with mean diameter of ~3 um),
the face masks specified in EN 14683:2019 and in AC:2019 standards [17] are classified into
two types (Type I and Type II) according to bacterial filtration efficiency (BFE). Type I could
filter >95% while type II could filter >98% of the bacteria present in the aerosol tested.
The cotton disc showed BFE > 98%, being able to prevent the passage of the bacteria used
in the study according to the recommendations. In Figure 6 it is possible to observe the
characteristic colonies of Staphylococcus aureus (Gram-positive bacteria of spherical shape)
grown on the agar on the plates that did not have the filter material between them and
the aerosol source. In contrast to the test plates, the placing of the cotton disc between the
strain and the aerosol source compromised the growth of bacterial colonies on the agar,
confirming the effectiveness of this type of mask. The literature reports that the filtering
mechanism of bacteria follows the same mechanism of capture of other particles, therefore,
the filtration efficiency for bacteria would be positively correlated with the result for other
particles [34].

The composition of Delfi-TRON® is based on polylactic acid (PLA) and polyurethane
(TPU) from renewable sources (corn, wheat, rice) that are commonly employed in 3D
printing. According to Jayaweera et al. [5], respirators composed of elastomers may be
considered as alternatives to the disposable N95 respirator, mainly for healthcare workers,
considering the similar capacity for filtering viruses, such as SARS-CoV-2. In addition,
the authors cite the potential for reuse (after cleaning) as one of the main advantages of
elastomeric respirators. The results of filter time-of-use did not show significant statistical
differences in relation to the unused cotton filter and after 12 h of simulation of use, as
previously described. Always aiming at safety, it was decided to standardize the time of
use of the cotton disc filter to half the time, i.e., 6 h, since there may be variations among
the cotton disc manufacturers that were not considered in our study. It is worth mentioning
that in order to define the frequency of safe exchange of EPR, the type of pathogen, the time
of exposure and the characteristics of the environment must be considered. We did not find
any significant differences between the different brands of cotton disc used, because the
thickness variation between brands was very small.



Nanomanufacturing 2021, 1

64

Figure 6. Bacterial filtration efficiency test without (A,B) and with (C,D) cotton disc as filter, where it
is possible to observe the growth of Staphylococcus aureus colonies in the test without the cotton disc
(A,B) and absence in the test with the cotton disc (C,D).

4. Conclusions

From the obtained results, among the tested samples, the cotton disc was shown to be
the best filter material for the reusable Delfi-TRON® mask, with satisfactory results and a
similar performance to that shown by the N95-type mask. The cotton disc was found to be
efficient for both nanoparticle filtration (resembling the coronavirus in size) and bacterial
strain. This work is the first study in which different cellulose-based filtering materials have
been compared with respect to their performance in respect of their capacity for retention,
time for saturation, aerosol penetration, nanoparticle filtration, bacterial filtration, material
morphology and usability. Our preliminary findings support the added value of the cotton
disc alternative; thus, further studies are needed in order to complement and validate the
outcomes reported in this study.
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