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ARTICLE INFO ABSTRACT

Keywords: The worldwide spread of the SARS-CoV-2 virus has continued to accelerate, putting a considerable burden
MOFs on public health, safety, and the global economy. Taking into consideration that the main route of virus
ZIF-8 transmission is via respiratory particles, the face mask represents a simple and efficient barrier between

COVID-19 pandemic
Face masks
Anti-viral/bacterial coating

potentially infected and healthy individuals, thus reducing transmissibility per contact by reducing transmission
of infected respiratory particles. However, long-term usage of a face mask leads to the accumulation of
significant amounts of different pathogens and viruses onto the surface of the mask and can result in dangerous
bacterial and viral co-infections. Zeolite imidazolate framework-8 (ZIF-8) has recently emerged as an efficient
water-stable photocatalyst capable of generating reactive oxygen species under light irradiation destroying
dangerous microbial pathogens. The present study investigates the potential of using ZIF-8 as a coating
for face masks to prevent the adherence of microbial/viral entities. The results show that after 2 h of UV
irradiation, a polypropylene mask coated with ZIF-8 nanostructures is capable of eliminating S. Aureus and
bacteriophage MS2 with 99.99% and 95.4% efficiencies, respectively. Furthermore, low-pathogenic HCoV-
0C43 coronavirus was eliminated by a ZIF-8-modified mask with 100% efficiency already after 1 h of UV
irradiation. As bacteriophage MS2 and HCoV-OC43 coronavirus are commonly used surrogates of the SARS-
CoV-2 virus, the revealed antiviral properties of ZIF-8 can represent an important step in designing efficient
protective equipment for controlling and fighting the current COVID-19 pandemic.

1. Introduction reducing the spread of COVID-19 if compliance is high. In a different

study performed by Liang et al. [5], meta-analysis revealed that a

Millions of people worldwide have suffered from COVID-19, which
is caused by the novel SARS-CoV-2 virus, many of whom have died [1].
It is believed that a primary route of COVID-19 transmission is via
the respiratory particles, and all infected individuals, regardless of the
course of the disease, are considered possible transmitters and thus
represent a threat [2]. Various measures, including mass vaccination
programs, city-wide lockdowns, travel restrictions, and hygiene and
social distancing guidelines have been imposed in many countries as
a part of efforts to stop, or at least limit, the transmission of COVID-
19 [3]. Following interim guidance published by the World Health
Organization (WHO) in 2020, the use of protective face masks in
public places has become increasingly recommended, if not mandated,
to prevent the spread of the disease [4]. In the review published
by Howard et al. [2], an analytical framework was used to provide
evidence that widespread mask usage is the most efficient way of

* Corresponding author.
E-mail address: daria.givirovskaia@lut.fi (D. Givirovskaia).

https://doi.org/10.1016/j.micromeso.2022.111760

significant protective effect can be achieved by using a face mask as the
risk of respiratory virus infection can be reduced by 80% and 47% for
healthcare workers (HCWs) and non-healthcare workers (non-HCWs),
respectively. The systematic review by Jefferson et al. [6] also shows
that simple public health measures including hand-washing, isolation
of potentially infected patients, and wearing of masks are effective
in preventing the spread of respiratory virus infections. As a result,
huge public demand for face masks has developed, manufacture and
supply have been under strain, and deficits have been reported in many
countries, leading to the imposition of measures enhancing production
capacities while prohibiting the export of face masks [7]. Enormous
demand and a shortfall in face mask availability has motivated a search
for new solutions, such as disinfection of used masks, reuse of masks
initially developed as one-use disposable masks, and fabrication of
non-certified homemade masks [8].
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Despite research like the aforementioned indicating the positive
effect of wearing masks on the current pandemic, understanding of
the influence of masks on the transmission of laboratory-diagnosed
respiratory viruses remains incomplete [9-11]. For example, research
on mask effectiveness [12] does not take into consideration that bac-
teria in human saliva and exhaled breath might constitute a biosafety
concern [13], particularly with long-term mask usage or mask reuse
without appropriate disinfection. Hasan et al. [14] investigated the
bacterial flora of saliva microbiomes using next-generation shotgun
sequencing (NGSS) and identified more than 175 different bacterial
species, among which were life-threatening species of Haemophilus
influenzae, Neisseria meningitidis, and Streptococcus pneumoniae. It would
appear that during breathing, sneezing or coughing by COVID-19-
infected individuals, such airborne respiratory pathogens are trapped
by the masks and accumulate on the surface layers of mask [15].
At the same time, moisture retention under the mask surface reduces
the mask’s protective properties and creates favorable conditions for
bacterial growth [16]. In a recent study by Sharifipour et al. [17],
the authors emphasized concerns that bacterial co-infections due to
Acinetobacter baumannii and Staphylococcus aureus could be leading to
superinfection of COVID-19 patients. Hence, bacterial co-infection and
secondary bacterial infection should be considered critical risk factors
influencing the severity and mortality rates of COVID-19 [18].

In recent years, a number of different nanomaterials, such as Ag [16,
19], Cu [20,21], Zn [22], Ti [23] and Au [24] nanoparticles, have
been developed to enhance the anti-viral and anti-bacterial properties
of materials, which opens new perspectives in the prevention of COVID-
19 transmission [25]. Within this context of nanomaterial development,
metal-organic frameworks (MOFs) have attracted huge scientific inter-
est as a fast-developing field of research with an increasing number
of applications being proposed [26-42]. MOFs are organic-inorganic
hybrid crystalline porous materials with unique properties including:
(i) exceptional surface area extending beyond 6000 m? g~!, (ii) ultrahigh
porosity of up to 90% of free volume, (iii) structural diversity in
contrast to other porous materials, and (iv) controllable framework
topology, porosity, and functionality [43]. In view of these advanta-
geous properties, MOF-based antibacterial agents are gaining increas-
ing importance [44]. Compared to traditional antibacterial agents,
MOFs provide several important advantages, such as (i) the presence
of bactericidal metal ions, (ii) a chelation effect increasing lipophilicity
and facilitating penetration to the bacterial cell to destroy it, (iii) the
ability to form photogenerated reactive oxygen species (ROS) enhanc-
ing photocatalytic antimicrobial effects, (iv) the possibility of achieving
synergistic antimicrobial effects in a single MOF structure, for example,
a combination of photocatalytic and metal ion-releasing effects, and (v)
the possibility of encapsulating various materials in the pores of the
MOFs [44].

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs pre-
sented by porous crystals with zeolite-type structures built by metal
ions and imidazolate ligands [45]. Among different MOFs, ZIF-8 (zinc-
imidazolate MOF) has been highlighted as an efficient water-stable
antimicrobial photocatalyst exhibiting >99.9999% inactivation effi-
ciency against Escherichia coli (E. coli) and outperforming reference
ZnO and TiO, biocidal photocatalysts [46]. The high antimicrobial
efficiency of ZIF-8 is due to a complicated mechanism involving the
capture of photoelectrons by Zn" centers via ligand-to-metal charge
transfer (LMCT) and subsequent O,-reduction-based generation of ROS
capable of inhibiting pathogens. In view of the beneficial photocat-
alytic properties of ZIF-8, this research examines ways of using ZIF-8
as an antiviral/antibacterial coating for the surfaces of commercial
face masks (Fig. 1). Additionally, the work analyzes the efficiency of
ZIF-8-based coating against dangerous microbial pathogens and SARS-
CoV-2’s surrogates which provides fresh insights into the field and to
already successfully developed solutions [47-49]. The research con-
tributes to the global response to addressing COVID-19 by examining a
potentially effective solution for reusable protective materials capable
of deactivating SARS-CoV-2 virus and other respiratory viruses [50—
52].
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2. Materials and methods
2.1. Materials

All chemical reagents used for the experimental work were from
Sigma-Aldrich, USA, and used without pretreatment (if not otherwise
stated). Polypropylene (PP) masks for MOFs growing were purchased
from KINGFA, China, and Teho Filter, Finland. The Hele cloth mask
(49% polyester, 49% cotton, 2% elastane) was supplied by Helemed,
Finland. The LUT-branded cloth mask (100% polyester) was designed
by LUT-University, Finland, and manufactured by LS-Wear, Finland.

2.2. Modification of the face masks with ZIF-8

The procedure for the ZIF-8 synthesis was adapted from previous re-
search [46,53]. A schematic representation of the coating experiments
is shown in Fig. 2.

Method A: Room temperature synthesis was performed in a glass
vessel under magnetic stirring. First, 0.3 g of terephthalic acid was
added to 30 mL dimethylformamide (DMF) and left under magnetic
stirring for 30 min. Subsequently, 0.25 g of zinc acetate dihydrate
dissolved in 10 mL ethanol was added and the mixture was left under
magnetic stirring for 24 h. After mixing, the solution was pipetted
directly onto the polypropylene (PP) fabric, which was then wrapped
in aluminum foil, and heated with an iron at a temperature of 110 °C
for 2-3 min on both sides. The fabric was washed with water and dried
in an oven at 80 °C for 30 min and then activated at 120 °C for 6 h.

Method B: Zinc acetate dihydrate, 2-methylimidazole, and polyethy-
lene glycol were mixed in mass fractions of 15.9%, 39.7%, and 44.4%,
respectively. Masks were split into layers if required, placed on the
aluminum foil and the mixture was deposited onto the layers. The skin
layer of the masks was not used for the growing procedure if the mask
consisted of more than one layer. The masks were ironed at 110 °C for
1 min on both sides and washed with ethanol. Then the samples were
dried at 80 °C for 30 min and activated for 6 h at 120 °C.

2.3. SEM and XRD characterization

A variable pressure scanning electron microscope (SEM) Hitachi S-
3400N with X-ray spectroscopy (EDX) was applied for analysis of the
ZIF-8 morphology on the mask surfaces. The microscope was operated
at 20 mA and 10 kV with secondary (UDV) and backscatter (BSE)
electron detectors. X-ray diffraction analysis (XRD) was performed with
a Bruker D8 Advance X-ray diffractometer to examine the material
crystal structure. Surface scanning was performed at a wavelength of
1.5406 A with Cu Ka-type radiation produced by copper sealed tube
X-ray source.

2.4. ZIF-8 coating stability tests

4 mask material samples of 4 x 4 cm were placed in a 300 mL
vessel of boiling water for 15, 30, 45, and 60 min. Simultaneously, 2
mask samples of the same size were steamed in a water bath for 15 and
30 min. After the experiment, all the samples were dried and compared
with the reference material using XRD analysis.

2.5. Selection of bacteria and viruses

Staphylococcus aureus (S. Aureus) (VIT E-70045), which is com-
monly used for measuring antimicrobial efficacy, was selected as a
microbial pathogen. S. Aureus co-infection causes bacteraemia and
pneumonia in patients infected with COVID-19 and is associated with a
high mortality rate of 66.7% [54]. Bacteriophage MS2 (DSM 13767) is
a surrogate for the influenza virus and is now being used as a surrogate
for other RNA viruses, such as SARS CoV-1 and SARS CoV-2 [55].
Finally, low-pathogenic coronavirus (HCoV-OC43) was selected for the
experimental work as it has certain genetic similarities with the SARS
CoV-2 [56].
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Fig. 1. Schematic representation of the ZIF-8-based mask antiviral and antibacterial mechanism.
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Fig. 2. Schematic representation of a modification of face masks with ZIF-8 photocatalyst using (a) Method A and (b) Method B.
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2.6. Measurement of antibacterial activity

The antibacterial efficacy of the modified mask materials was stud-
ied based on the international standard ISO 22196:2011 “Measurement
of antibacterial activity on plastics and other non-porous surfaces”. The
principle of the antibacterial efficacy tests is to bring the antibacterial
surface and tested organisms into contact and detect surviving microbes
after a specified contact time. Contamination of the tested surface was
performed by dosing 0.4 mL of the microbe suspension onto 5cm? of
reference and ZIF-8-modified mask samples. Next, the contaminated
surface was covered with a 4cm? sterile plastic plate to prevent mois-
ture evaporation and left for 2 h at room temperature. Subsequently,
remaining microbes were diluted from the surface with 10 mL peptone
saline solution, and the viability of the microbes was determined using
culturing methods. The survival of microbes on the tested antibacterial
surfaces was compared to a reference mask sample without ZIF-8-based
coating. The photocatalytic activity of the MOF structures was studied
by the same method, but the samples were under a UV lamp (365 nm)
during contact time.

2.7. Antiviral tests with low-pathogenic coronavirus

The efficacy of the modified mask materials against HCoV-OC43 was
studied based on the international standards EN 14476 “Quantitative

suspension test for the evaluation of virucidal activity in the medical
area” and EN 14885 “Chemical disinfectants and antiseptics” with
certain modifications. In the antiviral tests, MRC-5 cells (1.5 x 10*
cells/well) purchased from ATCC were seeded into 96-well plates in
Minimum Essential Media (MEM, Gibco Life Technologies) supple-
mented with 10% Fetal Bovine Serum (Gibco), 1% GlutaMAX (Gibco)
and 1% penicillin/streptomycin (Gibco) and incubated for 24 h at 37°C
(5% CO,). The following day, 5pL of seasonal human coronavirus
HcoV-0C43 (1.6 x 107 pfu/mL) was placed on the surface of 1 cm? mask
pieces for 1 h inside a 12-well plate at room temperature and in humid
conditions. Incubation was performed with and without exposure to UV
light (365 nm). The distance between the UV lamp and samples was
15 cm and the samples were covered with thin plastic foil. A culture
medium (995 pL of 2% MEM) was added onto the surface of the mask
pieces after the incubation period and placed on a rocker for 1 min to
detach the virus. Media were then collected and diluted (1:100) sam-
ples were added onto MRC-5 cells in 96-well plates (MOI = 0.004). Cells
were incubated for 5 days at 34 °C until a cytopathic effect (CPE) was
observed. The cells were then washed twice with phosphate-buffered
saline (PBS) solution, and stained with CPE stain (0.03% crystal violet,
2% ethanol, and 36.5% formaldehyde) for 10 min at room temperature.
The excess stain was washed away with water. The stained cells were
then treated with a lysis buffer (0.8979 g of sodium citrate and 1N HCI
in 47.5% ethanol) to homogenize the sample. Finally, the absorbance of
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Fig. 3. SEM images of ZIF-8 deposited on (a) non-woven material (Teho Filter), and (b) woven material (LUT-branded cloth mask), morphology of ZIF-8 photocatalyst synthesized

by (c) Method A, and (d) Method B, and (e) example of elemental mapping.

the stain was measured at 570 nm to determine the presence of viable
cells in the wells, which indirectly shows the level of infection (Victor
X4 2030 Multilabel Reader, PerkinElmer).

3. Results and discussion
3.1. Modification of face masks with ZIF-8

Different mask materials described previously were first tested as
substrates for ZIF-8 deposition. Successful incorporation of nanocrys-

talline ZIF-8 onto the mask substrates was confirmed by SEM and EDX
analysis. The obtained SEM images are presented in Fig. 3a and b

and reveal a uniform coating of non-woven and woven mask samples
with ZIF-8 micrometer/nanometer-size particles, indicating good suit-
ability of both substrates for ZIF-8 deposition. As the substrate did
not play a significant role in the quality of deposition, masks made of
polypropylene, which is the material now recommended by the WHO
for COVID-19 mask filters, were selected for further experiments. It is
worth mentioning that the use of slightly different synthesis methods
resulted in completely different surface morphologies. In the case of
Method A synthesis (Fig. 3c), the ZIF-8-based coating is formed by
hexagonal-shaped crystals and spheres as well as cubes with rounded
edges. With Method B synthesis (Fig. 3d), on the other hand, the ZIF-8
layer on the surface of the mask substrates is mostly formed of numer-
ous rhombic dodecahedron particles. The SEM images show that most
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Fig. 4. Comparison of ZIF-8-modified and uncoated mask materials by (a) XRD analysis and (b) EDX analysis, and recorded XRD patterns after chemical stability tests by (c)

boiling, and (d) steaming.

of the crystals have good uniformity, sharp edges, and well-defined
facets when using Method B for the photocatalyst preparation. Curi-
ously, the sizes of the synthesized crystals vary considerably. Method
A synthesis results in much larger ZIF-8 based crystals than Method B
synthesis, and huge particles reaching 90-110 pm can be found on the
mask material surface. The typical size of dodecahedron particles after
Method B synthesis is in the range of 500-1000 nm. Even though the
specific surface area and the pore volume of the synthesized particles
using Method B were not measured in this study, according to the
literature [57] and based on the size of particles the aforementioned
parameters correspond to approximately 1500m? g~ and 0.55cm’ g~!,
respectively. The difference in the size of the crystals is likely due to
the difference in the temperature of the synthesis methods. In Method
A synthesis, ZIF-8 was formed at room temperature during mixing
while in Method B synthesis, the formation was performed in situ
on the mask during ironing at 110 °C. In both cases, simultaneous
coexistence of small and large crystals was observed, which can be
explained by heterogeneous nucleation of crystals at the surface of
existing crystals [58].

XRD patterns were recorded for the mask samples prior to and after
coating with ZIF-8. A typical XRD diagram of the ZIF-8 photocatalyst
deposited on the PP mask is presented in Fig. 4a. Characteristic diffrac-
tion peaks for ZIF-8 were observed at 7.4°, 10.4°, 12.7°, 14.7°, 16.4°,
18.0°, 22.1°, 24.5°, 26.7°, 29.6°. The diffraction peaks correspond well to
crystallographic planes obtained from pure ZIF-8 nanocrystals [45,57],
which confirms the inherent sodalite structure and high crystallinity of
the synthesized particles. The relative intensity of some peaks differs
from pure ZIF-8, presumably due to the change of preferred orientation
of the nanocrystals growth on PP substrate, or affinity interactions
between the ZIF-8 lattice and PP substrate. The chemical stability

of the ZIF-8-modified masks was examined by suspending the masks
in boiling water and applying steam to mimic typical sterilization
processes. During this process, samples were periodically checked with
XRD analysis, which revealed high stability of ZIF-8 coatings. Based on
the XRD analysis, a minor change in peak intensity was only observed
after 60 min of boiling, whereas no changes were observed with shorter
boiling time, nor during the steam sterilization process.

3.2. Activity of ZIF-8-modified masks against S. aureus and MS2

First, the anti-bacterial/viral properties of ZIF-8-modified PP masks
were examined by exposing mask samples to S. Aureus and MS2 bacte-
riophage for 2 h. From the results presented in Fig. 5, it can be seen that
mask material modified with ZIF-8 using Method A showed low activity
against S. Aureus and MS2 Bacteriophage comparable to a reference PP
mask without coating. The PP mask coated with ZIF-8 using Method
B exhibited exceptionally high activity against both S. Aureus and the
MS2 bacteriophage. After 2 h of experimental time under UV light, the
inactivation efficacy against S. Aureus of Sample B reached 99.99%,
which is equivalent to a 4 log reduction. This result is comparable with
the efficiency reached by ZIF-8 in studies of Li et al. [46] against E. Coli
and lower in comparison to sophisticated ZIF-8-based nanodagger ar-
rays published in [59]. Curiously, Sample B showed good antibacterial
properties against S. Aureus even without UV light irradiation, reaching
inactivation efficacy of 99.95% corresponding to a 3 log reduction. The
difference in the performance of the two samples became even more
clear in the experiments with the MS2 bacteriophage. Sample A did not
show any antiviral properties without UV irradiation whereas Sample
B managed to reduce the amount of MS2 colonies by approximately
90%. Under UV irradiation, the reduction of MS2 reached 22% and
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Fig. 5. Results of anti-bacterial/viral efficacy tests and corresponding log reduction after 2 h of contact time of ZIF-8-modified mask materials with (a-b) S. Aureus and (c-d) MS2

bacteriophage.

95.4%, respectively, for Samples A and B. Taking into account that both
coatings are mainly composed of Zn, the different anti-bacterial/viral
activities should be a direct consequence of the surface morphology,
independent of the chemical composition.

3.3. Activity of ZIF-8-modified masks against HCoV-OC43

The results of antiviral activity tests against HCoV-OC43 achieved
by cytopathic effect assay are presented in Fig. 6. It is worth mentioning
that the number of living cells is presented as absorbance of A570. The
virus control shows a low absorbance due to most of the cells killed
left to stain for blue color. In contrast, the cell control without any
virus infection shows the maximum cell viability, i.e. high absorbance.
Importantly, high viability in Fig. 6b means that ZIF-8-based coatings
are not toxic when tested in human cell cultures indicating safe use
as a coating for commercial face masks. According to the results,
PP mask material modified with ZIF-8 using Method B was showing
high antiviral activity against HCoV-OC43 under UV irradiation. The
infectivity of HCoV-OC43 was totally inhibited when the virus was
exposed to UV light irradiation (365 nm) for 1 h on top of Sample B.
At the same time, mask material modified with ZIF-8 using Method
A exhibited moderate antiviral efficacy against the virus which can
be once again explained due to differences in surface morphology.
Surprisingly, Sample B showed a mild antiviral effect even without
UV irradiation while there was absolutely no effect of Sample A at
similar conditions. Taking into consideration that the uncoated refer-
ence sample did not show any antiviral activity with or without UV
irradiation, the obtained results point to the antiviral properties of ZIF-
8-based coatings. Evidently, the antiviral activity of both ZIF-8-based
coatings, especially Sample B, is increased when exposed to UV light.
Presumably, the ROS generated by the photoactivation of ZIF-8 lead to

a breakage or damage of viral particles leading to inhibition of HCoV-
0C43 infectivity. The ability of ROS to inactivate enveloped viruses,
such as HIV has been previously documented [60] as well as the ability
of H,0, to inactivate rabies and influenza virus [61,62]. However, the
exact mechanism in the case of HCoV-OC43 remains to be studied.

4. Conclusions

In the present study, different commercially available face masks
were successfully modified with ZIF-8. All tested mask materials, which
included both woven and non-woven samples, were shown to be good
substrates for ZIF-8 deposition. However, a slight difference in the ZIF-
8 synthesis procedures resulted in significant changes in particle size,
which induced distinctive changes in anti-bacterial/viral performance.
It was revealed that the PP mask coated with nanometer-size ZIF-8
particles exhibited high inactivation efficacy against S. Aureus, bac-
teriophage MS2, and low-pathogenic HCoV-OC43 coronavirus. Under
UV irradiation, inactivation efficiency reached 99.99% and 95.4% after
2 h of contact time, respectively for S. Aureus and bacteriophage
MS2, while in case of HCoV-OC43 coronavirus inactivation efficiency
achieved 100% after 1 h of contact time. Even though the photocat-
alytic mechanism of ROS generation capable of inhibiting pathogens
was previously known for ZIF-8 and MOF has previously been found
to have good antibacterial properties, the present research highlights
also the antiviral properties of ZIF-8 against surrogates of SARS-CoV-
2. Furthermore, a valuable finding of this work demonstrates that
developed ZIF-8-based coatings have negligible effects on human cells
in the culture and thus, are not harmful to humans according to the
cytotoxicity analysis. Taking into consideration current developments
in the COVID-19 pandemic, the obtained results hold a lot of promise
for the design of improved protection equipment. Future research
should progress to evaluation of the antiviral efficiency of ZIF-8 against
actual SARS-CoV-2.
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