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Abstract: Due to the prevalence of the COVID-19 pandemic, the demand for disposable facemasks
has become a global issue. Unfortunately, the use of these products has negative effects on the
environment, and therefore, the use of biodegradable materials is a powerful strategy to overcome
this challenge. Aligned with this concept, in this work, biodegradable facemasks were developed
using poly(e-caprolactone) (PCL) polymer and cotton natural fibers. The filter layer was produced
using an electrospinning technique, since electrospun membranes present remarkable characteristics
for air filtration. The electrospun membranes were functionalized with different nanoparticles (NPs),
including silver (Ag), titanium dioxide (TiO;) and magnesium oxide (MgO), in order to include new
properties, namely antibacterial effect. The developed membranes were characterized by FESEM,
EDS, ATR-FTIR, GSDR and TGA, which confirmed the successful impregnation of NPs onto PCL
membranes. The antibacterial effect and filtration efficiency were assessed, with the PCL/MgO NPs
membrane presenting better results, showing inhibition zone diameters of 25.3 and 13.5 mm against
Gram-positive and Gram-negative bacteria, respectively, and filtration efficiency of 99.4%. Three
facemask prototypes were developed, and their filtration efficiency, air permeability and thermal
comfort were evaluated. Overall, this study demonstrates the potential of PCL/NPs electrospun
membranes to act as an active and biodegradable filter layer in facemasks.

Keywords: electrospun membranes; nanoparticles; biodegradable polymers; natural fibers; facemask;
antibacterial effect; filtration efficiency

1. Introduction

The sudden outburst of the COVID-19 pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has contributed to the extensive production and
consumption of facemasks worldwide, creating a new and serious environmental challenge.
Facemasks are generally composed of nonbiodegradable polymers, such as polypropylene,
polyethylene, polyurethane, polystyrene, polycarbonate and polyacrylonitrile, and the
disposal of these facemasks generates a large amount of waste, causing severe ecological
problems and becoming a new source of microplastics [1,2].

Therefore, researchers have been looking for innovative strategies to develop face-
masks with a similar or better performance to the existing nonbiodegradable ones, to
minimize the negative environmental impact. One sustainable option is the exploitation
of green chemistry as well as the replacement of conventional materials with eco-friendly
ones, such as natural fibers and biodegradable polymers [2—4].

Appl. Sci. 2022,12, 67. https:/ /doi.org/10.3390/app12010067

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12010067
https://doi.org/10.3390/app12010067
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-2735-6608
https://orcid.org/0000-0003-3303-6563
https://orcid.org/0000-0002-7862-4687
https://doi.org/10.3390/app12010067
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12010067?type=check_update&version=1

Appl. Sci. 2022,12, 67

20f17

Recently, the electrospinning technique has acquired tremendous focus for the devel-
opment of high-performance filters. This technique enables the production of fibers with
diameters ranging from micrometers to nanometers, which show significant morphological
advantages over current conventional filters. Moreover, the cost effectiveness, simplicity
of use, versatility of using different biodegradable natural or synthetic materials and pos-
sibility of scalability make electrospinning more competitive and attractive compared to
conventional nonwoven manufacturing methods [5,6]. In fact, electrospun fibers exhibit
outstanding properties, such as a high specific surface area, which results in the higher
adsorption capacity of contaminants, controllable small diameters, highly porous structure
with small pore sizes and internal interconnectivity, flexibility and possibility of functional-
ization with active agents. Due to their low weight and high permeability, these fibrous
membranes provide high filtration efficiency, without adding extra weight and maintaining
the wearer’s comfort and breathability [7-10].

To date, several polymers have been used to produce membranes by electrospinning
for air filtration applications. As already mentioned, to face the accumulation of plastics
in the environment, the use of biodegradable polymers is preferable [4]. Among them,
synthetic PCL polymer has been demonstrated as a promising candidate for filtration
applications, due to its low cost, biocompatibility, biodegradability, availability, excellent
mechanical properties and ease of operation [11-13].

Besides acting as a physical barrier to prevent the penetration of small particles and
microorganisms, electrospun membranes can be functionalized with several materials in
order to achieve new functions, such as antimicrobial activity. Microorganisms can reach
the surface of the mask, fail to be destroyed and then penetrate the filter layer, which
compromises the protection of the wearer. Therefore, the development of facemasks able
not only to act as a barrier for the particles and microorganisms but also to actively degrade
them is crucial [14].

One possible approach to develop active filter layers is by the addition of antimicrobial
agents, such as NPs. Their nanoscale size and large surface area-to-volume ratio give
NPs unique characteristics, improving their catalytic, magnetic, mechanical and optical
properties [15,16]. Several metal and metal oxide NPs, such as Ag, TiO, and MgO, have
been explored as effective antimicrobial agents against several microorganisms, such as
bacteria, viruses and fungi [17,18]. With the increasing concern about bacterial resistance,
other alternatives to the use of antibiotics are required. In this way, NPs arise as suitable
options since their mechanisms of action are different from traditional antibiotics [19,20].
Furthermore, Ag [21], TiO; [22] and MgO [23] NPs are already shown to increase the
filtration efficiency of electrospun membranes. Therefore, the combination of antimicrobial
NPs with electrospun membranes is a very promising strategy to improve the overall
performance of the facemasks, namely the filtration efficiency as well as elimination of
microorganisms [5,18,22].

The incorporation of the materials into electrospun fibers can be carried out using
different techniques, namely the surface functionalization. In this method, the electrospun
membranes are firstly produced, and then functionalized with the desirable materials in
order to obtain improved properties. Using the surface functionalization method, the NPs
stay available at the surface of the fibers instead of within them [24]. This also reduces
the costs compared to the conventional inclusion approaches, due to the use of fewer
nanomaterials for an equivalent efficacy and fine-tuning of surface properties [25].

Thus, the aim of this work involves the development of an active, fully biodegradable
facemask which is able not only to exhibit high filtration efficiency but also to degrade
the microorganisms, taking advantage of the biodegradability and excellent properties of
natural fibers and biopolymers. The first part of the work was focused on the development
of PCL electrospun membranes functionalized with different types of NPs (Ag, TiO, and
MgO) to act as the filter layer. Ag NPs were synthetized using a green methodology,
whereas commercial TiO, and MgO NPs were used. All the developed membranes were
characterized by Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive



Appl. Sci. 2022,12, 67

30f17

Spectroscopy (EDS), Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR), Ground State Diffuse Reflectance (GSDR) and Thermogravimetric Analysis
(TGA). The functional properties were also evaluated, including the antibacterial activ-
ity and the filtration efficiency. Finally, the PCL/NPs electrospun membranes with the
most promising results were selected for the production of a facemask prototype, using
cotton natural fiber for the inner and outer mask layers. Three different configurations
of facemasks were evaluated regarding their filtration efficiency, air permeability and
thermal comfort.

2. Materials and Methods
2.1. Materials

PCL pellets (molecular weight of 80,000 g/mol) were purchased from Sigma Aldrich.
Chloroform (CHF) and N,N-Dimethylformamide (DMF) were provided by Honeywell and
Sigma Aldrich, respectively. Commercial NPs (TiO; and MgO) were acquired from Sigma
Aldrich. For the synthesis of Ag NPs, silver nitrate (AgNO3) and poly(ethyleneglycol)
(PEG) Mr ~200 were provided by Scharlau.

2.2. Preparation of PCL Polymer Solution

PCL polymer solutions were prepared according to the procedure described by Fran-
cavilla et al. [13], using 15% (w/v) of PCL in CHF/DMF (4:1). Firstly, PCL pellets were
dissolved in CHF and stirred at 35 °C for at least 2 h, until their complete dissolution.
Afterwards, DMF was added to the polymer solution and left under stirring overnight.

2.3. Electrospinning Process

PCL solution was electrospun in electrospinning NF-103 equipment from MECC
Co., Ltd. (Fukuoka, Japan). The polymer solution was transferred into a 24 mL syringe
accoupled to a needle with diameter of 0.61 mm. A static metallic collector was used
to collect the electrospun membranes. The final processing conditions used to produce
defect-free fibers are shown in Table 1.

Table 1. Processing parameters used to produce electrospun membranes.

Processing Parameters Optimized Values
Applied voltage 25kV
Feed rate 1mL/h
Needle-to-collector distance 260 mm
Needle diameter 0.61 mm
Deposition time 4h
Head transverse speed 50 mm/s
Head transverse distance 150 mm
Type of collector Static
Humidity 59-65%
Temperature 19-20 °C

2.4. Functionalization of PCL Electrospun Membranes with NPs

After the production of PCL membranes by electrospinning, the developed membranes
were impregnated in a solution containing the NPs. Three different types of NPs were used:
Ag, TiO, and MgO. Ag NPs were synthesized using a green methodology described by
Ferreira et al. [26], whereas commercial TiO, and MgO NPs were utilized. A schematic
flow chart of the whole process is represented in Figure 1.

2.4.1. Synthesis of Ag NPs and Their Impregnation into PCL Membranes

Ag NPs were synthetized according to a sustainable methodology described by Fer-
reira et al. [26], where AgNO3; was used as the precursor agent and PEG as nontoxic
reducing agent, stabilizer and dispersant. Firstly, 0.04 M AgNOj3 was dissolved in PEG
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under constant stirring for 2 h at room temperature (RT). The color change of the solution
to yellow indicates the reduction of Ag ions to Ag metal (Ag®), thus demonstrating the
formation of NPs. Afterwards, the solution was placed in an ultrasound bath for 1 h. After
this, PCL electrospun membranes were immersed in this solution under orbital agitation
for 1 h at RT. The membranes were removed from the impregnation solution and dried at
RT. Subsequently, PCL/Ag NPs membranes were washed with distilled water at 50 rpm
for 5 min, to remove the superficial excess of NPs.

[ PCL electrospun membranes J

2

v

Impregnation of PCL membranes
with synthetized Ag NPs

Impregnation of PCL membranes
with commercial NPs (TiO, or MgO)

I

L 2

Synthesis of Ag NPs:
0.04 M AgNO; in PEG (stirring for 2 h
at RT)

3 % (w/v) commercial NPs in ethanol
(stirring for 2 h at RT)

l

2

Ultrasound bath (1 h)
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Figure 1. Schematic flow chart showing the functionalization of PCL electrospun membranes with
(left) synthetized Ag NPs and (right) commercial NPs (TiO, and MgO).

2.4.2. Impregnation of TiO, and MgO NPs into PCL Membranes

The impregnation solutions were prepared by adding 3% (w/v) of each type of NPs,
TiO; and MgO, in ethanol. Next, the solutions were placed in an ultrasound bath for
1 h. Subsequently, the PCL electrospun membranes were immersed into the impregnation
solution containing the NPs and stirred in an orbital shaker at 80 rpm for 1 h. The PCL
membranes were allowed to dry at RT overnight, followed by washing with distilled water
at 50 rpm for 5 min.

2.5. Characterization of Electrospun Membranes
2.5.1. Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive
Spectroscopy (EDS)

The morphology of the developed electrospun fibers as well as the presence and
distribution of NPs onto them were evaluated by FESEM, using NOVA 200 Nano SEM,
FEI Company (Hillsboro, OR, USA). The electrospun membranes were removed from the
aluminum foil and coated with a very thin film (20 nm) of Au-Pd (80-20 weight%), using a
high-resolution sputter coater, 208 HR Cressington Company (Watford, UK), coupled to a
MTM-20 Cressington High Resolution Thickness Controller. Secondary electron images,
i.e., topographic images, were performed at acceleration voltage of 10 kV. The FESEM
images were analyzed and the diameters of fibers were determined using Image J 1.53a
software (Wayne Rasband—National Institutes of Health, USA), through the measurement
in 100 different locations. The EDS technique (Hillsboro, OR, USA) coupled to FESEM was
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also performed to evaluate the elemental composition of the samples, using an EDAX Si
(Li) detector with 15 kV of acceleration voltage.

2.5.2. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Chemical composition of electrospun membranes was evaluated by ATR-FTIR analysis
using an IRAffinity-S1, SHIMADZU equipment (Kyoto, Japan). Each spectrum was ob-
tained in transmittance mode, by accumulation of 45 scanning cycles and with a resolution
of 8 cm !, in a range between 400 and 4000 cm~!.

2.5.3. Ground State Diffuse Reflectance (GSDR)

To verify the formation and the presence of Ag, TiO, and MgO NPs onto the PCL
membranes, GSDR analysis was performed using a Spectrophotometer UV-2600 Shimadzu.
The samples were analyzed in different places to ensure homogeneity. The reflectance
spectra were acquired in the range of 200-800 nm, and the remission function (F(R)) was
calculated accordingly with the Kubelka—-Munk equation:

(1-R)* K
F(R) = ~—2 = — 1
(R) = S = )
where R is the reflectance, K is the absorption coefficient and S is the dispersion coeffi-

cient [27].

2.5.4. Thermogravimetric Analysis (TGA)

TGA analysis was performed using a STA 700 SCANSCI (Tokyo, Japan), in order
to estimate the quantity of NPs presented in each sample. The electrospun membranes
were subjected to a heating process from 25 to 600 °C, under nitrogen atmosphere, with a
constant heating rate of 10 °C/min. The percentage of NPs was calculated according to the
system of equations [28]:

@

NPs % + PCL membrane % (PCL membrlaé‘g residues % ") = sample total residues %
NPs % + PCL membrane % = 100%

Considering that the NPs have residues of 100% and the sample with NPs after thermal
treatment is composed of NPs and PCL membrane residue.

2.5.5. Thickness

The samples’ thickness was measured using a digital caliper. Three different positions
of each electrospun membranes were recorded and the average thickness was determined.

2.6. Functional Properties Evaluation
2.6.1. Antibacterial Activity

The antibacterial activity of electrospun membranes was assessed through the halo
inhibition method. The inoculum was prepared by adding in a sterile medium a portion of
the bacterium Staphylococcus aureus ATCC 6538 (as representative of Gram-positive bacteria)
or Escherichia coli CECT 434 (as representative of Gram-negative bacteria) to 40 mL of TSB
(Tryptic soy broth). The bacteria grew in an orbital incubator at 37 °C, with orbital shaking
at 120 rpm, overnight (18 h). Then, the cell suspension was adjusted to a final concentration
of approximately 1 x 108 CFU/mL, determined from the optical density at 620 nm.

In the antimicrobial susceptibility test, on a Petri dish containing 15 mL of Plate Count
Agar (PCA), 0.1 mL of the bacterial solution (1 x 103 CFU/mL) was spread over the dry
agar. After drying, samples of 1 x 1 cm? were placed in the center of each Petri dish on the
agar surface and incubated at 37 °C. Measurements of the bacterial growth inhibition zone
were taken after 24 h of incubation time. This test was repeated three times in triplicate.
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2.6.2. Filtration Capacity

The filtration tests were performed in a cylindrical acrylic chamber (&J = 194 mm X
length= 400 mm) developed for the controlled release of particles and mounted inside
almd negative pressure flexible isolator (SolocontainmentTM,Cheshire, UK), to avoid
the hazardous exposition of technicians to aerosolized particles during tests. Polystyrene
beads (J =1 um, COUNT-CAL™ Count Precision Size Standards Thermo Fisher) were
aerosolized using a medical nebulizer (OMRON C28P) with a flow rate of 0.5 mL/min to
obtain a final amount of particles between 1 x 10° and 4 x 10° inside the aerosolization
compartment of the acrylic chamber. The number of particles were measured in real time
using a laser particle counter (APEX R4 airborne particle counter, LighthouseTM, Fremont,
CA, USA) installed above the aerosolization compartment of the chamber. The testing
membranes were mounted in a leak tight sample port positioned above the aerosolization
compartment and inside the counting compartment of the acrylic chamber, where the
inlet of the laser particle counter was installed. Polystyrene particles released inside the
aerosolization compartment were aspirated through the sample port at a rate of 28.2 L /min
and measured three times during 20 s for a total of 60 s. The acrylic chamber was cleaned
between tests using a HEPA vacuum cleaner (KARCHER™ A2204, Winnenden, Germany)
and the cutoff value to consider the chamber clean for tests was below 4000 particles.
A blank measurement between cleaning procedures and sample loading was performed,
to count the residual amount of particles inside the acrylic chamber. The acrylic chamber
used to perform these tests is shown in Figure 2.

Counting tube for

Exhaust/ particle counter

Cleaning port

Counting funnel from

Counting 1
the particle counter

compartment
Sample port for masks
testing

Aerosolization
compartment

Compressor tube for 4
the nebulization cup ﬁ/'

Figure 2. The different components of the acrylic chamber used for the filtration tests.

2.6.3. Air Permeability

The air permeability of electrospun membranes was performed by quantification of
the rate of airflow through a 20 cm? area passage at a pressure of 40 Pa for 1 min, using
FX3300 Air Permeabillity Tester III, TexTest instrument (WanJiang, Dongguan, China).

2.6.4. Thermal Management

The experiment was performed using a Thermal Imaging Camera Testo 885. The
participants were tested using different facemask’s prototypes: (i) Cotton + Cotton; (ii) Cot-
ton + PCL/MgO NPs electrospun membrane + Cotton and (iii) Cotton + 2 x PCL/MgO
NPs electrospun membrane + Cotton. Two conditions were evaluated, including during
inhalation and exhalation. After an initial stabilization time, thermal images were taken and
the changes in facial temperature were recorded in three different locations: nose, mouth
and cheek. During the test, the participants were seated and in silence. The temperature
range of the camera was defined in 24-36.5 °C.
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3. Results and Discussion
3.1. Characterization of the Developed Electrospun Membranes
3.1.1. FESEM Analysis

In order to evaluate the surface morphology and diameters of the developed electro-
spun fibers as well as the presence of NPs, FESEM analysis was performed (Figure 3).

1500 1600 1700 1800 1900 2000 2100 2200
Diameter (nm)

o= [Mean: 1780
Std Dev: 225
N: 100

0
1000 1200 1400 1600 1800 2000 2200
Diameter (nm)

— (Mcan: 2093
Std Dev: 362
IN:100

1800 2000 2200 2400 2600 2800

Diameter (nm)

Mean: 2018
16I5td Dev: 208

Figure 3. FESEM images of (a) PCL; (b) PCL/Ag NPs; (c) PCL/TiO; NPs and (d) PCL/MgO
NPs electrospun fibers and their respective diameter distribution histograms. FESEM images were
obtained using different magnifications: 100, 20, 10 and 2 pm.

As shown in Figure 3a, defect-free PCL fibers were successfully developed with
average diameters of 1.81 um. Figure 3b represents the PCL membranes impregnated with
Ag NPs, where the presence of these NPs with some agglomerates onto the fibers is clearly
visible. In this case, the Ag NPs were synthetized through the reduction of AgNO3 by
PEG, which also acted as a stabilizer and dispersing agent [26,28], this being the solution
used to impregnate the PCL membranes. Thus, by these images it is possible to confirm
the successful synthesis of Ag NPs as well as their attachment to the PCL electrospun
membranes. A decrease in fibers’ diameters was observed with the incorporation of Ag
NPs (1.78 um). From Figure 3c,d, it is also possible to detect the presence of NPs covering
the fibers” surface, which correspond to TiO, and MgO NPs, respectively. Additionally,
a more dense and uniform deposition was observed using TiO, NPs. The impregnation
with TiO; and MgO NPs led to a slight increase in fibers” diameters to 2.09 and 2.02 um,
respectively.

3.1.2. EDS, ATR-FTIR, GSDR and TGA Analyses

To further confirm the synthesis of Ag NPs as well as the impregnation of Ag, TiO;
and MgO NPs onto PCL electrospun membranes, other techniques, such as EDS, ATR-FTIR
and GSDR were performed. Moreover, TGA was also used to quantify the amount of NPs
present in each sample. The results are shown in Figure 4.
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Figure 4. EDS analysis of (a) PCL/Ag NPs; (b) PCL/TiO, NPs; (c) PCL/MgO NPs electrospun
membranes; (d) ATR-FTIR; (e) GSDR of PCL and PCL/NPs electrospun membranes; (f) estimated
amount of NPs presented in PCL membranes.

The successful impregnation of the NPs onto the surface of PCL membranes was
further confirmed by EDS analysis. Figure 4e shows the presence of peaks related to
carbon and oxygen, which are the constituent elements of PCL polymer. An additional
strong peak appeared at 2.98 keV, which corresponds to silver, confirming the successfully
synthesis and impregnation of Ag NPs on PCL fibers’ surface [26,28]. The EDS spectrum
from Figure 4b demonstrates the characteristic peaks of titanium element at 4.51 and
4.94 keV, which together with the presence of oxygen element confirms the presence of TiO,
NPs [29,30]. Finally, the presence of oxygen and magnesium was detected in EDS profile of
PCL/MgO NPs membranes at 0.52 and 1.27 keV, respectively, indicating the presence of
MgO NPs [31,32].

Regarding the ATR-FTIR analysis, PCL spectrum shows the typical bands of this
polymer, with the main ones described as follows. The bands at 2941 and 2866 cm ™!
correspond to the asymmetric and symmetric CHj stretching, respectively. A strong band
at 1724 cm~! is related with carbonyl (C = O) stretching. Finally, the bands at 1470, 1240
and 1169 cm ™! are attributed to C-C bending, asymmetric C-O-C stretching and symmetric
C-O-C stretching, respectively. The band at 1294 cm ! is from C-O and C-C stretching in
the crystalline phase, while the one at 1105 cm~! corresponds to C-O and C-C stretching in
the amorphous phase [33,34]. Considering the spectrum of PCL membranes functionalized
with PEG-coated Ag NPs, besides the characteristic bands of PCL, the appearance of a new
one at 887 cm ™! is observed, which is attributed to PEG polymer [26,28]. Other typical
bands of PEG coincide with the region of characteristic bands of PCL, and only detect
an increase in bands’ intensity (1240 and 961 cm~!). Moreover, in the spectrum of PCL
membranes with Ag-PEG NPs, a broad peak appeared at 3435 cm ™!, which is attributed to
stretching vibrations of O-H. This could be due to hydroxyl groups of PEG [35], or could
indicate intermolecular hydrogen bonding formed between the groups from PCL and the
hydroxyl groups from PEG [26].
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The spectrum of TiO, powder shows a characteristic band in the region of 900-400 cm !,

which is attributed to Ti—O stretching vibration. Besides presenting the typical bands of
PCL, the PCL/TiO, NPs spectrum also demonstrates the presence of a new band in this
region, confirming successful incorporation of TiO; NPs onto PCL membranes [36,37]. The
spectrum of commercial MgO NPs shows a band around 800-400 cm !, which corresponds
to Mg-O stretching vibrations [31,38—40]. The appearance of the band in the region of
800-400 cm ! in the spectrum of PCL/MgO NPs fibers is observed, confirming the presence
of these NPs into the PCL membranes’ surface.

Figure 4e shows the GSDR spectra of PCL/NPs electrospun membranes. Compared to
the PCL spectrum, the spectrum of PCL/Ag NPs reveals the appearance of the absorption
band characteristic of Ag NPs formation, resulting from the surface plasmon resonance
(SPR) of Ag NPs, peaking at 413 nm [26,28]. This result indicates the successful synthesis
and attachment of Ag NPs onto PCL membranes. On the other hand, a new absorption band
at approximately 380 nm, characteristic of TiO, NPs [41,42], is observed in the spectrum
of PCL/TiO; NPs membranes, once again confirming the presence of these NPs onto the
PCL surface. Finally, a very small absorption band seems to appear around 277 nm in
the spectrum of PCL/MgO NPs when compared to the PCL spectrum, which is probably
related to the presence of the MgO NPs on the membranes’ surfaces [43,44].

Finally, TGA analysis was performed in order to estimate the amount of NPs impreg-
nated in PCL electrospun membranes (Figure 4f). The samples were heated to 600 °C
and the residues obtained at the end of the heating process were considered, being the
amount of each type of NPs calculated using equation 2 [27,28]. PCL membranes presented
2.48 wt% of residues while PCL/Ag NPs, PCL/TiO, NPs and PCL/MgO NPs revealed
2.98, 5.49 and 6.18 wt%, respectively. Assuming that the final sample is composed of PCL
and NPs, the percentage of NPs presented onto the membranes” surface is approximately
0.512, 3.09 and 3.79%, respectively. The estimated amount of commercial NPs (TiO, and
MgO) NPs detected in PCL membranes was higher than the amount of synthetized Ag
NPs. This finding could be related with the in situ synthesis of Ag NPs. Contrary to the
impregnation solutions containing the commercial NPs, where the added amount of NPs is
known, the impregnation solution of Ag NPs was the synthesis solution, where the amount
of synthetized NPs is unknown. Since during the synthesis process some losses can occur,
including the possibility of not all the precursors being reduced to produce the NPs, it is
expected that the PCL/Ag NPs electrospun membranes present the lowest amount of NPs
when compared to membranes containing the commercial NPs.

All of these techniques were able to confirm the successful functionalization of PCL
electrospun membranes with three different types of NPs.

3.2. Functional Properties Evaluation
3.2.1. Antibacterial Effect

The antibacterial effect is a very important parameter, since the survivability of mi-
croorganisms on the facemask surface can compromise the protection of the wearer and
become a source of fomite transmission. Therefore, the development of active facemasks
with antibacterial properties is crucial to kill or deactivate microorganisms in addition
to particle filtration [45]. The antibacterial effect was assessed by the formation of a halo
around the samples, which indicates the absence of bacteria growth, the size of the halo
being proportional to antibacterial effect level [28]. The antibacterial tests were performed
against Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria, and the results are
described in Table 2.

As expected, PCL membranes did not present any antibacterial effect [46]. On the
contrary, inhibition zones were formed using PCL/NPs membranes, except when using
PCL/TiO, NPs sample for E. coli. In fact, several NPs, including metal and metal oxide NPs,
exhibit antibacterial effect against a broad spectrum of bacteria, the main antimicrobial
mechanisms proposed being: (i) disruption of the bacterial cell membrane; (ii) generation
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of reactive oxygen species (ROS); (iii) penetration of the bacterial cell membrane and
(iv) interactions with DNA, RNA, proteins and lipids, resulting in bacteria death [18,20].

Table 2. Inhibition zone diameter of electrospun membranes (PCL, PCL/Ag NPs, PCL/TiO, NPs and
PCL/MgO NPs) against S. aureus and E. coli bacteria. Values are represented by mean =+ standard
deviation of triplicates.

Mean Diameter of the Halos (mm)

Samples
S. aureus E. coli
PCL 00+0 00+0
PCL/Ag NPs 183+ 0.6 16.5 £ 0.7
PCL/TiO, NPs 18.7 +£1.2 0.0+£0
PCL/MgO NPs 253+ 0.6 135+ 0.7

PCL/Ag NPs electrospun membranes exhibited an inhibition zone diameter of 18.3
and 16.5 mm for S. aureus and E. coli, respectively. Ag NPs are well recognized as an effec-
tive antibacterial agent [28,47]. In fact, Ag NPs can adhere to the bacterial cell membrane,
altering its permeability, causing structural changes and functional damage. Moreover, Ag*
ions released from NPs can interact with intracellular components of bacteria, leading to
their destruction. Ag NPs are also able to produce ROS [48]. Thomas et al. also demon-
strated that PCL electrospun membranes functionalized with synthetized Ag NPs exhibited
antibacterial activity against Staphylococcus epidermidis and Staphylococcus haemolyticus [46].

On the other hand, PCL/TiO, NPs samples only demonstrated antibacterial effect
against Gram-positive bacteria, with the size of the halo at 18.7 mm. This is in accordance
with other works, which also found that Gram-positive bacteria were more susceptible
to TiO, NPs than Gram-negative, which could be due to the distinct structure of the
bacteria. Gram-negative bacteria have a thin peptidoglycan layer, which is surrounded by
an outer membrane layer composed by proteins, lipids and lipopolysaccharides, whereas
Gram-positive bacteria present one thick peptidoglycan layer which contains a mixture of
lipoteichoic acid and glucose with amino acids [30,49]. The higher amount of negatively
charged peptidoglycans in Gram-positive bacteria can make them more susceptible to
positively charged antimicrobials [27].

Finally, PCL/MgO NPs membranes exhibited an antibacterial effect against both
S. aureus and E. coli bacteria, showing the highest inhibition zone for Gram-positive bacteria
(25.3 mm) when compared to the other samples. Once again, the antibacterial effect
was more pronounced on Gram-positive compared to Gram-negative bacteria. The main
proposed mechanism of MgO NPs for bacterial lysis is the generation of ROS, which results
in excessive oxidative stress, causing cell damage. The release of Mg?* ions from NPs
can also contribute to the ROS production [50]. Liu et al. showed that PCL/gelatin/MgO
NPs electrospun membranes presented antibacterial effect against E. coli, S. aureus and
S. epidermidis, being this effect proportional to the amount of MgO NPs incorporated [51].
Dehghan et al. also demonstrated that MgO NPs addition to polyacrylonitrile (PAN)
electrospun membranes enhanced their antibacterial effect [23].

3.2.2. Filtration Efficiency

Filtration efficiency is one of the main concerns regarding the performance of a face-
mask. After the evaluation of antibacterial effect, the filtration performance of electrospun
membranes was also assessed. The filtration tests were conducted in a filtration chamber
using polystyrene particles of 1 um for 60 s. The obtained results are presented in Table 3
as well as the samples’ thickness and basis weight.
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Table 3. Thickness, basis weight and filtration efficiency (%) of the different electrospun membranes
(PCL, PCL/Ag NPs, PCL/TiO, NPs and PCL/MgO NPs).

Samples Thickness Basis Weight Filtration Efficiency
(mm) (g/cm?) (%)
PCL 0.376 0.005 84.9
PCL/Ag NPs 0.600 0.010 70.8
PCL/TiO; NPs 0.506 0.008 86.0
PCL/MgO NPs 0.147 0.003 99.4

PCL membranes showed a filtration efficiency of 84.9%. The addition of NPs onto
electrospun membranes is expected to improve their adsorption capacity, enhancing the
overall filtration performance of the membranes [22,52].

Nevertheless, the introduction of Ag NPs onto PCL membranes led to a decrease
in filtration efficiency to 70.8%. Comparing all samples, the membranes functionalized
with Ag NPs presented the lowest filtration efficiency. On contrary to TiO, and MgO
NPs, Ag NPs were synthetized, and the synthesis solution was used to impregnate PCL
membranes. In fact, this result can be related with the synthesis process of these NPs,
namely the amount of NPs produced and present at the membrane surface. Although the
concentration of AgNO3 used was estimated to mimic the final concentration of TiO, and
MgO NPs used, the exact amount of synthetized Ag NPs is unknown. Since the addition of
NPs onto the surface of electrospun membranes can increase the adsorption capacity of the
system, contributing to the filtration performance, this could be one of the parameters that
influence the filtration efficiency [22]. By TGA analysis, it is possible to have an estimation
of the amount of NPs present in electrospun membranes, with the PCL/Ag NPs membrane
being the one that presented the lowest amount of NPs, which corroborates these findings.
Moreover, the impregnation of PCL membranes into the synthesis solution could interfere
with the membrane’s structure, including its integrity and pore sizes.

On the other hand, the incorporation of TiO, and MgO NPs promoted an increase in
filtration efficiency, presenting values of 86 and 99.4%, respectively. Several parameters
regulate the filtration effectiveness, such as fiber diameter, porosity and filter thickness [53].
One possible explanation is due to the changes in diameters of PCL fibers when these NPs
are added. In fact, the introduction of TiO, NPs led to a slight increase in average diameters
of PCL fibers from 1.81 to 2.09 um, whereas the addition of MgO NPs increased the
diameters to 2.02 um. Consequently, a decrease in pore sizes is expected, promoting a higher
filtration efficiency of the particles. Therefore, the functionalization of PCL membranes
with TiO, and MgO NPs was demonstrated to be a promising strategy to efficiently filtrate
small particles.

Wang et al. reported that the addition of TiO, NPs into poly(lactic acid) (PLA) electro-
spun membranes promoted an increase in the filtration efficiency. This result could be due
to the increase in nanometer-scale protrusions induced by the introduction of NPs, which
can also enhance the surface roughness and specific surface area. This may dramatically in-
crease the friction coefficient and the effective contact area between the target particles and
fibers [22]. Therefore, the increase in filtration efficiency of PCL membranes functionalized
with TiO; and MgO NPs could be due to the increase in surface roughness and specific
surface area enhancing the trapping capacity of the fibers on the particles.

Although membranes with higher thickness and basis weight are associated with
higher filtration efficiency, they are also associated with higher breathing resistance [6,21].
Thus, a balance should be achieved to obtain the greatest filtration performance and
breathability at the same time. In this case, the PCL/MgO NPs membranes were the ones
that presented the highest filtration efficiency and the lowest thickness and basis weight,
showing the advantages in using these membranes to obtain a high filtration performance
without adding extra weight while maintaining the comfort. Dehghan et al. developed
PAN/MgO NPs electrospun membranes, which demonstrated high filtration efficiency
and low air resistance [54].
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Combining the results of antibacterial and filtration tests, the PCL/MgO NPs were
demonstrated to be the most promising membrane, and the one selected for further tests.

3.3. Facemask Prototype: Assembling of the Different Layers and Their Evaluation

After selecting the best electrospun membrane to act as a filter and antibacterial layer,
the assembling of the different facemask’s layers was performed. Since this work aims
for the development of an eco-friendly facemask, the chosen material for the inner and
outer layers of the mask was a natural fabric (cotton). Three different configurations were
evaluated, as exemplified in Figure 5: (i) inner and outer layers composed by cotton fabrics;
(ii) inner and outer layers composed by cotton fabrics and a middle layer of PCL/MgO
NPs electrospun membrane; (iii) inner and outer layers composed by cotton fabrics and
two middle layers of PCL/MgO NPs electrospun membrane.

(a) (b) (c)
Cotton Cotton Cotton  PCL/MgO NPs  Cotton Cotton 2x PCL/MgO NPs Cotton
electrospun electrospun
membrane membrane

Figure 5. Schematic representation of the three configurations evaluated: (a) Cotton + Cotton;
(b) Cotton + PCL/MgO NPs electrospun membrane + Cotton and (c) Cotton + 2 x PCL/MgO NPs
electrospun membrane + Cotton.

Natural cellulosic fibers, such as cotton, present remarkable characteristics. Besides
their natural origin, these fibers have good mechanical strength, high abundance, low
cost, hydrophilicity, biocompatibility, nontoxicity, washability, reusability and provide
breathability, being a suitable and sustainable option for facemasks. Moreover, cotton
fabrics could be functionalized in order to achieve the required properties [3,28]. For
these reasons, the facemask prototype was developed using cotton fabric for the inner and
outer layers.

After the assembly of the different layers, filtration efficiency and air permeability
tests were performed. The results are demonstrated in Table 4.

Table 4. Filtration efficiency (%) and air permeability (L/min) of the different facemask configurations
evaluated (Cotton + Cotton, Cotton + PCL/MgO NPs electrospun membrane + Cotton and Cotton +
2x PCL/MgO NPs electrospun membrane + Cotton.).

Filtration Efficiency  Air Permeability

Samples %) (L/min)
Cotton + Cotton 15.6 28.5
Cotton + PCL/MgO NPs electrospun
96.2 3.2
membrane + Cotton
Cotton + 2x PCL/MgO NPs electrospun 991 24

membrane + Cotton

As demonstrated by Table 4, the filtration efficiency of the cotton fabrics is low (15.6%),
the main aim of these layers being to act as a support for PCL/NPs electrospun membranes
and to not have a significant influence on the filtration performance. The addition of
electrospun membranes in the middle of the two cotton layers significantly improved
the filtration efficiency, confirming that these membranes are responsible for the filtration
capacity, whereas they promoted a reduction in air permeability.
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The incorporation of two PCL/MgO NPs membranes as filter layers improved the
filtration efficiency from 96.2 to 99.1%. Nevertheless, it decreased the air permeability of
the facemask. These results were expected, since the incorporation of another filter layer
composed of fibers with the same diameters and the same type and amount of NPs will
promote an increase in thickness and basis weight, and consequently, a reduction in the air
permeability. In fact, increasing the membranes’ thickness provides more opportunities for
the particles to meet with the fibers when they are traveling through the membrane [55].
Pardo-Figuerez et al. also showed that the percentage of porosity of the electrospun
membranes is reduced when a higher basis weight is deposited, which can also contribute
to a decrease in breathability [6].

Thermal Management Using Different Facemask Prototypes

Wearing a facemask could result in higher face temperature, leading to overall discom-
fort while wearing them [56]. In order to evaluate this parameter, the facial temperature
changes were recorded in three different locations (nose, mouth and cheek) using the three
facemask configurations. The thermal images were taken during inhalation and exhalation,
as demonstrated in Figure 6.

Inhalation Exhalation

Cotton + Cotton

Cotton + PCL/MgO NPs
electrospun membrane +
Cotton

Cotton + 2x PCL/MgO NPs
electrospun membrane +
Cotton

Figure 6. An example of facial temperature distribution for each condition.

As can be seen by Figure 6, the facial temperature changed according to the type of
facemask used, as well as to each condition (inhalation and exhalation). During inhalation,
lower temperatures were observed using Cotton + 2x PCL/MgO NPs electrospun mem-
brane + Cotton, since more green and yellow areas were visible. During exhalation, higher
temperatures were detected (indicated by red zones), these being the temperature values
recorded in the nose, mouth and cheek (Table 5).

Table 5. Facial temperatures recorded in three different locations (nose, mouth and cheek) during
exhalation using different facemask prototypes.

Facial Temperature (°C)

Samples
Nose Mouth  Cheek
Cotton + Cotton 35.0 35.6 344
Cotton + PCL/MgO NPs electrospun membrane + Cotton 345 36.0 327
Cotton + 2x PCL/MgO NPs electrospun membrane + Cotton 34.1 33.5 30.6

During exhalation, facemasks composed of only cotton showed homogeneous red
zones over the whole face, exhibiting temperatures between 34.4-35.6 °C, which may
induce slight sensations of thermal discomfort [57]. On the other hand, the incorporation
of one electrospun membrane promoted a decrease in temperature in the nose and cheek,
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showing more yellow areas. Interestingly, the introduction of two electrospun membranes
resulted in a reduction in temperature in the three locations (nose, mouth and check). These
results demonstrated that the incorporation of electrospun membranes can improve the
thermal comfort when compared to cotton-based facemasks.

4. Conclusions

In this work, biodegradable antibacterial PCL/NPs electrospun membranes were
produced to act as a filter layer of a facemask. Defect-free PCL membranes were developed
by electrospinning, showing average diameters of 1.81 um. Subsequently, PCL electrospun
membranes were functionalized with Ag, TiO, and MgO NPs, being the Ag NPs firstly
synthetized using a green methodology, where PEG was used as a reducing, dispersant and
stabilizing agent. The average diameters of the fibers changed to 1.78, 2.09 and 2.02 um,
with the impregnation of Ag, TiO, and MgO NPs, respectively. FESEM, EDS, ATR-FTIR
and GSDR confirmed the impregnation of NPs onto PCL membranes. Moreover, TGA
analysis revealed that PCL electrospun membranes contained an estimated percentage of
Ag, TiO,; and MgO NPs of 0.512, 3.09 and 3.79%, respectively.

PCL/Ag NPs membranes exhibited an inhibition zone with diameters of 18.3 + 0.6
against S. aureus and 16.5 £ 0.7 against E. coli, whereas PCL/TiO, NPs membranes only
demonstrated antibacterial effect against Gram-positive bacteria, with an inhibition zone
of 18.7 £ 1.2 mm. Finally, PCL functionalized with MgO NPs showed halos with a size of
25.3 £ 0.6 and 13.5 £ 0.7 for S. aureus and E. coli bacteria, respectively, demonstrating the
highest antibacterial effect against Gram-positive bacteria. The filtration performance of
PCL membrane was 84.9%, which reduced to 70.8% with the addition of Ag NPs. This could
be due to the synthesis process of these NPs. This decrease was not observed when using
commercial NPs. The impregnation of TiO, and MgO NPs led to a filtration efficiency of
86.0 and 99.4%, respectively. The highest filtration efficiency was detected for the membrane
with the lowest thickness and basis weight (PCL/MgO NPs).

PCL/MgO NPs membranes were selected to act as the filter layer of the facemask
prototypes. The addition of the filter layer in the middle of the cotton outer and inner layers
significantly enhanced the filtration efficiency from 15.6 to 96.2%, which increased even
more with the incorporation of two electrospun membranes (99.1%). These results were
accompanied with a decrease in air permeability. Thermal management analysis revealed
that the incorporation of PCL/MgO NPs electrospun membrane in the middle of the cotton
layers promoted an increase in thermal comfort.

This research work reports the development of an eco-friendly active facemask. Joining
the properties of electrospun membranes with the NPs, it was possible to achieve filter
layers with high filtration performance and excellent antibacterial effect against both Gram-
positive and Gram-negative bacteria.
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