
  

 

  

 

 

Engineering surgical face masks with photothermal and 
photodynamic plasmonic nanostructures for enhancing filtration 
and on-demand pathogen eradication 
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The shortage of face masks and the lack of antipathogenic functions has been significant since the recent pandemic’s 

inception. Moreover, the disposal of an enormous number of contaminated face masks not only carries a significant 

environmental impact but also escalates the risk of cross-contamination. This study proposes a strategy to upgrade available 

surgical masks into antibacterial masks with enhanced particle and bacterial filtration. Plasmonic nanoparticles can provide 

photodynamic and photothermal functionalities for surgical masks. For this purpose, gold nanorods act as on-demand 

agents to eliminate pathogens on the surface of the masks upon near-infrared light irradiation. Additionally, the modified 

masks are furnished with polymer electrospun nanofibrous layers. These electrospun layers can enhance the particle and 

bacterial filtration efficiency, not at the cost of the pressure drop of the mask. Consequently, fabricating these prototype 

masks could be a practical approach to upgrading the available masks to alleviate the environmental toll of disposable face 

masks. 

Introduction 

In recent years, there has been an increasing focus on the health 

impacts of microbial components and particulate matter (PM), 

particularly since the onset of the COVID-19 pandemic.1–3 When 

we breathe, cough, or sneeze, many respiratory secretions and 

saliva are released into the surrounding environment, creating 

infectious aerosols. These aerosols contain pathogenic particles 

that can deposit in living spaces and infect susceptible 

populations, leading to respiratory infections.4,5 Numerous 

pathogenic bacteria and viruses have been shown to spread via 

aerosols, rapidly transmitting respiratory infectious diseases, 

particularly in enclosed spaces.6 As a result, ensuring personal 

protection from infection is crucial and is a global issue.7 

Airborne PM is now recognized as one of the most harmful air 

pollutants significantly impacting air quality, public health, and 

ecosystems.8,9 PM is classified as PM0.3, PM1, PM2.5, and PM10 

based on particle sizes smaller than 0.3, 1, 2.5, and 10 μm, 

respectively.10 The most dangerous particles are those with 

aerodynamic diameters between 1.0 μm (PM1) and 0.3 μm 

(PM0.3), as they can travel long distances in the air and have a 

large surface area.11,12 The mentioned features enable these 

particles to carry numerous pathogens and penetrate lung 

tissues and the blood-circulation system, resulting in respiratory 

and cardiovascular diseases. Face masks today are the potential 

means of protection from airborne pollutants emitted into the 

air.13,14 

The primary issue with the available face masks is the short 

duration of functionality.15 Personal protective equipment (PPE) 

has been severely in short supply during the COVID-19 

coronavirus crisis, particularly concerning the accessibility of 

N95 and similar masks.16 Many techniques have been explored 

for the quick and frequent disinfection of these masks and other 

PPE to address the difficulty of safely reusing face masks.17–20 

Over the past three years, gigantic mask consumption 

generated huge biomedical waste (BMW), mainly released into 

the environment without proper sterilization. Moreover, the 

massive production of BMW on a comprehensive level of 

society led to the merging of BMW with municipal solid 

waste.18,21,22 Exposure of hazardous and contagious waste to 

municipal waste in the environment will be one of the most 

significant environmental issues. The urgent need to find a 

feasible solution for an antibacterial face mask has received less 

scientific study.23,24 

One of the approaches is employing nanotechnology and 

nanomaterials to modify the available face masks. 

Electrospinning is a technique capable of fabricating fibers with 

the desired dimension and morphology.25–28 This technique is 

widely used to manufacture fibers for filtration. Furthermore, 

stimuli-responsive nanomaterials have been fabricated via this 

technique for various applications.29–31 Using this strategy to 

advance existing respirators/masks has been previously 

illustrated as a feasible roadmap,32 introducing an adjustable 

layer with a desired porosity over the already-available face 

masks, which is scalable and achievable. 
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Plasmonic nanoparticles can decorate the surface of fibrous 

materials for their physically driven antipathogenic activity.17,33 

This decoration enables an active pathway for reducing the 

accumulation of harmful and living pathogens in the pores of 

the fibers.34 Such photothermally effective nanoparticles can 

induce light-triggered photothermal disinfection (on request) 

and have a broadband absorption range to eradicate any 

potentially lingering germs.35–37 

Among plasmonic nanoparticles, gold nanoparticles (Au NPs) 

have been widely used in numerous scientific domains in recent 

years due to their optical and thermo-optical features.31,38–40 

Localized surface plasmon resonance (LSPR), a physical 

phenomenon, enables Au NPs to produce a strong 

electromagnetic field at the nanoscale level.41 The coherent and 

dipolar oscillation of free electrons localized at the 

metal/dielectric interface is related to LSPR.42-43 The LSPR 

oscillation produces a significant temperature increase on the 

surface of the Au NP when it is exposed to an appropriate 

(resonant) light source, converting the Au NP into a focused 

nano source of heat.44,45 It was abundantly evident that 

influential LSPR absorption, followed by quick energy 

conversion and dissipation, could efficiently heat the immediate 

environment and kill microorganisms.46,47 

Researchers have studied and reported air filters and masks 

endowed with photo-responsive properties.48-51  Li et al. 

investigated the potential of metal-organic frameworks (MOFs) 

for air pollution control and personal protection, focusing on a 

zinc-imidazolate MOF with photocatalytic bactericidal 

properties.48 The fabricated MOF-based air filters not only 

achieve efficient particulate matter removal but also 

demonstrate remarkable photocatalytic antibacterial behavior. 

In another research, Kumar and coworkers presented the 

development of modified polycotton fabrics with molybdenum 

disulfide (MoS2) nanosheets.49 The modified fabric offered self-

disinfection, antibacterial, and photothermal properties for 

reusable protective masks. The study highlighted the potential 

for cost-effective, large-scale production of nanosheet-

modified antibacterial fabrics. Shao et al. explored the 

antibacterial properties of gold nanomaterials, including gold 

nanospheres (Au NSs) and gold nanorods (Au NRs), as well as 

silver nanoparticles (Ag NPs) under incandescent light 

exposure.51 The results reveal that Au NSs do not exhibit 

significant antibacterial activity, while Au NRs demonstrate 

substantial bactericidal effects against various bacterial strains. 

This antibacterial effect is enhanced by the photodynamic and 

photothermal properties of Au NRs when exposed to NIR light, 

leading to bacterial inactivation. These findings highlight the 

potential of AuNRs in photoactivated bacterial inactivation. 

We developed and optimized a strategy to introduce 

homogenous defect-less electrospun sandwich-like layers. This 

architecture will be a good candidate for indoor bactericidal 

eradication upon NIR light. The structured layers stayed on the 

outer layer of the surgical face mask. The introduced layer was 

then decorated with Au NRs. The nanorods have encapsulated 

between layers of electrospun nanofiber to avoid their leakage. 

These nanofibrous layers can capture fine particles and 

maintain the applicability and performance of commercial 

surgical face masks. The decorated nanofibers introduced an 

on-demand antibacterial feature that can activate under the 

face masks’ near-infrared region (NIR) light irradiation. The 

design of the face mask is intended for bacterial elimination 

after each wearing through the NIR irradiation process. The 

antibacterial activity and electrospun layer simultaneously can 

improve the face mask’s bacterial and PM filtration efficiency. 

This innovative platform is designed to eliminate surface 

bacteria on face masks effectively. This key feature not only 

answers the needs of the general public but also holds particular 

significance for those in contact with hospital patients, helping 

prevent cross-contamination and the spread of diseases. 

Correspondingly, this prototype mask can prevent cross-

contamination and the spread of infection and increase the 

functionality of the available surgical masks. 

Results and discussion 

Development and structural features of the platform 

A feasible modification would extend their duration of 

functionality, aimed at designing new functionalities for 

commonly used masks. Therefore, the first step of fabricating 

the prototype face mask was to electrospun the first layer of 

polymer nanofibers on the surgical mask. An optimized 

electrospun polyacrylonitrile (PAN) layer was deposited on the 

surgical mask’s outer layer. Afterward, the Au NRs alcosol 

suspension was electrosprayed on the surface of the PAN 

nanofibers. To make a protective layer for the electrosprayed 

nanoparticles on the as-decorated PAN electrospun nanofibers, 

an additional layer of pristine PAN nanofibers covered the Au 

NRs-PAN electrospun layer. Au NRs in this platform provide 

stimuli-responsiveness for the fabricated masks upon NIR light. 

The selected Au NRs for this study have the maximum 

absorption peak at 810 nm, which is the NIR region of the 

electromagnetic spectrum.52,53 The gold nanoparticles triggered 

by NIR light excite their free electron from the plain state of S0 

to the excited S1 electronic states.54 After this excitation, gold 

nanoparticles, to come back to the equilibrium state, will 

release thermal energy at the nanoscale. In the developed 

platform, taking advantage of generated heat can lead to an on-

demand feature for eliminating the potential bacteria on the 

surface of the face mask. Fig. 1 illustrates material preparation 

and the schematic response of gold nanoparticles. Regarding 

the general performance of face masks, surgical masks have low 

PM0.3 and bacterial filtration efficiency (discussed further 

below). However, they are not capable of antibacterial 

activities. While the proposed modification of face masks 

illustrated a significant improvement in bacterial and particle 

filtration efficiency, they are equipped with on-demand 

antibacterial properties.  



 

 

 

Characterization and Properties of Gold Nanorods 

Au NRs were introduced onto the nanofiber-layered masks to 

equip them with antibacterial properties enabling photo 

response-ability. The transmission electron microscope (TEM) 

image of the Au NRs used for this study can be seen in Fig. 2a. 

Two Au NRs are presented in the TEM micrograph. In Fig. S1, 

the TEM image displayed that the average length of nanorods is 

50.8 ± 5 nm. Moreover, the TEM image analysis revealed that 

the gold nanorods’ average width is 12.1 ± 0.8 nm with an 

average aspect ratio of 4.2 ± 0.6. The elemental mapping under 

a TEM (Fig. 2b) confirmed the presence of gold nanorods. As 

shown in Fig. 2c, Au NRs displayed strong absorbance in the NIR 

light region (810 nm). This absorbance is related to the length 

and aspect ratio of the Au NRs. The dynamic light scattering 

(DLS) curve of Au NRs in Fig. 2d shows an average hydrodynamic 

diameter of 50 nm, confirming the morphology of the gold 

nanoparticles used for this research. 

 

Face mask modification procedure 

To prepare the electrospinning solution, first, PAN was 

dissolved and transferred to a syringe to fabricate an 

electrospun layer over the outer layer of the surgical face mask. 

The next step was to decorate the as-spun PAN layer. Due to the 

high hydrophobicity of polypropylene (PP) melt-blown fibers 

and PAN electrospun layer (Fig. S2), depositing uniform Au NRs 

was impossible. Soliwoda et al. proposed using alcosol of Au 

NRs instead of an aqueous solution to overcome this matter.55 

Subsequently, after the preparation of Au NRs alcosol, the as-

spun PAN layer was decorated with Au NRs by electrospraying 

technique to equip the mask with photodynamic and 

photothermal properties. Finally, we employed electrospinning 

of PAN on the decorated layer to fabricate a protective layer for 

the decorated fibers. The described strategy allows the 

nanoparticles to be incorporated onto the electrospun layer 

and maintain their functionality without leaching. The binding 

forces between citrate-capped gold nanoparticles primarily 

involve electrostatic forces and coordination bonds. Citrate ions 

Fig. 1 Stratagem of modified face mask and novel features given by electrospinning and electrospraying. The schematic illustration shows the concept and structure design of the 

photo-response and photo-dynamic face mask fabrication. PAN nanofibers are formed firstly by electrospinning on a surgical mask, followed by Au NRs electrospraying procedure, 

and finally, PAN electrospun again on the decorated mask to create a protective layer for the nanoparticles. The nanostructured platform can efficiently be activated under the 

NIR irradiation. 

Fig. 2 Characterization of Au NRs utilized for this study. a) High-resolution TEM image of 

two gold nanoparticles. b) EDX elemental mapping image confirming the presence of 

gold. c) UV-Vis spectrum of Au NR solution exhibiting the sharp absorbance peak at 810 

nm related to the morphology and aspect ratio of the employed nanorods. d) DLS plot 

presenting the hydrodynamic radius of nanorods approximately at 50 nm and an 

additional peak centered at 1 nm related to the nanorod rotational diffusion. 



 

  

(from citrate molecules) are commonly used to stabilize and cap 

Au NPs. Additionally, citrate molecules can form coordination 

bonds with gold atoms on the nanoparticle surface. This 

contributes to the stability of the citrate-capped Au NPs.56 

Furthermore, due to the robust entrapment of the 

nanoparticles within the layers, the chance of escape or 

inhalation of gold nanoparticles is minutest. Consequently, the 

functionality of Au NRs is retained, and they can effectively 

exhibit photodynamic and photothermal activities without 

creating potential health risks. In Fig. 3a, the process of 

preparing antibacterial face masks is illustrated. The available 

surgical face masks mainly consist of three melt-blown layers of 

PP. As the structure of surgical masks has been shown in Fig. 

S3a, the SEM micrographs show that the thickness of the 

internal and external layers are approximately 334 ± 23 μm and 

the thickness of the mid-layer is approximately 233 ± 16 μm (Fig. 

S3b). Additionally, the PP melt-blown fibers used for 

commercial face masks have an average diameter of 18 ± 0.83 

μm, as is shown in Fig. 3b. The morphology of the fabricated 

PAN electrospun nanofibers has been shown in Fig. 3c. The 

electrospun fibers of PAN are beadless, uniform, and have an 

average diameter of 387 ± 49 nm. Fig. 3d shows the SEM 

micrograph of the surgical mask’s PP fibers covered with PAN 

nanofibers. Herein, the comparison of surgical mask microfibers 

with the PAN nanofibers is visible and illustrates a significant 

increase in the potential of PM filtration (Fig. 3d). The 

electrospinning of PAN over the face mask provided a physical 

entanglement between the melt blown and nanofibers. The 

SEM image of the entanglement can be seen in Fig. 3e. In Fig. 

3f, the SEM image of the cross-section of the prototype face 

mask showing the thickness of the delicate and efficient 

electrospun layer of PAN is about 8.45 μm can be seen. The FE-

SEM image of Au NRs decorated nanofibers is presented in Fig. 

3g, indicating the presence of Au NRs with an average length of 

50 nm on the surface of electrospun PAN fibers is visible in this 

panel. SEM micrographs and the connected EDAX gold 

elemental mapping collected from three different 

representative areas of decorated face masks can be seen in Fig. 

S4. The central area and two other zones localized in the face 

mask's corners are visualized to appreciate the homogeneous 

distribution along the electrosprayed samples’ area. 

 

Photo-responsiveness of the fabricated masks 

The photothermal property of modified masks was evaluated 

under laser irradiation. A NIR laser source operating at 810 nm 

wavelength was irradiated on the samples passing through a 

custom-designed optical path to investigate the photo-

responsiveness of the fabricated face masks. The schematic of 

photo-response studies is illustrated in Fig. 4a. Any temperature 

change of the samples during irradiation was recorded and 

saved on the computer using a thermal camera. To observe the 

effect of NIR light on a surgical mask, plots of the temperature-

time of untreated face masks under different powers of NIR 

light are reported in Fig. S5a. The NIR light with 0.5 W/cm2 

power increased the temperature of the outer layer of the face 

mask by 1 °C in 5 min of irradiation. Moreover, 3.0 W/cm2 and 

4.0 W/cm2 NIR lasers were able to raise in temperature of the 

surgical mask respectively by 7.2 °C and 10.6 °C. Decorated face 

masks were irradiated by laser for 5 min with different NIR 

powers (Fig. S5b) to find the optimum laser power for the self-

sterilizing mask. Applying a 0.5 W/cm2 laser was able to reach 

41.5 °C on the surface of the face mask. On the other hand, a 

4.0 W/cm2 NIR light could increase the temperature to 115.0 °C. 

At the same time, a 3.0 W/cm2 laser was the optimum power, 

which raised the temperature to 113.2 °C, which can eradicate 

the pathogens via photothermal and photodynamic effects.57,58 

The temporal plots of decorated face masks were graphed (Fig. 

4b) to optimize the concentration of Au NRs alcosol and find the 

proper duration for electrospraying. The material was designed 

to reach sufficient temperature to eradicate the bacteria for the 

dry and wet face masks (Fig. 4c). To mimic the operative 

conditions of the surgical face mask, i.e., accounting for the 

moisture that resides in the human exhale, the fabricated face 

mask can increase the temperature in a semi-wet scenario. The 

line profile plot module of the outer layer of the face mask 

shows a temperature of 113.5 °C along the surface of the mask 

(Fig. 4d). Furthermore, due to the application of decorated 

masks as wearable photoresponsive face masks, in Fig. 4e and 

f, the effect of laser irradiation on both sides of the platform has 

been studied. Meanwhile, the temperature of the inner layer, 

which is in contact with the user’s skin, is about 29.5 °C showing 

the usability and safety of the fabricated platform. Fig. 4g is the 

thermographic image of decorated face masks under a 3.0 

W/cm2 NIR laser. Images captured by the thermal camera 

showed a rapid rise in platform temperature, regarded as the 

direct responsiveness rate. In Fig. S6, the thermographic image 

Fig. 3 Procedure of fabrication of nanostructured layer and morphological 

characterizations of the surgical mask (gray), PAN electrospun nanofibers (blue), and 

gold nanoparticles (yellow) fabricated for this study. a) The nanostructured face mask 

fabrication scheme consisted of two electrospinning steps and one electrospraying 

stage. b) SEM image of PP melt-blown surgical mask fibers. c) SEM micrograph of 

standalone PAN nanofibers. d) FE-SEM image of deposited PAN nanofibers on the outer 

layer of the face mask. e) SEM image showing anchorage of a PAN electrospun 

nanofiber on the surface of PP melt-blown fiber. f) Cross-section microscopic image of 

fabricated nanostructured face mask. g) FE- SEM image of PAN nanofibers decorated 

with Au NRs. 



 

 

of a non-decorated face mask is visible. This figure indicates that 

the maximum reached temperature of a surgical mask under 

laser irradiation can be 32.56 °C which is not enough to 

eradicate pathogens.36 To prepare and investigate specimens 

we utilized later for antibacterial studies (to be discussed 

whereafter), face masks were cut in circles and fixed at the 

bottom of 96-well plates. Fig. 4h and 4k show the 

thermographic images of the cut face masks during the 

antibacterial studies inside well plates. For this study, a hot 

plate was used to maintain the temperature of the samples at 

37.0 °C imitating the wearer’s face temperature. In Fig. 4h, the 

thermographic images of face masks during the antibacterial 

studies show that the temperature of the surgical mask was 

steady at 37.3 °C under NIR light irradiation. Meanwhile, in Fig. 

4k, the decorated face mask displayed a rise in temperature to 

74.1 °C under NIR irradiation for 15 min, which can be 

associated with the photothermal feature of Au NRs. 

 

ROS generation of plasmonic nanoparticles 

Recent research has focused on developing new and innovative 

methods for killing bacteria. One such method involves 

generating reactive oxygen species (ROS) generation with Au 

NRs. Gold nanorods can be utilized to generate ROS when 

irradiated with light. These generated ROS can damage bacterial 

cell walls and membranes, ultimately leading to cell death.59,60 

This approach has the potential to be highly effective in 

eliminating bacteria. The reactivity of Au NRs and their potential 

to generate ROS was determined in PBS over time.61–63 

Fig. 4 The fabricated nanostructured face mask’s photothermal representing the fabricated platform’s fast responsiveness. a) Scheme displaying the experimental setup designed 

to analyze the photo-response of the modified face mask under NIR irradiation. The temperature change was recorded during the analysis using a thermal camera. b) Temporal 

plot of face masks decorated with different concentrations of Au NRs. The legends represent the volume ratio of the Au NRs solutions to ethanol in electrosprayed alcosol. Each 

sample was electrosprayed for 20 minutes. c) Linear correlation between the maximum temperature sensed by the thermal camera and the intensity of the NIR-laser for dry 

surgical and decorated face masks. d) Temperature vs. time plots of the nanostructured face mask decorated with Au NRs and untreated surgical mask under NIR-light irradiation 

for 5 min. e) Temperature distribution graphs of the outer layer of the nanostructured face mask. f) Temperature distribution graphs of the inner layer of the irradiated mask 

showing the temperature of 29.5 °C and safe for the user’s skin. g) Thermograph image of the nanostructure face mask under NIR light irradiation (intensity of 3.0 W/cm2) 

showing a maximum temperature of 113.5 °C. h) Thermal image of circular cut surgical mask treated with bacteria suspension showing the temperature of the sample and hot 

plate for the study was steady around 37 °C. k) Thermogram of the nanostructured face mask cultured with bacteria under NIR-laser, in which the temperature reached 74 °C. 



 

  

Deacetylation and purification of DCFH2 in the present study 

were performed from an aqueous NaOH solution and purified 

by liquid phase extraction. The schematic of the preparation 

and purification steps is shown in Fig. 5a illustrating the 

different steps to prepare the DCFH2 solution. Remarkably, 

during and after the preparation of DCFH2, the solution was 

shielded from light to avoid oxidation upon light exposure. The 

absorption spectrum of DCFH2 dissolved in methanol is shown 

in Fig. S7. The spectrum has an absorption maximum at λ = 231 

nm. The spectrum of dissolved DCFH2 shows the identification 

of organic functional groups.64 The scheme in Fig. 5b shows the 

ROS generation upon NIR-light irradiation via Au NRs. A 

significant increase in DCF fluorescence occurred after the NIR 

laser irradiation of the Au NRs decorated face mask sample (Fig. 

5c) in both decorated samples. In contrast, the fluorescence 

increase in the mentioned sample without laser irradiation was 

marginal, the same for the face mask without Au NRs.  

Similarly, DSC fluorescence of the surgical mask did not have a 

tangible change upon laser irradiation. 

 

Biocompatibility of the face masks 

Different approaches were used in this study to evaluate the 

breath safety of the fabricated face masks. According to the ISO 

guidelines (109993-5), cell cytotoxicity was measured by 

indirect and direct methods to follow the cells’ viability, 

proliferation, and morphology changes on or in close contact 

with the mask.65 The schematic of the direct and indirect cell 

viability methods can be seen in Fig. 6a. In the case of the 

indirect method for evaluating cell viability, cells were seeded 

onto the well plate, and their growth medium was replaced with 

the medium where the mask samples were soaked for 24 h. The 

indirect method results showed that the nanostructured masks 

did not leach any cytotoxic substances (or did not reach high 

enough concentrations of substances) into the aqueous 

medium during the experiment and therefore had no toxic 

effect on cells. In Fig. 6b, no statistical difference in cell viability 

was found between the nanostructured face masks tested 

(single and double electrospun layer on the surgical mask) and 

traditional surgical face masks. The results of the direct cell 

viability evaluation can be seen in Fig. 6c. Similar to the indirect 

cell viability method, there were no statistically significant 

differences between tested masks and the controls at different 

time points, indicating the safety of tested masks. 

In addition to the MTS direct cell viability assay, confocal 

microscopy was used to evaluate the safety and direct effect of 

nanostructured material of surgical mask on cell viability and 

proliferation. Fig. 6d shows confocal microscopy images of cells 

grown on tested masks for 48 h. No morphological changes in 

cells were observed when tested masks were compared to the 

control sample (cells cultured on round microscopy glass). It is 

possible to see even cell divisions, and the latter also indicates 

the well-being of the cells on top of the developed masks. Live 

cell staining and microscopy analyses were performed 

(Supportive information, Fig. S8) to confirm that the fixation 

process during the sample preparation for imaging did not 

affect the cells on masks. Similarly, no morphological changes 

of the BHK-21 cells were observed when these cells were grown 

on the masks containing fibers and Au NRs on top compared to 

the surgical mask. 

Fig. 5 ROS generation ability of Au NRs decorated face masks a) Standard procedure 

for the preparation and purification of DCHF2 b) Schematic of ROS generation upon 

NIR-light triggered via Au NRs. c) DCF fluorescence of different samples. Face mask 

decorated with two different concentrations of Au NRs and surgical face mask 

fluorescence changes over time. 



 

 

 

Bacteria and particle filtration performance 

Bacterial filtration efficiency (BFE) and particle filtration 

efficiency (PFE) are test methods to evaluate face masks, 

respirators, and filtration media performance efficiency.66,67 Fig. 

7a shows the schematic of BFE and PFE tests and the fabricated 

face mask structure. BFE and PFE tests were conducted to 

evaluate the functionality of the face masks. Moreover, the 

results of these tests could be beneficial to optimize the 

thickness of the fabricated electrospun layers. The BFE testing 

method was assessed following the EN 14683:2019+AC 

standard. In Tables S1-3, the total number of Staphylococcus 

aureus (S. aureus) bacteria that permeate the masks and their 

BFEs calculated following the mentioned standard can be 

found. To evaluate the effect of electrospinning, surgical mask, 

and electrospun face masks with single and double electrospun 

layers were analyzed. As can be seen in Fig. 7b, the BFEs were 

calculated as 55.24% ± 2.64, 90.16% ± 2.93, and 92.22% ± 3.53 

for the surgical mask, single electrospun layer, and double 

electrospun layer, respectively. The results indicate that 

applying a layer of nanofibers to surgical face masks results in a 

statistically significant increase in the bacterial filtration 

efficiency of available surgical face masks. Additionally, to 

further investigate the effect of electrospun modification on the 

surgical mask, a PFE test was conducted with PM0.3-like NaCl 

particles. As shown in Fig. 7c, the measured PFE of surgical face 

mask is about 37% ± 1.04, while the filtration efficiency of single 

and double electrospun layer masks are 67% ± 5.14 and 71% ± 

5.62, respectively. The PFE test exhibited that the modified 

electrospun face mask can enhance the PM0.3 filtration twofold 

with a double electrospun layer structure. Finally, Fig. 7d shows 

the pressure drop of the surgical and electrospun-modified face 

masks. The double electrospun layer face mask exhibited high 

BFE efficiency and escalated the PM0.3 filtration while 

maintaining a similar pressure drop. In addition, the double-

layer electrospun face mask pressure drop was 30.3 Pa, while 

the pressure drop of the surgical face mask was 25.1 Pa 

revealing the superior performance of fabricated face masks. 

 

Bacteria eradication of the face mask 

Photothermal and photodynamic bacterial inactivation 

properties of the materials are performed upon NIR laser 

irradiation. The antibacterial tests were evaluated using 

bacterial suspensions of S. aureus. This species was selected 

since it is one of the most common microorganisms, and it is 

responsible for a wide range of clinical infections.68  

Antibacterial analysis was performed to evaluate the 

antibacterial properties of fabricated face masks. The test 

schematic is reported in Fig. 8a. The photothermal effect of Au 

NRs on bacteria suspension was observed after approximately 

15 min of irradiation (Fig. 8b). During this time, in the presence 

of the Au NRs-coated masks, S. aureus was inactivated to the 

detection limit of 3 log units, demonstrating bacterial survival 

below 0.1% (Fig. 8c). No colonies were also observed in the 

representative plates, demonstrating effective inactivation of 

Fig. 6 Cell viability evaluation of BHK-21 exposed to different face mask samples. a) 

Schematic illustrating the steps for indirect and direct methods. b) indirect cell 

viability assay results, showing no statistically significant difference between 

analyzed face masks and the control sample after 48 h. The control sample is cells on 

the well plate. c) Results of direct cell viability method. Untreated cells grown at the 

bottom of the 24-wallplate were a control sample. d) Confocal microscope images of 

BHK-21 cells on face mask samples. The blue color in the microscopic images stands 

for the nucleus, which was stained with DAPI, while red actin filaments stained are 

with Phallodine conjugated Alexa 568. 

Fig. 7 a) Schematic of BFE and PFE tests. b) BFE of surgical masks compared with 

fabricated nanostructured platforms, showing enhancement in bacterial filtration. c) 

PFE performance of surgical masks, single and double electrospun layer face masks, 

presenting a considerable improvement in particle filtration efficiency. d) Pressure 

drop of fabricated single and double electrospun layer compared with surgical face 

mask showing maintain in pressure drop. 



 

  

99.95% of bacteria in the suspension, thus proving the self-

sterilizing properties of the face masks under NIR-light-radiation 

conditions. By contrast, no bacterial inactivation was observed 

for Au NRs-free masks upon illumination and for any tested 

samples without irradiation. Additionally, no effect of 

irradiation on control bacterial suspension was detected. 

The bactericidal performance of the Au NRs-coated masks 

towards S. aureus was caused by the synergistic effect of the 

hydrophobicity of the masks and the photothermal 

performance of Au NRs, as reported in Fig. 4k. Various shapes 

of Au nanoparticles belong to a group of photosensitizers, which 

generate excited triplet states when exposed to light. These 

interact with molecular oxygen and create singlet oxygen, 

damaging cell walls, plasma membranes, and DNA and 

eventually leading to the death of the microbial cells.69-70 As the 

irradiation provided by the source of NIR light is continuous or 

recurring, the pathogens remaining on the surface of Au NRs-

coated facemasks can be easily eliminated in a repeated 

manner. Besides, the exposure time and temperature achieved 

during the experiments were also reported as sufficient to 

accomplish 4 log decays of SARS-CoV-2.71 

The effect of Au NRs to eliminate the bacteria on the surface of 

fabricated face masks was further visualized using electron 

microscopy. For this purpose, two representatives decorated 

face masks with Au NRs cultured with S. aureus bacteria were 

examined. The first face mask was cultured with bacteria but 

was not irradiated by NIR light. The non-irradiated face mask did 

not show antibacterial activities. The colonies of S. aureus are 

visible in the image and marked with yellow arrows (Fig. 8d). On 

the other hand, the on-demand antibacterial effect of NIR 

irradiated Au NRs decorated face masks is visible on the 

micrographs (Fig. 8e) showing the elimination of the bacteria on 

the face mask. 

Conclusions 

This study displays a strategy to fabricate face masks with on-

demand pathogen eradication capability. The strategy 

illustrated a way to decrease the environmental impact of many 

contaminated waste masks and the risk of spreading infections. 

The face mask’s active layer consists of PAN electrospun 

nanofibers sandwiching Au NRs. The plasmonic nanoparticles 

electrospraying process offered the platform a combination of 

photothermal and photodynamic features. The antibacterial 

property of the platform is activated upon exposure to the NIR 

light and can eliminate 99.95% of bacteria on the surface of the 

face masks. Furthermore, the electrospinning technique 

improved nearly twice the face masks’ particle and bacterial 

filtration efficiency. The study proved that obtaining a self-

sterilizing face mask with boosted filtration properties has the 

potential for practical application. This developed structure will 

be a breakthrough for the face pieces industry for indoor 

bactericidal eradication applications as for hospital purposes. 

We engineered the face mask to have the capability to eliminate 

surface bacteria upon laser irradiation between wearing. Our 

findings pave the way toward realizing innovative face masks 

with light-assisted sterilization, high filtration efficiency, 

preventing cross-contamination, and long-lasting 

functionalities. The proposed concept could revolutionize next-

generation face masks, drastically reducing the waste 

generated by face masks while improving the performance of 

conventional surgical masks. 

Experimental 

Materials 

Ethanol (99.5%, Sigma Aldrich), N,N-dimethylformamide (DMF, 

99.0%, Sigma Aldrich), hydrochloric acid (HCl, 37.0%, Sigma 

Aldrich), dimethyl sulfoxide (DMSO, 99.9%, Sigma Aldrich), 

hexamethyldisilane (HDMS, 99.0% Sigma Aldrich), 

formaldehyde (36.0%, Sigma Aldrich), glutaraldehyde (GTA, 

Sigma Aldrich), polyacrylonitrile (PAN, Mw=150 kDa, Sigma 

Aldrich), sodium chloride fine particles (NaCl, 0.3 µm), 

phosphate buffered saline (PBS, pH⁓7.4, Sigma Aldrich), gold 

nanorods (Au NRs, λa = 810 nm, O.D. = 50, Au NR ≈ 1 mg/mL 

nanoComposix, USA), nonwoven protective face mask (TZMO 

SA), DMEM/F-12 (Sigma Aldrich), FBS (F9665, Sigma Aldrich), 

penicillin (Sigma Aldrich), streptomycin (Sigma Aldrich), baby 

hamster kidney cell (BHK-21, ThermoFisher Scientific), 

Glascow’s MEM (GMEM, ThermoFisher Scientific), tributyl 

phosphate (TBP, Sigma Aldrich), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, ThermoFisher Scientific), 

Staphylococcus aureus (S. aureus, ATCC® 6538™, Pol-AURA), 

tryptic soy agar (TSA, bioMérieux SA, Marcy-l’Etoile, France), 

2,4,5-Trimethylthiazole (TMS, 98.0%, Sigma Aldrich), MTS cell 

Fig. 8 Photothermal and photodynamic inactivation of S. aureus on Au NR-masks. a) 

Schematic representation of the antibacterial test procedure. b) Macroscopic pictures 

of bacterial colonies grown on LB agar c) Percent of bacteria survival after contact with 

bacterial suspension (control), mask, and Au NR-coated mask under NIR irradiation (IR) 

or dark incubation (n=3). The detection limit at 103 CFU/mL is marked with the dashed 

line. Data points below the detection limit are set as 0.05% bacteria survival. Data are 

reported on a logarithmic scale as mean ± standard deviation. d) SEM micrographs of 

face mask fibers cultured with bacteria; bacteria are marked with yellow arrows. e) 

SEM images of fabricated face mask after NIR irradiation showing the elimination of 

bacteria on the surface of the mask 



 

 

proliferation reagent (BioVision), FM™ 4-64 (Invitrogen, 

ThermoFisher Scientific), ROTI® Mount FluorCare DAPI (Carl 

Roth), and Alexa Flour 568 (ThermoFisher Scientific) , lysogeny 

broth (LB) and lysogeny agar (LB agar, A&A Biotechnology).  

Fabrication of nanostructured mask 

A 10% w/w solution of PAN in DMF was prepared at room 

temperature via a magnetic stirrer. Subsequently, the PAN 

solution was homogenously dissolved overnight and 

transferred to a 1 mL syringe equipped with a 26-G metal blunt-

end needle. A surgical mask was fixed on a stationary collector 

at a distance of 12 cm from the tip of the needle and connected 

to the negative pole of the voltage source. The electrospinning 

conditions were as follows: a flow rate of 500 μL/h and an 

applied voltage of 12 kV. The environmental conditions of the 

procedure were kept at a temperature of 24 °C and relative 

humidity of 44%. To decorate the as-spun PAN nanofibers on 

the surgical mask via electrospraying, an alcosol suspension of 

Au NRs was prepared—briefly, 10 μL of 50 O.D. Au NRs were 

dispersed in a 100 μL water and ethanol solution with a volume 

ratio of 1:1 and ultrasonicated. An ultrasonic bath was utilized 

for 15 min to disperse the alcosol for electrospraying. Next, the 

electrospraying process of Au NRs alcosol was carried out using 

a 1 mL syringe with a 22-G needle. The electrospraying 

conditions were as follows: a flow rate of 200 μL/h and an 

applied voltage of 7 kV at a needle-collector distance of 6 cm. 

The PAN solution was used again to electrospun the 

nanostructured face mask’s second layer to protect the as-

prepared decorated PAN nanofibers. The fabrication and 

environmental parameters were the same used for the first 

layer of electrospun PAN fibers. 

To calculate the amount of sprayed Au NRs content, we used 

Equation 1. The following equation, with assuming a continuous 

flow rate: 

M = OD × V × (Afm / Aes)           (1) 

Where, the optical density of the nanoparticles (OD), Volume of 

gold nanorods in electrospraying alcosol (V), Afm as the face 

mask area, and Aes as the electrospraying area. In, the table S4, 

amount of gold nanorods in each sample has been reported. 

Chemical characterizations 

To measure the UV-Vis spectra of Au NRs solution from 200 to 

1000 nm with a step of 5 nm, a Multiskan GO 

spectrophotometer (Thermo Scientific, USA) was utilized. The 

hydrodynamic diameter of Au NRs was measured using a 

dynamic light scattering (DLS) zeta sizer Nano ZS (Malvern 

Panalytical, UK). 

Morphological studies 

The morphological properties of the Au NRs solution used for 

this study were investigated using the transmission electron 

microscopy (TEM) method. On the other hand, scanning 

electron microscopy (SEM) and field-emission electron 

microscopy (FE-SEM) were carried out to study the morphology 

of fabricated and decorated nanofibers. SEM investigations 

were conducted using a JEOL JSM-6390LV microscope. The 

accelerating voltage was 10 kV at a working distance of 10 mm. 

TEM, FE-SEM, and Energy-dispersive X-ray spectroscopy (EDAX) 

were performed using the FEI Nova NanoSEM 450 microscopes. 

The accelerated voltage for TEM and FE-SEM microscopy was at 

10 kV, and for EDAX, the operating voltage was at 15 kV. Before 

SEM and FE-SEM microscopic imaging, the samples were coated 

with a 4 nm thick layer of gold using SC7620 Polaron micro 

sputter coater (Quorum Technologies Ltd., Ashford, UK). 

Thermal-activity and antibacterial testing of mask 

The Coherent Powerline CW diode laser, which operates at 810 

nm in the high absorption range of Au NRs, was used in the 

thermo-optical setup. Under laser irradiation, the temporal 

temperature profile and spatial heating distribution were 

measured and identified using a high-resolution thermal 

camera (FLIR, A655sc). With an accuracy of 0.2 °C, the camera 

generates thermal images with a resolution of 640×480 pixels. 

It smoothly integrates with specialized software (FLIR 

ResearchIR Max) to capture and process the thermal data that 

the camera has collected. 

Deacetylation and purification of DCFH2 

The 2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA) 

deacetylation to 2′,7′-dichlorodihydrofluorescein (DCFH2) and 

further purification was conducted following the protocol 

reported by Reiners et al.63 Briefly, the methanol stock solution 

of DCFH2-DA was neutralized with 0.1 M sodium hydroxide 

(NaOH). An equal volume of 0.2 M HCl to the NaOH fraction was 

gradually added to precipitate DCFH2. The precipitated pellet 

was centrifuged at 2000 × g for 15 min at 4 °C. After the 

supernatant collection, 4 mL of ice-cold acidified MiliQ water 

(pH = 1) was added, and the centrifugation preceded by 

acidified MiliQ addition was repeated two more times. 

Chloroform was used to extract DCFH2 and remove the aqueous 

phase. The organic phase was evaporated under a continuous 

stream of argon gas at room temperature. Pellet was dissolved 

in methanol up to a concentration of 0.05 M. The stock solution 

was purged with argon gas and stored at -20 °C. All the steps 

were performed using a probe covered with aluminum foil to 

shield the sample from light exposure. 

Spectrofluorometric DCFH2 oxidation assay in a cell-free system 

Deacetylated and purified DCFH2 was used to determine the 

oxidant-generating potential of Au NRs on the surface of the 

face mask in the cell-free environment. The face mask with Au 

NRs was placed in a 96-well plate and poured with 198 μL PBS 

(pH = 7.4) and 2 μL of DCFH2 (50 μM final concentration). The 

oxidizing potential during NIR laser irradiation (3.0 W/cm2) and 

in the absence of laser was assessed spectrofluorimetrically (λex 

= 485 nm and λem = 538 nm). Time points T = 0-2.5 min and T = 

15-20 min were performed without laser irradiation, whereas 

time points T = 2.5-15 min were assessed using continuous laser 

irradiation. 

Bacterial Filtration Efficiency 

A six-stage cascade impactor (WES-710, Westech Instrument, 

Upper Stondon, Great Britain) was implemented to fix the face 

masks for bacterial filtration efficiency (BFE) tests. Also, an 

aerosol chamber using a collision nebulizer (MRE CN25, BGI 

Incorporated, Waltham, MA, USA) was used for the BFE test. 

The absorbance of cells was measured using a microplate 



 

  

reader (Tecan Sunrise, Tecan Group Ltd., Männedorf, 

Switzerland) at the optical density (O.D.) of 490 nm.  

Before each experiment, the tested masks were conditioned at 

21 ± 0.5 °C and 85 ± 5% relative humidity for a minimum of 4 h 

to bring them into equilibrium with the atmosphere before 

testing. BFE was determined for each set of tested masks 

according to the European Standard EN 14683:2019+AC. Briefly, 

a tested mask was clamped between an inlet and the first stage 

of a six-stage cascade impactor (WES-710, Westech Instrument, 

Upper Stondon, Great Britain). An aerosol of Staphylococcus 

aureus (ATCC 6538) was introduced (from suspension in 

peptone water) into an aerosol chamber using a Collision 

nebulizer (MRE CN25, BGI Incorporated, Waltham, MA, USA) 

and subsequently drawn through the tested mask and the 

impactor under vacuum loaded with six Petri plates filled with 

tryptic soy agar (TSA, bioMérieux SA, Marcy-l’Etoile, France). 

The flow rate through the impactor during testing was equal to 

28.3 L/min, and the duration of each test was 2 min. The testing 

was performed with the inside of the mask in contact with the 

bacterial challenge aerosol. The tested area of each mask was 

equal to 52.78 cm2. For each tested mask, its BFE was given by 

the number of colony-forming units (CFU) passing through the 

mask material expressed as a percentage of the CFU present in 

the challenge aerosol. To calculate BFE, the following Equation 

2 was used: 

BFE = ((C - T)) / (C) × 100                      (2) 

Where: 

C is the mean of the total plate counts for the two positive 

control runs, 

T is the total plate count for the tested mask. 

Negative and positive control runs supplemented each test with 

the mask. A negative control run was performed by passing air, 

without adding the bacterial challenge, through the cascade 

impactor for 2 min. Positive control run without a tested mask 

was done twice, before and after tests using an impactor fully 

loaded with TSA plates. The first positive control run was carried 

out at the beginning of the tests. After the last mask was tested, 

the second positive control run was performed. The duration of 

each of them was also 2 min. 

After each aerosol sampling, the Petri plates were incubated at 

37 ± 2 °C for 20 to 52 h. After incubation, the number of 

bacterial colonies on each impactor plate was counted 

(considering the ‘positive hole’ conversion table provided by the 

impactor manufacturer), and the counts were added to the 

total number of CFU collected by the impactor. 

Filterability and breathability measurements 

An automated filter tester provided by Zhaohui Filter 

Technology Co. Ltd., China, was used to measure filtration 

efficiency and airflow resistance. The tester could deliver 

charge-neutralized monodisperse solid NaCl aerosol particles 

that had a mass mean diameter of 300–500 nm and a geometric 

standard deviation not exceeding 1.92. The neutralized NaCl 

aerosol particles were fed into a filter holder and down through 

the filter with 100 cm2 of effective area. 

Cell study 

Confocal microscope LSM710 (Carl Zeiss, Munich, Germany) 

and Zen software (Zeiss) was used to visualize cells on the mask 

and verify the MTS assay results. Using the goniometer Data 

Physics OCA 15EC (Filderstadt, Germany), water contact angle 

measurements were used to determine the face mask’s 

hydrophobicity. 

Cell culture 

Baby hamster kidney cells (BHK-21) were grown on a GMEM 

medium supplemented with 10% FBS, 2% TPB, 10 mL of 1M 

HEPES, 100 µg/mL penicillin, and 100 µg/mg streptomycin. Cells 

were maintained at 37 °C in a 5% CO2 incubator. 

Indirect cell viability 

Cells were seeded onto a 24-well plate at a density of 50000 

cells in a volume of 500 µL medium per well. The pieces of masks 

with the size of 1.5 × 1.5 cm were cut out and incubated in 1 mL 

of the cell growth medium. Cells were cultured at 37 °C and 5% 

CO2 for 24 h. Then the culture medium of cells was replaced 

with 0.5 mL of the medium in contact with the mask samples. 

Untreated cells growing on the bottom of the 24-well plate 

were used as a control. After 24 h of incubation at 37 °C and 5% 

CO2, 50 µL of MTS cell proliferation reagent (Biovision) was 

added to all the wells. Medium cultured in the absence of cells 

was used as a background and subtracted from the results. 

Samples were incubated for 1 h until a color change was visible. 

200 µL of samples from the 24-well plate were transferred to 

the 96-well plate, making technical duplicates for each 

condition. The absorbance was measured using a microplate 

recorder (Tecan Sunrise) at the O.D. of 490 nm. 

Direct cell viability 

Mask samples of 1.5 × 1.5 cm were cut out and put into 

CellCrown™ 24-well plate inserts. Cells at density 50000 cells in 

a volume of 500 µL medium were seeded onto each mask 

sample. An additional 750 µL of the medium was added into the 

wells and incubated at 37 °C and 5% CO2. Incubation times were 

24 h, 48 h, 72 h, 5days, and 7 days. 500 µL of the medium was 

replaced with a fresh medium every 48 h. As a control, 

untreated cells growing at the bottom of the 24-well plate wells 

were selected. Background conditions were created by adding 

1.25 mL of the fresh medium into the empty walls. After 

incubation, 125 µL of MTS Cell Proliferation reagent was added 

to the cells, control, and background wells. After 1 h of 

incubation, the O.D. measurements were performed following 

the same protocol reported for the indirect method. 

Cell morphology 

Confocal microscope LSM710 (Carl Zeiss, Munich, Germany) 

and Zen software (Zeiss) was used to visualize cells on the mask 

after direct cell viability testing (masks were replaced between 

CellCrown™ inserts) and confirm the MTS assay results. The only 

difference was that the cells were seeded onto the mask 

samples at the density of 100000 cells in 500 µL medium per 

well and incubated at 37 °C and 5% CO2 for 48 h. After the 

incubation, the mask pieces with cells were removed from the 

inserts and washed with 1× PBS solution, after which they were 

fixed with 3.7% formaldehyde for 10 min at room temperature. 

After fixation, mask pieces with cells were washed with 1 x PBS 



 

 

and permeabilized with 0.1% Triton-X solution for 3 min at room 

temperature. After permeabilization, the mask pieces were 

again washed with 1 x PBS. Then the mask pieces with cells were 

placed on the microscopy slide and stained with 10 μL of the 

staining solution containing DAPI and Alexa 568 in 1 x PBS. A 

drop of ROTI®Mount FluorCare DAPI (Carl Roth, Karlsruhe, 

Germany) was added. The sample was covered with microscopy 

cover glass and sealed with nail polish. Samples were visualized 

under the microscope. In addition, microscopy analyses were 

performed to confirm that the fixation process did not affect the 

cells on mask staining without fixation (Supportive information, 

Fig. S8). For this analysis, the same protocol as above was used, 

but after 48 h of incubation, the samples seeded with cells were 

removed from the inserts, washed in 1 × PBS solution, and 

treated with 50 µL of 10 µg/mL FM 4-64 (Invitrogen, 

ThermoFisher, USA) staining solution in DMSO. After 2 min, the 

mask pieces were placed on a microscope slide and visualized 

under the microscope. 

Bacterial culture 

S. aureus (ATCC 6538) was cultured on lysogeny broth (LB) agar 

and isolated with a streak plate method. An isolated colony was 

inoculated in 3 mL of fresh LB broth for a test and grown 

overnight at 37 °C in an orbital shaker. 

NIR-light-activated bacterial inactivation 

NIR Inactivation studies were performed in sterile flat-bottom 

96-well plates. Briefly, the materials were cut into 6 mm 

diameter circles, sterilized under UV light on both sides for one 

hour (30 min per side) to reduce the bioburden, and glued to 

the bottom of the wells. S. aureus bacteria were cultured 

overnight in LB broth. Afterward, the bacterial culture was 

adjusted to 5×105 colony-forming units (CFU/mL) by adding 

fresh PBS. 100 μL of the bacterial solution was added to each 

well onto the materials’ surface. The 96-well plate was 

subjected to NIR irradiation for 15 minutes upon reaching the 

target temperature of 60 °C. The pure bacterial suspension was 

used as a positive control. The test was conducted in triplicate 

for each material, while non-irradiated control samples were 

incubated in the dark at room temperature for 20 min. After 

irradiation or dark incubation, 100 μL of sterile PBS was added 

to each well to resuspend the bacteria. Then, 100 μL aliquots 

were transferred to another 96-well plate and serially diluted. 

Each dilution was plated on LB agar in 3 technical repetitions. 

The plates were then incubated at 37 °C overnight, and 

afterward, the bacterial colonies were counted to estimate the 

bacteria’s survival.  

The plating technique limited the highest degree of inactivation 

detectable and amounted to 3 log units of detection in CFU/mL, 

starting from 5×105 CFU/mL, thus allowing for the detection of 

survival rates ≥0.1%. 

Finally, to provide high-quality macroscopic observations and 

the possibility to detect bacteria at a survival rate as low as 

0.05%, each suspension was further diluted 10 more times, and 

100 µL of each dilution was spread evenly on LB agar plates 

(representative plates) and incubated at 37 °C overnight. 

Statistical analysis for filtration efficiency 

The data on filtration efficiency for each group of tested masks 

were checked for the normality of their distribution. In the three 

tested cases (i.e., A, B, and C), the Kolmogorov-Smirnov, 

Lilliefors, and Shapiro-Wilk’s W tests revealed that all analyzed 

data in each group had a normal distribution. Hence, the 

analysis of the variance (ANOVA) was carried out to check the 

differences between groups of tested masks. The ANOVA 

showed that the BFE for surgical masks significantly differed 

from BFE for masks fabricated samples (Scheffe tests: in both 

cases p<0.000001). There was no significant statistical 

difference between BFE calculated for single and double 

electrospun layer masks (p>0.05). 

Statistical analysis for cell viability 

To calculate live cell population percentages, the following 

equations were used.  

Equation 3:  

cell viability (%) = ((sample O.D. - background O.D.)) / ((control 

O.D. - background O.D.)) × 100                                              (3) 

Equation 4:  

cell viability (%) = (sample O.D.) / (control O.D.) × 100      (4) 

All experiments were performed once in three replicates. 

Results are expressed as an arithmetic mean ± SD. Statistical 

analysis was performed using one-way ANOVA and post hoc 

pairwise t-tests with MS Excel 365 software (p < 0.05). Holm’s 

method was used for adjusting in the case of multiple 

comparisons. 
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