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Abstract. Despite considerable interest in medical and pharmaceutical fields, there remains a
notable absence of functional textiles that concurrently exhibit antibacterial and antioxidant
properties. Herein, we introduce a new composite fabric constructed using nanostructured
bacterial cellulose covalently-linked with cerium oxide nanoparticles (BC@CeO2NPs). The
synthesis of CeO2NPs on the BC is performed via a microwave-assisted, in-situ chemical
deposition technique, resulting in the formation of mixed valence Ce®*/Ce** CeO2NPs. This
approach ensures the durability of the composite fabric subjected to multiple washing cycles.
The ROS-scavenging activity of CeO2NPs and their rapid and efficient eradication of >99%
model microbes, such as Escherichia coli, Pseudomonas aeruginosa and Staphylococcus
aureus remain unaltered in the composite. To demonstrate the feasibility to incorporate the
fabric in marketable products, we have fabricated antimicrobial face masks with filter layers
made of BC@CeO2NPs cross-linked with propylene or cotton fibers. These masks exhibit
complete inhibition of bacterial growth in the three bacterial strains, improved breathability
compared to respirator masks and enhanced filtration efficiency compared to single-use
surgical face masks. This study provides valuable insights into the development of functional
BC@CeO2NPs biotextiles which design can be extended to the fabrication of medical
dressings and cosmetic products with combined antibiotic, antioxidant and anti-inflammatory

activities.
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1. Introduction

Bacterial Cellulose (BC) has garnered significant attention for the development of various
medical and cosmetic dressings owing to its outstanding mechanical and physical properties
emerging from its unique three-dimensional highly-organized nanometric fiber mesh
structure.lt) BC can be synthesized by various types of bacteria,/?! and the resulting product
maintains the identical molecular formula as plant cellulose but does not contain lignin,
hemicellulose, or pectin. This absence enables its production with high purity through
relatively straightforward procedures.k®! BC also displays high tensile strength and thermal
stability. The presence of hydrophilic OH™ groups within its structure facilitates the
integration of various bioactive substances, leading to the creation of functional textiles. In
this study, we have chosen to incorporate CeO2NPs into the BC structure to develop a
BC@CeO2NPs composite fabric with antioxidant and antibiotic properties. None of the
currently available dressings exhibit these combined activities,[ which is subject of intense
research efforts“! for its potential e.g. in protection from bacterial-infection-induced wound
healing/skin regeneration. In addition to exhibiting high biocompatibility, CeO>NPs have
consistently shown substantial biomedical effectiveness in the literature. They hay been
highlighted as anti-inflammatory agentst®, and their broad-spectrum antibacterial™ and
antiviral® efficacy has been demonstrated. These remarkable properties are attributed to the
CeO2NPs’ ability to participate in redox reactions through a well-described regenerative cycle
between the Ce-oxidized (Ce*") and Ce-reduced (Ce3*) states, resulting in the formation/loss
of oxygen vacancies.l!

To date, only a few studies have investigated the integration of CeO2NPs into BC. These
studies have predominantly utilized organic solvents like ethylene glycol and benzyl alcohol
in the synthesis process. Alternatively, some studies have employed physical impregnation
methods to introduce pre-synthesized CeO,NPs.['% Among those, none of them explored
antibacterial or cellular ROS-scavenging effects. Petrova et al.,[*%! assessed the
biocompatibility, Gofman et al.,[*% their use in the process of stem cell proliferation,
Melnikova et al.,*%! the reduction and oxidation activities against selected molecules, and
Van Gent et al.,1*% the antioxidant potential against 2,2-diphenyl-1-picrylhydrazyl (DPPH
assay). In addition, the optimal conditions for the preparation of BC@CeO>NPs composites
have not been thoroughly investigated, except for the recent work by Rocha et al., which
focused on the influence of temperature.[1 Thus, in a first part of this study, we have
investigated the optimal reaction conditions for synthesizing BC@CeO2NPs in aqueous

solution. The impregnation of CeO2NPs through in-situ chemical incorporation and oxidation
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of the Ce®" precursor, leading to covalently attached CeO2NPs on the BC, is controlled by
modifying the reaction parameters. The quantity and morphology of the CeO>NPs remain
unchanged following repeated washing steps. Subsequently, the biocidal effectiveness against
Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa has been assessed,
revealing nearly 100% inhibition of bacterial growth in all instances. Additionally, the ROS
(Reactive Oxygen Species)-scavenging properties of the as-synthesized CeO2NPs are
maintained in the composites.

In a second part of this study we have employed the developed BC@CeO2NPs films to
craft innovative filtration layers and antimicrobial face masks. This serves as a demonstration
of their practicality and potential for incorporation into marketable items. As known, the use
of face masks, including surgical and respirator masks, is not entirely effective in completely
blocking the transmission of virus or bacteria droplets and aerosols, even when properly
sealed. This situation partly arises from the existence of airborne droplets that are smaller than
the mesh sizel*!l. However, the primary issue lies in the impossibility to avoid inhaling
respiratory particles emitted by another person due to their high concentration, surpassing the
current capacity of face masks.!*2 Moreover, the ubiquitous existence of bacteria in our
environment and the well-documented fact that face masks, both inside and out, can easily
harbor a variety of organisms, including pathogenic bacterial*®! underscores the need to
develop efficient antimicrobial face masks. Research into textiles impregnated with
nanomaterials to confer antimicrobial properties has increased in recent years.[**l These
textiles typically incorporate copper, silver, zinc oxide (ZnO), or titanium oxide (TiO2)[®! to
damage viral or bacterial structures by releasing toxic Ag* and Cu?* ions or generating oxygen
radicals,*® raising concerns regarding the leaching of toxic metals ions.' Moreover, the
limited durability and non-reusability of most masks, along with their non-recyclability,
contribute to increased waste generation and environmental concerns.

Herein, we have fabricated two types of antimicrobial face masks integrating an
innovative filter layer composed of highly-stable BC@CeO2NPs crosslinked with
polypropylene (PP) or cotton fibers. CeO2NPs offer a superior biocompatibility in contrast to
other materials commonly employed to fabricate functional textiles such as silver, copper, or
transition NPs.[% Additionally, the BC@CeO,NPs possesses high porosity, a large surface
area, and outstanding air and water permeability, thus displaying improved filtration
efficiency and breathability in comparison to non-woven fabrics. BC is also a recyclable
material that can help mitigate the environmental impact of current face masks. The

comprehensive assessment of filtration efficacy and differential pressure drop (indicating
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respiratory comfort) for the fabricated face masks containing BC@CeO2NPs has revealed
outstanding quality factor (QF) results. Consequently, our innovative approach provides a
straightforward and cost-effective technique for manufacturing antimicrobial face masks,

which can also be extended for the fabrication of other medical and cosmetic products

exhibiting dual anti-inflammatory and antibacterial properties, as demonstrated in this study.

2. Results

2.1. Optimization of the reaction conditions of BC@CeO:2NPs synthesis

BC was synthesized under static culture conditions, resulting in the formation of a
cellulose membrane at the interface between the liquid and air, following a procedure similar
to our previous work.[? 8 For the preparation of BC@CeO2NPs, in-situ synthesis of
CeO2NPs within the wet BC matrix was chosen as the method of incorporation. The choice of
in situ chemical deposition over alternative techniques like mechanical blending and physical
incorporation (such as impregnation or electrostatic assembly of pre-synthesized NPs was
motivated by its capability to attain heightened stability and a more uniform dispersion of NPs
within the BC matrix. Although physical loading methods offer easier functionalization
conditions, materials incorporated through these methods tend to shed due to weak
interactions.!*® Furthermore, the use of wet BC enables the incorporation of a larger amount
of metallic precursor due to the higher number of accessible OH™ groups and the subsequent
increase in NP formation.!*8 Figure 1 depicts the steps involved in the preparation of
BC@CeO2NPs. In a typical synthesis, BC membranes harvested after three days of culture
using Komagataeibacter Xylinus (K. Xylinus) were immersed in microwave-oven flasks
containing an aqueous solution of cerium nitrate hexahydrate as the cerium (Ce®") precursor
(10 mM, final concentration). The microwave-assisted reaction was conducted subsequent to
the introduction of aqueous ammonia (NHsOH) as the oxidizing agent (27 mM, final
concentration). Figure S1 and Video S1 shows the images of the resulting BC@CeO2NPs
membranes, which were dried through solvent evaporation at room temperature (BC-RD) or

through freeze-drying by sublimation of the frozen solvent (BC-FD).
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Figure 1. Schematic illustration of the formation of the BC@CeO2NPs membranes with combined antibacterial and
antioxidant activities. A. The synthesis begins with the harvesting of K. Xylinum culture for 3 days to obtain the BC
membrane. B. After cleaning, the membranes are dried via two different methods, namely solvent evaporation at room-
temperature (RD) or freeze-drying by sublimation of the frozen solvent (FD). C. The microwave-assisted in-situ chemical
synthesis of crystalline CeO2NPs covalently linked to the BC structure takes place via incorporation of the Ce®* precursor in
the wet (undried) BC membrane and further pH increase. These results in a stable BC@CeO2NPs membranes that are dried

as in B.

The synthesis of CeO2NPs through the oxidation of a cerium salt (mainly nitrate or
chloride) under basic conditions is well-documented in the literature and it is known to yield
monodisperse small-sized CeO,NPs.[?%1 To determine the optimal conditions for the
preparation of BC@CeO2NPs composites, the factors that may influence the microwave-
assisted synthesis of CeO2NPs were first thoroughly investigated. Our aim was to establish
optimal conditions that would ensure the formation of monodisperse and stable CeO2NPs
without altering the structure of the BC membranes. We investigated the impacts of different
heating rates and reaction times, spanning from 0.1 °C/s to 2.5 °C/s and 1 to 10 minutes
across a range of temperatures (60-180 °C), MW power levels (350-850 W), and stirring

speed (200-600 rpm). A total of 64 samples were generated, and their physicochemical
6
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characteristics were analyzed using a combination of Transmission Electron Microscopy
(TEM), UV-VIS spectroscopy, and Dynamic Light Scattering (DLS) (Figures S2-S3, Table
S1). Our findings indicate that temperature and reaction time are crucial for the optimal
synthesis of CeO2NPs. Specifically, a reaction time of 3 min at 150 °C was identified as the
condition that facilitated a complete reaction of the precursor, resulting in the formation of the
CeO2NPs within the shortest time frame (Figure S2a, c). Significantly, in examining the
impact of temperature, it was observed that temperatures lower than 150 °C did not lead to the
complete conversion of the Ce precursor into CeO2NPs, evidenced by the presence of a peak
around c.a. 260 nm in the UV-VIS spectra, indicating Ce®* absorbance.?'! Conversely, the
highest temperature of 180°C exhibited UV-VIS spectra very similar to those of the synthesis
conducted at 150°C, suggesting that raising the temperature beyond this point had negligible
influence on the resultant CeO2NPs. Conversely, an increased stirring speed had a detrimental
effect on the stability of the CeO2NPs, likely due to excessive energy introduction that led to
particle coalescence (Figure S2b).1?2 On the other hand, MW power (from 350 W onwards)
had minimal to no effect on the synthesis process. Hence, the optimized parameters for
attaining the briefest reaction period and lowering energy usage in the BC@CeO2NPs
synthesis were identified as follows: a reaction time of 3 minutes at 150 °C, attained through a
heating rate of 2 °C/s for 1 min, MW set at 350 W, and an agitation speed of 200 rpm.
Additionally, we investigated the influence of pH (ranging from 8 to 13) by varying the
amounts of precursor and NHsOH. Our results (optimal Ce®*:NH4OH ratio of 1:2.7; pH~11)

align with previously reported findings.¢ 20 231

2.2. Morphology, structural, and physicochemical properties of the BC@CeO2NPs.
Figure 2a illustrates the CeO2NPs synthesized under optimized conditions in BC-RT
membranes, with a mean diameter of 5.45+0.44 as calculated from TEM image analysis
(Figure S3). Unless explicitly specified, all subsequent results presented are based on these
membranes. Figure 2b and c display TEM and SEM images of the pristine BC revealing its
characteristic 3D porous network structure, which has been extensively characterized in
previous studies.? 18 The morphological features of BC@CeO2NPs are depicted in Figure
2d-g. SEM images of BC@CeO2NPs display similar BC fibrils as seen on the surface of the
pure BC film, but with an abundance of CeO>NPs (Figure 2d). The CeO>NPs appear as
brighter spots, forming a denser network structure within the membranes. This confirms that
the nanometer-sized BC fibers, interconnecting to form a finely woven porous structure,

facilitate the even diffusion of Ce®* ions throughout the BC matrix. Moreover, line scan
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analysis of Ce obtained from SEM images across a large area reveals no significant gradients,
indicating the homogeneous distribution of CeO2NPs on the BC (Figure 2e). TEM images
(Figure 2f-g) show that CeO2NPs are located on the BC fibrils, covering them entirely, with
no CeO2NPs observed within the pores. This affirms the initiation of CeO2NPs on the
hydroxyl moieties of bacterial cellulose, aligning with a comparable mechanism documented
for different inorganic NPs.I*® 241 The process is akin to the one detailed by Karakoti et al. for
creating CeO2NPs on diverse hydroxylated polymer interfaces.?® This process involves the
anchoring and stabilization of Ce3* ions by the high density of hydroxyl groups on the BC
fibrils, which undergo hydrolysis and oxidation to form CeO2NPs due to the pH increase
resulting from the addition of ammonia. Analysis of the HR-TEM image reveals the presence
of (111) planes of face-centered cubic (FCC) CeO2 (Figure 2g, inset), and the indexed
electron diffraction pattern recorded in selected area mode (SAED in Figure 2g, inset)
demonstrates the FCC lattice structure corresponding to crystalline CeO2NPs within the

nanocomposites.
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Figure 2. Morphology and surface properties of the BC@CeO,NPs. A. TEM images of the CeO,NPs
synthesized under optimized conditions, displaying the (111) planes of the face-centered cubic CeO, phase
(inset). B-C. SEM and TEM images, respectively, of the pristine BC. D. SEM image at the same magnification
as B, showing BC@CeO,NPs, where CeO,NPs can be observed as brighter spots crowding the surface of the BC
membranes. E. SEM image of a larger area of BC@CeO2NPs and line scan analysis, demonstrating the
ubiquitous presence of Ce. F-G. TEM images at different magnifications, revealing CeO.NPs covering the entire
BC structure with no CeO2NPs observed within the pores. Insets correspond to the analysis of the HR-TEM

image, showing the (111) planes of the face-centered cubic CeO; phase, as well as the indexed electron
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diffraction pattern recorded in selected area mode (SAED), demonstrating the FCC lattice structure. For clarity,
the blue frame represents the characterization of CeO,;NPs and BC controls, while the red and green squares
indicate SEM and TEM analysis of BC@CeO;NPs, respectively.

To gain a deeper understanding of the integration of CeO2NPs on the BC surface,
elemental mapping for Ce and O was performed on a large area of the BC@CeO>NPs sample.
Fig. 3a displays the elemental mapping of Ce obtained from STEM images, confirming the
highly uniform distribution of CeO2NPs within the BC structure. The semi-quantitative
determination of the Ce/O ratios through EDS analysis is also consistent across both large and
small areas of analysis (Figure 2e and 3b). The presence of CeO is further supported by the
appearance of characteristic emission lines of Ce at 4.55 keV (Ce La)) and 5.26 keV (Ce L)
in the EDS spectra (Figure 3b). Furthermore, the physicochemical properties of
BC@CeO2NPs were investigated through a combination of XRD, XPS, FT-IR, and BET
analyses (Figure 3c-f, Figure S4). The XRD patterns of the as-synthesized CeO2NPs and the
BC@CeO2NPs (Figure 3c) demonstrate the maintenance of CeO particle size and
crystallinity. The diffraction peaks corresponding to the (111), (200), (220), and (311) planes
of the fluorite (cubic) CeO> phase (JCPDS No 34-0394), observed at 28.6°, 33.1°, 47.5°, and
56.3°, respectively, are evident in the BC@CeO2NPs. However, their intensity is reduced due
to the interactions between CeO> and the BC matrix, and other less intense peaks at higher 26
degrees are barely or not visible. This diminished visibility is likely due to the relatively
modest quantity of CeO2NPs present within the composite compared to the mass of BC..
Furthermore, the crystalline sizes of the as-synthesized CeO2NPs (6.91 nm) and those in the
BC (6.59 nm), calculated using Scherrer’s formula from the XRD data by considering the Full
Width at Medium Height of the CeO, (111) reflection, align with the values obtained from
TEM analysis (Figure S3). The slightly reduced mean crystallite size of CeO2NPs in the BC,
as observed from the width of the 28.6° peak (Figure 3c, inset), suggests that the BC may
have served as a template for increased CeO2 nucleation.[*® In addition, the two prominent
reflections that are characteristic of the ordered structure of the I polymorphs of bacterial
cellulose, with intensity peaks at 20 regions of 14.5° and 22.7° are also observed. These
correspond to the diffraction planes of (101) and (002) of crystalline cellulose (JCPDS No
03-0829).

10
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Figure 3. Structural properties, CeO2NPs impregnation control and stability of the BC@CeO:NPs. A. SEM
image of BC@CeO;NPs with corresponding overlapping elemental maps of Ce and O. B. EDS spectrum. C.
XRD patterns of CeO,NPs and BC@CeO,NPs. D. XPS survey scan and E. Ce 3d core-level spectra of CeO,NPs
in the BC. F. FT-IR spectra of BC and BC@CeO,NPs. G. TGA of BC membranes and BC@CeO,NPs
synthesized with increasing amounts of Ce precursor (from 0.1 to 10 mM) resulting in higher percentages of
stable inorganic residues (from 5.68% to 43.05%) . H. TGA of BC@CeO;NPs after undergoing 15 washing
cycles. In G and H the gradient of red color gradually progressing from lighter tones to darker hues indicates the

progression from lower to higher values.
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Additionaly, the FTIR spectra of pristine BC and BC@CeO2NPs (Figure 3f) reveal
comparable distinct peaks. This suggests that the development of CeO2NPs did not bring
about any modifications to the inherent structure of the BC membranes. The prominent peak
at 3200-3600 cm™ is associated to the O—H stretching vibration, and other peaks correspond
to the C—H stretching vibration (2800-3000 cm™), carbonyl (C=0) stretching vibration (1640
cm™1), and C—O stretching vibration (1050-1150 cm™). These stretching vibrations are
slightly weaker in the case of BC@CeO:NPs due to the presence of NPs on the BC surface.
Furthermore, BET measurements confirm the presence of CeO2NPs within the BC matrix, as
evidenced by a decrease in the mean pore width of BC@CeO2NPs (5 nm) compared to
pristine BC (29 nm), leading to an increased surface area (Figure S4).

To investigate the chemical state and oxidation state of the CeO>NPs on the BC surface,
the Ce 3d core level region of the XPS spectra was analyzed (Figure 3e). The Ce 3d peak is
complex due to its associated peak structure. It consists of two groups of peaks corresponding
to the 3d5/2 and 3d3/2 spin orbitals, along with a satellite peak at 916.51 eV that serves as a
fingerprint of Ce** compounds.[® 261 One group of peaks at 882 eV corresponds to the 3d5/2
orbital, while another group at 901 eV corresponds to the 3d3/2 orbital. The asymmetric
nature of these peaks is attributed to a mixture of Ce®* and Ce** states in the CeO2NPs
structure,® 271 with the peaks labeled as vo, v’, v>*, v>** (in blue) associated with Ce®* and the
peaks labeled as uo, u’, u’’, u”>’, u’”>>’, u’””>>* (in yellow) associated with Ce** oxidation states.
Based on non-linear least squares fitting, the relative content of Ce3* and Ce** is determined
to be 31.89% and 68.11%, respectively, resulting in a Ce**/Ce** ratio of 0.47. Additionally,
the survey plot (Figure 3d) displays the presence of the three main elements (O, Ce, and C),
with the dominant peak observed at 530 eV (O 1s core level), indicating the lattice of metal

oxides such as CeO..

2.3. Stability and impregnation control of CeO2NPs in the BC@CeO2NPs

TGA, a widely utilized method for determining the thermal properties of BC, was also
employed to investigate the incorporation of CeO2NPs in BC and their stability during
washing cycles (Figure 3 g-h). In the initial experiments, nine BC@CeO2NPs membranes
were prepared with increasing concentrations of the Ce precursor from 0.1 to 10 mM while
maintaining a Ce(NO3)3:NH4OH ratio of 1:3. The TGA curves of these samples were
compared with that of pristine BC. The weight loss curve of the pristine BC control sample in
the air follows the characteristic pattern observed in BC films. It exhibits three distinct

regions. Firstly, a slight weight loss at around 30-180 °C, which is associated with water
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vaporization and the decomposition of proteins and volatile impurities?! (approximately 4%
in our BC films). Secondly, a sharp decrease in weight loss between 180-360 °C indicates the
main stage of BC pyrolysis, resulting from cellulose decomposition, including simultaneous
dehydration, depolymerization, and decomposition of polysaccharide monomeric units.
Finally, from 360-500 °C, complete BC pyrolysis occurs, where the monomeric products
formed in the second stage degrade in an oxygen-containing atmosphere, leaving behind
residual non-volatile products, % which account for 2.01% of our pristine BC sample.

A similar trend, with some variations, is observed in the TGA curves of the
BC@CeO2NPs samples after the organic component has completely volatilized (Figure 3g).
In these cases, the increased concentration of the initial Ce precursor leads to higher
percentages of stable inorganic residues, ranging from 5.68% to as high as 43.05%. Taking
the 2.01% as residues coming from BC (indicated by the yellow line in Figure 3g), the mass
fraction of CeO2NPs in the different samples is calculated to range from 3.67% to 41.04%,
with increasing Ce®" precursor concentration (from 0.1 to 10 mM). TEM images support this
observation, showing that the amount of CeO2NPs in the BC fibers progressively increases
with higher precursor amounts (Figure S5). These findings illustrate that our microwave-
assisted synthesis methodology permits the fabrication of BC@CeO2NPs composites
featuring a controllable quantity of CeO.NPs. Additionally, it is noteworthy that the intense
decomposition process (first stage of pyrolysis) shifted to lower temperatures as the amount of
CeO2NPs in the BC increased. This can be attributed to the catalytic activity of CeO2NPs in
the decomposition of various organic compounds,?? indicating that this activity is maintained
in the BC@CeO2NPs. Importantly, after the post-synthesis washing process, which removes
non-attached CeO2NPs from the BC@CeO2NPs composites, subsequent washes had minimal
impact on the amount of NPs even after 15 laundry cycles. The TGA plots (Figure 3h) show
less than 5% leaching of Ce ions or CeO2NPs, indicating that the microwave-assisted in-situ
chemical synthesis ensures excellent stability of the CeO2NPs on the surface of the BC

membranes.

2.4. Antibacterial and ROS-Scavenging activity of BC@CeO2NPs

Bioactive multifunctional antibacterial and antioxidant properties of the synthesized
BC@CeO2NPs are shown in Figure 4 and Figure S6-7. First, a quantitative assessment of
the impact of BC@CeO2NPs on bacterial growth kinetics was conducted by incubating them
with three distinct strains: Escherichia coli and Pseudomonas aeruginosa (E. coli and P.

aeruginosa, both gram-negative bacteria), and Staphylococcus aureus (S. aureus, gram-
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positive bacteria). This was followed by optical density spectrophotometric measurements at
600 nm (ODeno) of the culture medium (Figure 4a). After incubation with circular cutouts
(d=1.5 cm) of BC@CeO2NPs membranes containing c.a. 20% CeO- (w/w) as determined by
TGA analysis, bacteria were almost undetectable. The antibacterial rate of the BC@CeO2NPs
to E. coli, P. Aeruginosa and S. aureus was over 99% in all cases (Figure 4b). Analysis of the
curves revealed lack of exponential (log) phase in any of the strains, signifying almost
complete inhibition of bacterial cell growth, thus showing the significant broad-spectrum
antibacterial activity of the composite (Figure 4c). Control experiments involving bacteria
exposed to CeO2NPs, synthesized using the microwave-assisted technique, were executed at a
concentration of 1 mg/mL. This specific concentration has been acknowledged in previous
research for its antibacterial attributes’® 7® %% and is even lower than the computed amount
present in the BC@CeO2NPs (as indicated in Figure S6). In the case of CeO2 nanoparticles, a
growth inhibition c.a. 85-95% was attained upon incubation with the three bacterial strains
(Figure 4c). Another set of experiments involving bacteria exposed to pristine BC showed no
inhibition of bacterial growth (Figure S8).

14
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Figure 4. A. Schematic illustration of the antibacterial experiments with BC@CeO,NPs membranes. Growth
inhibition of E. coli, S. aureus, and P. aeruginosa by CeO,;NPs and BC@CeO,NPs (content of CeO, c.a. 20%
(w/w)) was measured by optical density at 600 nm (ODego) at various time points and the inhibition rate was
calculated respect to controls. B. Antibacterial rates calculated at the 16-hour mark for the CeO,NPs and

BC@CeO;NPs. C. The ODgoo measurements at different time points. D. Cell viability in A549 cells incubated
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with CeO,NPs (50 pg/mL) synthesized through the microwave-assisted method and BC@CeO,NPs containing
c.a.12%, 20% and 29% of CeO,. Values are the mean of three independent experiments, with error bars
representing the standard deviation; *p < 0.05 compared with control. E. Flow cytometric analysis of reactive
oxygen species (ROS) generation using DCFH-DA fluoroprobe in A549 and corresponding representative images
of the immunofluorescence staining of A549 cells. Decreased diffused green fluorescence is visible in all cases
compared with cells treated with H,O,. Scale bar 200 um.

The biocompatibility and ROS-scavenging properties in A549 cell line of CeO2NPs
synthesized through the microwave-assisted method and BC@CeO2NPs were assessed with
MTS and DCFH-DA assays, respectively. For these experiments, CeO2NPs were employed
at a concentration of 50 pug of CeO2/mL, since higher concentrations displayed toxic
effects (Figure S7), which is in line with the literature.[5 31 Different BC@CeO2NPs
containing 12%, 20% and 29% of CeO> were also used. Figure 4d illustrates that both the
CeO2NPs and the BC@CeO2NPs loaded with 12% and 20% CeO, demonstrated similar cell
viability compared to the control group, indicating their excellent biocompatibility. However,
in the case of the sample loaded with 29% CeO2NPs, although cell viability remains around
90% compared to the control, it is statistically lower. Therefore, the loading amount of 20%
CeO> was chosen for the antibacterial experiments and the development of face mask
prototypes based on BC@CeO2NPs membranes. Regarding the analysis of the ROS-
scavenging properties (Figure 4e), flow cytometric analysis of ROS generation using
DCFH-DA fluoroprobe showed that H2O: treated cells experienced a 50.2% increase
in ROS generation with respect to untreated cells. Cells were further incubated 24
hours with CeO2NPs and the different BC@CeO2NPs. In this instances, increased ROS
generation was only 8.9% in the case of CeO2NPs and, 13.5%, 13.9% and 9.3% in the
case of BC@CeO2NPs containing 12%, 20% and 29% of CeO; respectively. This
represents a 82.3% decrease with respect to H20>-treated cells in the case of CeO2NPs,
and 73.1%, 73.3% and 81.5% in the case of the differently loaded BC@CeO2NPs,
indicating that CeO2NPs effectively protect cells from oxidative damage and that this property
is maintained in the composites.

These results attributed to the BC@CeO2NPs membrane promising potential for
applications such as the fabrication of medical dressings with dual antioxidant and
antibacterial properties. The antibacteriall”l and antiviral® attributes of CeO2NPs have been
substantiated in various studies. Noteworthy, the precise antibacterial mechanism of CeO2NPs
remains a topic of contention, and a uniform agreement is elusive across the range of

investigations. For example, different studies have highlighted that the antibacterial efficacy
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of CeO2NPs is intensified when the NPs carry a positive charge.[’® 32 This may be due to the
advantageous electrostatic attraction towards the negatively charged cell membranes of both
gram-negative and gram-positive bacteria. However, the CeO2NPs produced using our
method exhibit negatively charged surfaces, reflected by a Z-potential of -31 mV at a pH of 7.
Other investigations propose that in the presence of oxygen, Ce** has the capacity to catalyze
the generation of reactive oxygen species (ROS), such as superoxide radicals (O2), hydrogen
peroxide (H20>), and hydroxyl radicals (-OH). These ROS subsequently act upon cellular
elements such as lipids, proteins, and DNA, leading to the disruption of critical cellular
functions.["l However, few studies have attempted to elucidate how CeO,NPs exhibit such
pro-oxidant traits in conjunction with the robust antioxidant and anti-inflammatory properties
in human cells and model animals by mimicking the activity of several key endogenous
enzymes, e.g. superoxide dismutase (SOD),I*¥l and catalase.[** The distinct feature of rare
earth elements, like Ce, is the presence of 4f orbitals shielded by 4d and 5p orbitals
which implies that the 4f electrons are weakly bound to the nucleus and allows for the
coexistence of both Ce®*" and Ce** ions on their surface.[®™ This enables the formation
and occupation of oxygen vacancies, acting CeO as electron donor or acceptor!®! and
making CeO: an effective catalyst for both oxidation and reduction reactions. Thus,
CeO: has been described as “redox-buffer”,[°’! and along with the low reduction
potential of CeO: allows the maintenance of the redox balance of cells or tissues by
scavenging free radicals only when they are in excess [°* 3% therefore enabling the
widely reported beneficial anti-inflammatory and antioxidant activities for the prevention and
treatment of many diseases associated with chronic inflammation.[®3 Accordingly, some
researchers suggest that the mixed-valence and ROS buffering features of CeO2NPs may
disrupt the electron flow and respiration of bacteria upon adsorption onto the bacterial cell

membrane where the respiration-related electron transport chain occurs. !

2.5. Fabrication of BC@CeO2NPs-functionalized filter layers

To explore the effectiveness of applying the developed BC@CeO2NPs in commercial
products, we proceeded to develop various filter layers and prototypes of face masks and
subsequently evaluated their antibacterial properties (Figures 5-6 and Fig S6). Different
techniques for functionalizing face masks have been described in previous studies, such as
coating the mask with functional materials or incorporating a layer of functional material
between the inner and outer layers.* In our approach, we initially prepared single layers of

cotton or non-woven polypropylene (PP) that were crosslinked with BC@CeO2NPs (referred
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to as Cotton@BC@CeO,NPs and PP@BC@CeO2NPs). To fabricate these filter mask layers,
BC was generated in situ on PP or cotton films by incubating them with K. Xylinum under the
conditions described earlier. This resulted in strong van der Waals and hydrogen bonding
interactions between BC and the PP or cotton fibers, forming stable composites as previously
reported for BC crosslinked with PP, cotton, microcrystalline cellulose, and graphene oxide,
among others.*® The PP@BC and cotton@BC layers were further purified and placed in MW
tubes, where Ce(NOz3)3-6H20 and NH4sOH were added for the microwave-assisted synthesis
of BC@CeO2NPs, following the procedures outlined in this study, resulting in the final
PP/Cotton@BC@CeO2NPs layers. The thickness of the bacterial cellulose (BC) membrane
can be modulated by the duration of cultivation. In our instance, with a cultivation period of 5
days, the BC@CeO2NPs membranes possessed a thickness of c.a. 100 um. For comparison,
the middle melt-blown filtration layer found in KN95 and analogous respirator masks
typically ranges from 100 to 500 pm.!

Figure 5a-d display STEM photographs and corresponding elemental mapping of Ce
and O, clearly showing the BC membranes incorporating CeO2NPs covering micrometric
fibers of either PP or cotton. The presence of CeOz is further supported by the appearance of
characteristic emission lines of Ce at 4.55 keV (Ce La) and 5.26 keV (Ce L) in the EDS
spectra (Figure 5b, d). Based on the TGA results (Figure 5f), the amount of CeO2NPs in the
fabrics is similar to that in the BC@CeO- synthesis. Specifically, using the same
concentration of reagents to obtain approximately 20% CeO., it was calculated to be 17.2%
for the BC@CeO2 composite, 15.5% for Cotton@BC@CeO2NPs, and 14.0% for
PP@BC@CeO2NPs. This slight decrease can be attributed to the reduction in the number of
OH- reactive sites of the BC when adhered to the PP or cotton.
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Figure 5. Characterization and antibacterial activity of PP@BC@CeO,NPs and Cotton@BC@CeO,NPs filter
layers. A. SEM image of the PP@BC@CeO,NPs with corresponding overlapping and elemental maps of Ce and
O. B. EDS spectrum corresponding to the STEM image analysis shown in A. C. STEM image of
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Cotton@BC@CeO,NPs with corresponding overlapping and elemental maps of Ce and O. D. EDS spectrum
corresponding to the SEM image analysis shown in C. E. Antibacterial rates calculated at 16 hour of incubation
with E. coli, S. aureus, and P. aeruginosa measured by optical density at 600 nm (ODeqo) for the various materials
BC@CeO,NPs undried (UD), dried at room temperature (RD), freeze-dried (FD) in red, the resulting
PP@BC@CeO:NPs in blue, and Cotton@BC@CeO:NPs in green. F. TGA analysis of the BC@CeO;NPs
membrane and PP/Cotton@BC@CeO2NPs layer showing similar CeO2NPs content..

2.6. Antibacterial properties and Stability of filter layers prepared by different drying
methods

Figure 5e shows the rate of E. coli, P. Aeruginosa and S. Aureus inhibition when the bacteria
were incubated with different filter layers following the ODsgonm spectrophotometric
measurements as described previously for BC@CeO2NPs. For these experiments, we aimed
to compare the antibacterial efficiency of the BC@CeO2NPs dried by solvent evaporation at
RT (BC(RD)@CeO2NPs), as shown in Figure 4b, against the undried (wet) material
(BC(UD), considering that moist conditions could promote bacterial growth of bacteria.
Furthermore, a comparison was conducted between BC@CeO2NPs subjected to freeze-drying
(BC(FD)@CeO2NPs) and the undried version, aiming to ascertain if the preparation
procedure exerts an influence on the antibacterial attributes of BC@CeO2NPs. Subsequently,
several filter layers of PP/Cotton@BC@CeO2NPs were also prepared using differently dried
or undried BC@CeO2NPs membranes and also tested and compared. In all instances,
antibacterial rates of >95% were achieved (Figure 5e) showing the highly antibacterial
efficiency of BC@CeO2NPs is maintained in the filter layers. Further, the agar zone of the
inhibition test was applied to the various BC@CeO2NPs membranes and
PP/Cotton@BC@CeO2NPs at different levels of wetness (0-100%). This test provides a cost-
effective, swift, and straightforward qualitative approach that manufacturers of antimicrobial
surfaces utilize to compare their products’ inhibition capacities. It enabled us to assess 60
samples of different membranes and layers with varying wetness degrees across the three
bacterial strains. This was instrumental in investigating if film persistent wetness (potentially
caused by factors such as respiration) could destabilize the BC@CeO2NPs structure. The zone
of inhibition area, although present, is expected to be significantly reduced if the antimicrobial
agent is covalently attached to materials like textiles or polymers.[*® The zones of inhibition
around the samples of BC@CeO2NPs, PP@BC@CeO2NPs, and Cotton@BC@CeO2NPs with
varying degrees of wetness are depicted in Figure 6. The average diameters of the inhibition
zones of the different materials and membranes are recorded in Tables S2-S5. Similar to the

optical density measurements, the average diameters for the BC@CeO2NPs controls and filter
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layers are comparable, with values around 5-7 mm. These results affirm that, while some
inhibition occurs around the samples, negligible or no CeO2NPs leak from the BC structure
into the agar medium. This also substantiates the high stability of the CeO>NPs within the BC

structure, regardless of the wetness degree, confirming TGA results.
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Figure 6. The inhibition zone of BC@CeO:NPs (in red), PP@BC@CeO,NPs (in blue), and
Cotton@BC@CeO;NPs (in yellow) against E. coli, S. aureus, and P. aeruginosa (n=3). BC@CeO;NPs
membranes and filter layers were tested as undried material or dried either at room temperature (RD) or freeze-
dried (FD). For this two latter, the tests were performed with varying degrees of wetness (0-100%) and images
correspond to 100% degree. It can be observed that low antibacterial effect is shown in all cases due to the strong

attachment of the CeO2NPs to the fabrics even at high-wetted conditions.

2.7. Face masks incorporating PP@BC@CeO:2NPs and PP@BC@CeO:2NPs filter layers:
Filtration Efficiency, Inhalation Resistance, and Resulting Filter Quality Factors

Face mask prototypes were created by adding a second layer of non-woven, skin-friendly PP.
Figure 7a depicts a schematic of the final face mask prototypes, and Figure 7b, d, e, and g
display images of the masks along with SEM photographs of Cotton@BC@CeO,NPs and
PP@BC@CeO2NPs filter layers at different magnifications. It can be seen that the
morphology of the filter layers is maintained in the face mask prototypes and that the BC
membranes incorporating CeO2NPs are clearly covering the spaces between the micrometric
fibers of PP or cotton. To evaluate the performance of our face mask prototypes, we assessed
the filtration efficiency (FE) and breathability, while other important parameters such as fit
and seal properties, flammability, and shelf life are beyond the scope of this research report
and should be considered in later stages of product development. Likewise, the antioxidant
properties of CeO2NPs might hold greater relevance in alternative medical dressings like
bandages or wound dressings, offering skin care protection, such as aiding in the recovery
from skin burns, and have not been investigated in the face mask prototypes. The
PP@BC@CeO2NPs layer showed a differential pressure (AP) of 8.1 Pa after production,
which increased to 25.2 Pa after 24 h of use (Figure 7c). When the additional PP layer was
added, the face mask exhibited similar AP values after 24 h of use. In the case of the
Cotton@BC@CeO2NPs layer, these values were even lower (AP = 1.4 Pa) after production
and increased to 4.7 Pa after 24 h of use. With the additional absorbent PP layer, the AP
values ranged from 4.6 Pa to 11.1 Pa after 24 h of use (Figure 7f). Comparable values were
obtained for the PP or cotton layer controls (data not shown), which are typically reported in
the literature.[*Y] These results suggest that the BC@CeO2NPs fibers do not compromise
comfortable breathability due to their high porosity. Furthermore, the FE values for all tested
materials were around 70% for 0.3 pm particles, which remained consistent over the
following 24 h (Figure 7c, f). This indicates an enhanced FE compared to cotton and PP

layers (Table 1),[**421 probably due to the smaller mesh-size provided by the BC structure.
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Additionally, for all evaluated masks, the FE was consistently reported as approximately

100% for larger particles (>3 um; data not shown).
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Figure 7 A. Schematic illustration of the face mask prototypes. B and E. Images of the PP/Cotton@BC@CeO;NPs
layer in the face mask prototype. C and F. Differential pressure (AP) and Filtration Efficiency (FE) for 0.3 um
particles over 24 h of the PP/Cotton@BC@CeO,NPs layer alone and with the additional skin-friendly PP layer. D
and G. SEM photographs of the PP/Cotton@BC@CeO;NPs layer at different magnifications.

In order to function effectively, a face mask should provide an unimpeded breathing
experience for the user while concurrently filtering out particulates; however, these
characteristics of filtration efficiency and breathability are somewhat diametrically opposed.
The distinction between respirator masks and surgical masks offers a paradigmatic illustration
of this dichotomy. Respirator masks, such as the KN95 model, are typically comprised of four
layers: an external hydrophobic layer designed to filter 0.5 um particles, an inner absorbent
layer commonly made of non-woven materials like PP or analogous synthetic
nonbiodegradable polymers, and two central layers — one imbued with activated carbon for
chemical filtration, and another of cotton for additional particulate filtering. This design
provides a filtration efficacy of at least 95% for particles measuring 0.3 pm, conforming to
the face for a secure fit.57® 422 431 However, the differential pressure (AP) can reach as high as
343 Pa, which is the maximum AP permissible for an N95 respirator.’**] On the other hand,
ASTM F2100, a standard specification for performance materials in medical face masks,
posits that for adequate breathability in surgical masks used by healthcare professionals, the
maximal allowable AP is 58.8 Pa (6 mmH20) and the WHO states that Acceptable
breathability of a medical mask should be below 49 Pa and below 100 Pa for non-medical
masks.*] Single-use surgical masks, which are the most ubiquitous, afford a looser fit and are
primarily engineered to obstruct large respiratory droplets. They deliver a filtration efficiency
exceeding 98% for 3.0 um particles (x), although the efficiency rates for smaller particles
fluctuate and are generally lower (between 30—-70%).[*¢1 Such masks usually consist of three
layers: a filter layer sandwiched between two layers of non-woven fabric. A comprehensive
elucidation regarding the maximum AP as outlined by various standards, as well as approval
requirements and usage, can be gleaned from works such as those by Zhao et al.[** and

Kwong et al.[*®l and summarized in Table 1.
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Table 1. Comparison of the filter layers and face masks developed in this work with
commercially available materials, surgical masks and respirators (data obtained from
Zangmeister et al.[*?4 and the WHO.[*!

Material Structure AP (Pa) FEmin (%) QF (kPa?)
Cotton plain weave 1137 11.7 1.1
apparel fabric
Cotton plain weave 28.4 7.1 2.6
bandana
Cotton poplin weave 32.8 13.3 6.2
Cellulose Bonded 19 20 5.1
Nylon plain weave 55.8 10.9 2.1
apparel wool
Polyester poplin weave 103.9 214 23
apparel fabric
Spunbound
Polypropylene Nonwoven) 1.6 6 16.9
HEPA filter multi-layer 54.9 94.4 50.2
N95 fabric multi-layer 228.3 86.0 8.6
N95 mask multi-layer 79.4 99.9 86.9
Surgical mask multi-layer 32.8 30.6 11.1
This work:
PP: spunbound
PP@BC@CeO; layer nonwoven 8.1 67.4 138.6
PP@BC@CeO, mask PP: spunbound 157 68.4 73.4
nonwoven
Cotton@BC@CeO; layer Cotton: plain weave 4.7 66.1 230.0
Cotton@BC@CeO, mask Cotton: plain weave 111 68.3 103.4

Table 1. Filtration efficiency (FE), differential pressure (AP) and quality factor (QF) for cloth and synthetic
materials used in masks intended for protection from the SARS-CoV-2 virus, and polypropylene-based fiber
filter materials including N95 respirators and surgical masks, and comparison with the filter layers and mask
developed in this study. Measurements were performed by Zangmeister et al.[*?d and references therein where
materials were tested against 50 and 825 nm particle mobility diameters of NaCl aerosol, and the WHO and
references therein, %l

Given that PP is acknowledged for facilitating relatively effective breathability and
cotton masks tend to surpass PP masks in this regard, we used and compared both materials in
our mask prototypes. The resultant AP values for both materials fall comfortably below the
specified limits, suggesting good breathability. When these values are coupled with their
respective FE values, the quality factor (QF) of our mask prototypes consistently exceeds 100
(Table 1), which is markedly higher than what is typically reported in the literature. QF is a
relative measure used to assess the overall performance of a filter through the amalgamation
of its FE and AP at different time points. This measure is typically calculated in line with
recommendations from the World Health Organization (WHO), 42 %%] 3s follows:

P —In (1 — FEmin/100)
AP
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Hence, when observations are made at comparable flow rates, a higher QF signifies
superior performance. There has been an exponential surge in research on the QF of fabric
and face masks during the COVID-19 pandemic. For instance, a comprehensive study
examining the FE and AP of 40 different face mask materials aimed at providing protection
against the SARS-COV-2 virus found the highest QF to be attributed to the multilayer N95
face mask (approximately 100), with only four materials exhibiting a QF exceeding 10.
Interestingly, the study also highlighted that two of the top-performing materials in terms of
QF demonstrated a low FEmin and AP, a characteristic comparable to the conditions exhibited
by the PP/Cotton@BC@CeO2NPs layers and face masks produced in this study. For context,
the WHO recommendation according to expert consensus during the COVID-19 pandemic
endorsed the use of face masks with a QF > 3.[4°]

3. Conclusions

In summary, highly stable BC@CeO2NPs have been synthesized, the optimal conditions for
their preparation have been determined, and the composites showed high antibacterial activity
against both gram-positive and gram-negative bacteria and antioxidant properties. Numerous
investigations have corroborated either the antibacterial or antioxidant capabilities of
CeO2NPs, yet only a limited number have addressed both attributes concurrently. The
mechanism underlying the potential for both pro-oxidant and antioxidant activities has been a
subject of discussion. Remarkably, no wound dressings on the market offer combined
antibacterial and anti-inflammatory activity. Thus, our research could serve as a proof-of-
concept for the future development of cosmetic and medical fabrics, particularly for areas
where infections and inflammation frequently coexist, such as in the case of burn skin
infections. Moreover, the synthesized BC@CeO2NPs composite has been used to create new
filter layers and antimicrobial face masks that surpass commercially available face masks and
mask respirators combining breathability and filtration efficiency values, as a demonstration
of how these membranes can be practically used and incorporated into commercially
marketed products. In line with the eco-research community’s call to adhere to the 3-‘Rs’:
Regulate (life-cycle assessment of manufacture processes, disposal, and sanitization), Reuse,
and Replace (transitioning from nonbiodegradable to degradable materials), our
BC@CeO2NPs presents as an eco-friendly, biodegradable compound that could reduce the
use of nonbiodegradable materials in face masks and enable mask reusability, as demonstrated
in this study.
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4. Experimental Section

4.1. Materials: Bacterial strains Komagataeibacter Xylinus (BNCC-JCM9730), also known as
Gluconacetobacter xylinus, Staphylococcus aureus (BNCC186335), Escherichia coli
(BNCC371833) and Pseudomonas aeruginosa (BNCC337005) were procured from BeNa
Culture Collection, Xinyang City, Henan Province, China. Unless stated otherwise all
chemicals and reagents were purchased from Sigma-Aldrich and used as received. For the
production of bacterial cellulose (BC), glucose, peptone, yeast extract, agar, Sodium
hydroxide (NaOH), Sodium dihydrogen phosphate dodecahydrate (Na2HPO4-12H20) and
citric acid monohydrate were employed. For the synthesis of the CeO2NPs, Cerium (I11)
nitrate hexahydrate (Ce(NOz3)3-6H20) and Ammonium hydroxide (NH4sOH) were used. For
the preparation of the face masks, non-woven polypropylene (PP) and cotton films were
supplied by Jiangmen Sure&Me Medical Product Co., Ltd (Jiangmen, China). For cell in-
vitro assays, A549 cells were obtained from Shanghai Fuheng Biotechnology Co., Ltd
and Dulbecco’s Modified Eagle Medium, Foetal Bovine Serum, streptomycin and
penicillin were purchased from Sigma-Aldrich. DCFH-DA assay employing 2',7'-
Dichlorofluorescein diacetate cell-permeable redox probe was also used to evaluate the
ROS-scavenging properties of the CeO2NPs synthesized using the optimized microwave-
assisted method.

4.2. Production of Bacterial Cellulose (BC): K. xylinus was cultured in a medium consisting
of 2% glucose, 0.5% yeast extract, 0.5% yeast peptone, 0.115% anhydrous citric acid, 0.68%
NaxHPO4-12H,0 and 1.5% agar and the preparation of BC films was carried out following
our previous work.!> 18 In a typical procedure, 150 pL of K. xylinus was evenly spread on the
agar medium and incubated for 48 hours at 28 °C. The K. xylinus colony was subsequently
transferred to 3 mL of culture medium and incubated for 3 days at 28 °C. After this incubation
time, a cellulose film was collected from the air/liquid interface and cleaned. The cleaning
process proceeded as follows: initially, BC membranes were transferred to deionized water
and boiled for 40 minutes. Subsequently, the membranes were immersed in a solution of 0.1
M NaOH and heated at 90°C for 20 minutes, a cycle repeated four times. Finally,the

membranes were neutralized by washing them with deionized water.

4.3. Synthesis of BC@CeO2NPs composites and CeO2NPs: BC@CeO2NPs were synthesized

via in-situ chemical deposition of Ce3* precursor in the highly hydroxylated structure of the
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BC and the subsequent formation of CeO2NPs under microwave irradiation. Microwave
experiments were carried out using a Monowave 400/500 (Anton Paar). In a typical synthesis,
BC membranes harvested after three days of culture using K. Xylinum were first immersed for
30 min in microwave-oven flasks containing 9.73 mL of an aqueous solution of
Ce(NO3)3-6H20 (10 mM) to ensure a homogeneous distribution of the precursor inside the
cellulose network. Following this, NH4OH was added to achieve a final concentration of 27
mM (using 270 pL from a 1M stock solution) as the oxidizing reagent. The mixture
underwent heating at a rate of 2 °C/s for 1 minute with stirring at 200 rpm in the microwave
reactor, utilizing a maximum power of 350W. Subsequently, the mixture was maintained at
150°C for 3 minutes, maintaining the same stirring rate and microwave power. Temperature
and pressure were monitored using a volume-independent infrared sensor. Subsequently, the
solution underwent an automatic cooling process to 50 °C using facilitated by compressed
nitrogen for approximately 3 minutes. BC@CeO2NPs films underwent a cleaning procedure
in a 10 mL ethanol bath, followed by a 3-minute sonication and subsequent washing with
distilled water until neutral pH was achieved. CeO2NPs that were not incorporated in the BC
structure were separated via centrifugation at 12000 rpm for 10 minutes. The prepared
BC@CeO2NPs nanocomposites were stored in deionized water for subsequent
characterization. In the experiments detailed in this study, the BC@CeO,NPs membranes
were dried employing two different methods: solvent evaporation at room temperature (BC-
RD) and freeze-drying (BC-FD). CeO2NPs were synthesized under identical conditions in

absence of BC.

4.4. Characterization techniques: The synthesized BC, CeO2NPs, and BC@CeO2NPs
composite were visualized using a high-resolution transmission electron microscopy (HR-
TEM, FEI Talos, F200s). 40 pL of the colloidal solutions were drop-casted onto a carbon
coated 200 mesh copper grid and allowed to dry at room temperature. Particle size
distribution was measured using Image J Analysis software. The morphology of both BC and
BC@CeO2NPs nanocomposites was observed using a JEOL, JSM-5600LV scanning electron
microscope with an acceleration voltage of 15 kV. Hydrodynamic diameters were determined
with Dynamic Light Scattering (DLS, Nanotrac wave Il, Macchique, USA) with a light source
wavelength of 532 nm and fixed scattering angle of 173°. Measurements were conducted in 1

cm path cell, and three independent measures were conducted.
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The crystallinity and structural phase of the BC, CeO2NPs, and BC@CeO>NPs were analyzed
using X-ray diffraction analysis (Rigaku SmartLab SE diffractometer, Tokyo, Japan) using Cu
Ka (A =0.15418 nm) in the range of 26 = 5—90° with an increment of 0.02°. The Fourier-
Transform Infrared (FT-IR) spectra were recorded with a Niolet iN10 (Thermo, Guangzhou,
China) in transmittance mode. X-ray photoelectron spectroscopy (XPS) was measured with
the Thermo Scientific K-Alpha X-ray photoelectron spectrometer (Thermo Fisher Scientific

(China) Co., Ltd.) with Al Ko monochromator as an X-ray source.

TGA was carried out using a NETZSCH TG 209 F1 analyzer equipment. The samples
underwent heating from 30 to 800 °C at a heating rate of 10°C/min under nitrogen
atmosphere. Derivative TG curves (DTG) were generated to represent the rate of weight loss

as a function of temperature.

Nitrogen sorption isotherms were measured with a ASAP2010 analyzer (Micromeritcs, USA).
Before measurements, the samples were dried in a vacuum oven at room temperature for 24 h,
and outgassed in the instrument at 60 °C for 24 hours. The specific surface areas were
calculated by the Brunauer-Emmett-Teller (BET) method in a linear relative pressure range
between 0.05 and 0.25. The pore size distributions were derived from the desorption branches
of the isotherms by the NLDFT method.

The study of the CeO2NPs synthesized via the microwave-assisted method, involving
variations in temperature, heating rate, MW power and stirring speed was performed with
UV-Visible Spectrophotometry (UV-VIS) with a Shimadzu UV-1900 (Japan)
spectrophotometer. For analysis, 3 ml of the solution containing the CeO2NPs was added into

a quartz cuvette, and spectra were recorded within the wavelength range of 190-700 nm.

4.5. Fabrication of PP@BC@CeO:NPs and Cotton @BC@CeO-NPs filter layers, and face
masks: Two different filter layers were fabricated via crosslinking BC@CeO2NPs with films
composed of either spunbound non-woven PP or plain weave cotton. The PP film utilized
originated from the inner layer of a face mask that complies with essential performance
standards ASTM 2100 (American Society for Testing and Materials), EN
14683:2019+AC:2019 (European standard for face masks) and Y'Y 0469-2011 (from
pharmaceutical industry standards of the People’s Republic of China) and the plain wave
cotton film used had a GSM of 100 g/m? and [Warp Count x Weft Count / EPI (ends per inch)
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x PPI (picks per inch)] = 40x40/32x30 (moderately dense and tight respectively, for a balance
between providing a sufficient barrier while maintaining breathability). For both filter layers,
a similar method was followed. Firstly, films of either PP or cotton with 17.5 x 9.5 cm
dimensions were cleaned by deionized water to remove the impurities before use. After
drying at 60°C for 2 hours, the cleaned films were uniformly distributed. Subsequently,
culture media and G. xylinus were evenly spread on the petri dishes and incubated for 16
hours at 28 °C, following the previously described procedure. After this incubation time, filter
layers of PP@BC@CeO2NPs and Cotton @BC@CeO2NPs crosslinked via strong van der
Waals and hydrogen bonding interactions between BC and the PP or cotton fiberst were
obtained. To perform the in-situ chemical synthesis of CeO2NPs, these layers were initially
immersed for 30 minutes in microwave-oven flasks containing an aqueous solution of
Ce(NOgz)3-6H20 (10 mM). Subsequently, NH4OH was added, and the optimized MW
synthesis of CeO2NPs on the BC fibrils was carried out following the previously described
method. Finally, filter layers samples were purified with 10 mL ethanol bath, sonicated for 3
minutes and washed by distilled water until neutral. Face mask prototypes were fabricated by
adding an inner skin-friendly of non-woven PP that met the requirements of the standards

specified above.

4.6. Filtration Efficiency and inhalation resistance: To conduct filtration and air permeability
tests, samples of PP@BC@CeO2NPs and cotton@BC@CeO2NPs filter layers , along with
their respective face mask prototypes, were employed. Face masks were assembled in the
sequence of the original mask and tested as the filter layers. Filter layers and face masks were
tested in Flat Filter mode, and in the case of face masks the assembly was oriented with the
inner layer facing the inlet of the filter holder to mimic the passage of exhaled breath through
the face mask. The testing conditions were adopted from the ASTM F2299-03 standard test
method for determining the initial efficiency of materials used in medical face masks to
penetration by particulates according to ASTM F2100:2019.%"1 Samples were mounted on a
respirator pump and a sampling rate of 15 L/min in both samples and blank lines was set. The
flow rate employed is comparable to the typical human breathing rate during light-intensity
activities across most of the age groups. Assuming the surface area of 166 cm? (17.5x9.5 cm),
the corresponding face velocity through the respirator was calculated to be 1.4 cm/s. This face
velocity lies in the range of 0.5-25 cm/s, based on the filtration efficiency test standards of
ASTM International. A NaCl salt aerosol was used and measured by a Automatic filter

material tester (TS1-8127/8130, USA). High resolution channels on the particle counter were
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chosen as 0.3 um, 0.5 um, 1.0 um, 5.0 um, and 10.0 um and scanned. Polydisperse NaCl
aerosol is a common challenge aerosol in filtration studies, and capture efficiencies of the 0.3
um, 0.5 um, and 1.0 um particle sizes are within the most penetrating particle size ranges. The
filtration efficiency for each size channel was then calculated using by the following equation:

Cblanck — Cmask
blank

where Chiank IS the average salt particle counts at the corresponding size channel without

Filtration Ef ficiency, FE (%) = [ ] * 100%

a sample in the filter holder and Csample IS the average salt particle counts at the corresponding
size channel with the samples in the filter holder.

The test to determine inhalation resistance followed standards EN 14683 and ASTM2100.
These standards which set the requirements for the breathability of mask material, measured
by the differential pressure across the filter layers and masks. They outline a maximum limit
of 35 mm water-column height for this parameter. Each sample was affixed to a funnel (4.5
cm diameter) as is the case of flat samples. A flow rate corresponding to 8 cm/s face velocity
(corresponding to 85 liter per minute) was pulled through the material and the pressure drop

was measured using a digital manometer.

4.7. Antibacterials tests: The antibacterial activities of CeO2NPs, BC@CeO2NPs, and
PP@BC@CeO2NPs and Cotton @BC@CeO2NPs filter layers against S. aureus, E. coli, and
P. aeruginosa were evaluated using OD600 assay, zone of inhibition tests and CFU counting.
For the OD600 assay, bacteria were first cultured at 37°C at a concentration of 2x108
CFU/mL, and the bacterial suspension were further diluted to 1.5x10° CFU/mL (ODsgonm
around 0.05). Concurrently, circular sections of BC@CeO2NPs and filter layers (d=1.5 cm)
were cleaned in isopropanol, subjected to a 5 min sonication, and subsequently rinsed with
distilled water. These circular sections were then immersed in a 200 uL bacterial culture
within a 96-well plate and incubated for 1 hour at 100 rpm for bacterial binding
assessment.[*8] After this treatment, the bacteria-adhered samples were transferred to a new
96-well plate, placed in an incubator at 37°C and the ODgoonm values of the culture medium
were measured using a microplate reader at different time points to assess the viability of
bacteria within each group.!8! Under control conditions, the three strains reached the
stationary phase after approximately 16 hours of incubation. Using this data, the percentage of
bacterial growth inhibition attributable to the CeO2NPs, in comparison to the control samples,

was calculated at the 16-h mark using the following formula:
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SOD0(16 h) — SODgp, (0 h)
COD¢yo(16 h) — CODggo (0 h)

Antibacterial rate(%) = |1 * 100%

where S represents the sample undergoing testing, and C signifies the control, which is the
bacteria in their medium. Subsequently, the antibacterial rate in percentage was calculated
based on the change in ODsgo between the control group and the experimental group
(samples) at 0-hour and 16-hour time points. Additionally, the number of CFU was correlated
with the OD600 measurement (not shown). These tests were replicated three times for each
sample.

A second set of experiment was performed by extraction of the surface-adhered bacteria
following methods used in previous studies.[*®! Briefly, the non-adhered bacteria were washed
by gentle rinsing procedure. For the full extraction of bacteria from the samples, the
remaining bacteria on the surfaces were extracted using a surfactant/enzyme solution (0.1%
sodium dodecyl sulfate (SDS)/PBS solution and 0.5 mL of TrypLE Express enzyme) and
sonicated in an ultrasonic bath (50 Hz) for 10 min at 37 °C. Each sample underwent the
extraction procedure three times using a fresh extraction solution. The ODsgo of the extract
was measured to calculate the released bacteria, and the number of CFU was then associated
with the OD600 measurement. Similar results were obtained using both methods.

The zone of inhibition test was used to qualitatively evaluate the antibacterial activity and the
stability of the composites and filter layers. The size of the inhibition zone was measured at
least three times for each group, with the bacteria cultured at 37°C to reach 2x108 CFU/mL

and uniformly plated on agar plates.

4.8. Biocompatibility and ROS-scavenging properties of CeO2NPs: A549 cells were obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA) and seeded in culture
plates (5x10° cells/well) in Dulbecco’s Modified Eagle Medium (DMEM), supplemented
with 10% foetal bovine serum (FBS), 50 U/ml penicillin and 50 pg/ml streptomycin, in a
humidified atmosphere of 5% CO at 37°C. BC pellicles were added to the wells of 24-well
flat bottom culture plates. Subsequently, cells were incubated for 24 hours at 37°C in a 5%
COz atmosphere. Similarly, cells were also incubated for 24 hours with CeO2NPs (10-100
ug/ml). Cell viability was assessed using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) technique (CellTiter 96;
Promega, Madison, WI, USA) according to the manufacturer’s instructions. After being
incubated with the CeO2NPs or BC@CeO2NPs, cells were washed twice with Hank’s
Balanced Salt Solution (HBSS). Subsequently, cellTiter reagent was added and cells were
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incubated for 4 h at 37°C to allow cells to bioreduce MTS. The absorbance of formazan was
measured at 490 nm. To determine the ROS-scavenging ability and 2,7-dichlorofluorescein
diacetate (DCFH-DA) probe was used to indicate reactive oxygen species (ROS) generation.
Cells (5x10° cells/well) were cultured with BC@CeO,NPs positioned at the well’s base or
incubated with CeO2NPs for 24 hours prior exposure to H2O2 (400 uM) for an additional 24
hours. Afterward, they were washed 3 times with PBS and were treated with DCFH-DA (10
uM) in dark conditions for 30 minutes at 37°C. Fluorescence images were acquired using an
inverted fluorescence microscope (Olympus, China), and quantitative assessments were

performed using flow cytometry.

4.9. Statistical analysis: GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA)
was employed for the analysis of quantitative data. Statistical assessments were conducted
using one-way analysis of variance (ANOVA) accompanied by the Newman-Keuls post hoc
test for comparisons among multiple groups. Additionally, the Kruskal-Wallis test, followed
by the Dunn post hoc test, was applied when suitable. Results are presented as mean +

standard error of the mean (SEM), with significance determined at a p-value of 0.05 or lower.
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A comprehensive exploration of the optimal parameters for producing innovative Bacterial
Cellulose membranes covalently-linked with controllable quantities of small-sized CeO>NPs
(BC@CeO2NPs) is performed. This composite biotextile has been used to develop
antimicrobial face masks and has the potential to pave the way for the development of
medical and cosmetic dressings that offer a combination of antibiotic and anti-inflammatory
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