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ARTICLE INFO ABSTRACT

Keywords: The emergence of COVID-19 pandemic has severely affected human health and world economies. According to
Face mask . WHO guidelines, continuous use of face mask is mandatory for personal protection for restricting the spread of
Phy;oche;mbc]als bacteria and virus. Here, we reporta 3-ply cotton-PLA-cotton layered biodegradable face-mask containing
Bio cgradarie encapsulated phytochemicals in the inner-filtration layer. The nano-fibrous PLA filtration layer was fabricated
Bacterial Filtration . s . . s

Electrospinning using needleless electrospinning of PLA & phytochemical-based herbal-extracts. This 3-layred face mask exhibits

enhanced air permeability with a differential pressure of 35.78 Pa/cm? and superior bacterial filtration efficiency
of 97.9% compared to conventional face masks. Close-packed mesh structure of the nano-fibrous mat results in
effective adsorption of particulate matter, aerosol particles, and bacterial targets deep inside the filtration layer.
The outer hydrophobic layer of mask exhibited effective blood splash resistance up to a distance of 30cm,
ensuring its utilization for medical practices. Computational analysis of constituent phytochemicals using the
LibDock algorithm predicted inhibitory activity of chemicals against the protein structured bacterial sites. The
computational analysis projected superior performance of phytochemicals considering the presence of stearic
acid, oleic acid, linoleic acid, and Arachidic acid exhibiting structural complementarity to inhibit targeted
bacterial interface. Natural cotton fibers and PLA bio-polymer demonstrated promising biodegradable charac-
teristics in the presence of in-house cow-dung based biodegradation slurry. Addition of jaggery to the slurry
elevated the biodegradation performance, resulting in increment of change of weight from 07% to 12%. The
improved performance was attributed to the increased sucrose content in biodegradation slurry, elevating the
bacterial growth in the slurry. An innovative face mask has shown promising results for utilization in day-to-day
life and medical frontline workers, considering the post-pandemic environmental impacts.

LibDock Algorithm

1. Introduction

Outbreak of the infectious SARS-CoV2 disease has drastically
affected health of the global population, causing long time effects on
respiratory systems of the human body [1]. According to the World
Health Organization, spread of virus can be controlled using personal
protective equipment such as face masks, protective suits, and face
shields [2]. Global outbreak of the infectious virus has emerged with the
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need of an effective face mask for containing the spread of infectious
aerosol particles, since most infectious respiratory disease causing vi-
ruses such as Influenza A are majorly transmitted through aerosol par-
ticles [3]. To restrain the spread of virus, conventionally available
disposable non-woven surgical face mask and respirators were recom-
mended for respiratory protection [4]. However, working principle of
the mask was focused on physical blocking of pathogens in the air. Live
infectious pathogens on the surface of mask are primary source for

Received 23 December 2020; Received in revised form 11 February 2021; Accepted 22 February 2021

Available online 26 February 2021
1385-8947/© 2021 Elsevier B.V. All rights reserved.


mailto:meetkbs@gmail.com
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2021.129152
https://doi.org/10.1016/j.cej.2021.129152
https://doi.org/10.1016/j.cej.2021.129152
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2021.129152&domain=pdf

N.A. Patil et al.

contamination during the reuse or disposal of PPE [5]. Alternatively, the
cloth mask is significantly advantageous for constraining the spread of
virus due to better reusability and filtration of nano-scale aerosol par-
ticles in the air [6]. Among the conventional cloth masks, multiple
layered face masks were recorded to showcase better results in
restricting the spread of aerosol particles [7].

Incorporation of the electrospun nano-fibrous layer in multi-layered
face mask structure has resulted in showcasing ameliorated filtration
capabilities of the face mask [8,9]. Electrospun nano-fibrous mats have
been crucial in capturing the tiny particulate matter with efficiencies of
more than 99% [10]. The nano and micro structured membranes have
showcased significant application in separation and purification tech-
nologies [11]. Fine fiber diameter of the electrospun nano-fiber facili-
tates increment in specific surface area of filter media, resulting in
efficient filtration capabilities of the nano-fibrous layer [12,13]. Further,
the micro structured surface morphology determines the filtration ca-
pabilities of the electrospun layer, whereas interfacial adhesion between
the fibers facilitates formation of close-packed structure, which help in
improving the filtration performance of the membranes [14,15]. Surface
porosity and chemically functionalized surface of the nano-fibrous
membranes has crucial impacts on filtration capabilities of nano-
membranes, facilitating the ameliorated performance for capturing
micro-sized particulate matter [16]. While maintaining the high filtra-
tion efficiency, low-pressure drop across the filter media carries vast
importance in determining breathability of face mask [17]. Many
commercialized fibers such as glass fibers, cellulose fibers, and melt-
blown fibers have been investigated for their filtration performance,
but the presence of micro-fiber diameter limits the further filtration
performance of those fibers [18]. The utilization of single-use disposable
non-woven face mask in filter media has resulted in the release of
microplastics in the environment [19,20]. These microfibers released in
the water reservoirs affects aquatic life and humankind by accumulating
used face masks into landfills, resulting in deterioration of the ecological
system [21,22], also, the release of microfibers in the human body may
propagate invasive pathogens in the body [23]. On the contrary, utili-
zation of the cloth material based face masks have been significantly
crucial for exhibiting adequate filtration efficiency and reusability of the
face mask for daily use [24,25]. Several bio-based materials are also
reported to exhibit enhanced air filtration capacities, providing a bal-
ance between filtration capabilities and antimicrobial activity [26].

In addition to the ameliorated performance of electrospun nano-
fibrous layer, addition of immune-boosting chemicals has a significant
role in controlling the effects of infectious viruses and bacteria [27-29].
The injection mode for immune-boosting drugs and vaccines is effective
through inhalation, reducing the efforts of trained medical staff’s and
becoming significantly advantageous in resource-poor regions. Pre-
dominantly, herbal plants or spices’ extracts have potent effects against
the activity of dreadful airborne viruses [30-32]. Xingjiang Xiong et al.
have reported the biological activity of Chinese herbal extracts-based
medicine, capable of combating the SARS-CoV-2 virus [33]. Glucocor-
ticoids based drug treatment for SARS-CoV-2 have shown promising
results by reducing the mechanical ventilation and mortality rate among
COVID-19 patients compared to standard care protocol. Glucocorticoids
were evident intervention for reducing the mechanical ventilation (31
fewer per 1000 patients, 47 fewer to 9 fewer, moderate certainty) and
death rate (risk difference 37 fewer per 1000 patients, 95% credible
interval 63 fewer to 11 fewer, moderate certainty) when compared with
standard care [34]. Iveta Bartonkova et al. have demonstrated the ac-
tivity of essential oils on glucocorticoid receptor; biological activities of
essential oils were analyzed to have anti-microbial, anti-inflammatory,
anti-hypertensive, and anti-fungal properties, enhancing the immunity
of the human body against dreadful viruses [35]. The quantitative
structure-toxicity relationship (QSTR) analysis of plant-derived herbal
oils are recorded to be non-toxic, biodegradable, no irritancy at a lower
concentration, and non-mutagenic.

Wide usage of non-woven face mask for restraining the spread of
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COVID-19 pandemic has led to serious environmental impacts; resulting
in increment of drastic effects on living ecological systems [36]. These
environmental impacts encourage the research to develop an
environment-friendly and biodegradable mask for combating infectious
diseases [37]. The biodegradable fibers such as polylactic acid based
electrospun nano-fiber layer have exhibited promising results for
effective filtration of air and aerosol particles in the environment [38].
The nature-derived polymeric material has showcased microbial and
enzymatic biodegradation studies as recorded in various investigations
[39-44]. The other cellulosic component of the 3-ply face mask has
demonstrated excellent biodegradation characteristics of the material
[45]. The biodegradation slurry consisting of compost culture has shown
encouraging results for degradation of cotton fabrics [46]. The immune-
boosting herbal extracts present in the nano-fibrous PLA filtration layer
have been reported to exhibit adequate biodegradability without
affecting the environmental system [47].

The current study is focused on the fabrication of cotton/PLA based
biodegradable mask showcasing the antiviral, anti-bacterial, and
breathable characteristics. The major experiments of the investigation
are focused on — (1) Fabrication of 3-layered mask, whose upper and
lower fabric being consisting of cotton, and the middle layer comprising
of an electrospun nano-fibrous Poly (lactic acid) layer functionalized
with traditional Indian herbal extracts. (2) Utilization of traditional
herbal extracts, demonstrated effective performance in neutralizing the
effect of bacteria and viruses [48-51]. (3) Computational analysis of
phytochemicals using the advanced scoring function based LibDock
Algorithm, showcasing the ameliorated performance of herbal-extracts
in neutralizing the bacteria. Furthermore, it demonstrated immune-
boosting characteristics under controlled dosage through inhalation.
(4) Characterization of the filter media of 3-ply mask to evaluate bac-
terial filtration efficiency, air permeability, and blood splash resistance,
for determining the product’s effectiveness among medical frontline
workers and citizens for day-to-day use. The analysis of a mask’s surface
wettability has a crucial role in the reusability of a mask after multiple
piles of washing. (5) Biodegradation characteristics of face masks are
evaluated for analyzing the after effects of used face mask, in order to
minimize the environmental impacts due to pandemic.

2. Materials and methods

Poly-(lactic acid) (PLA) (FIBREEL, white colour, 1.75 mm diameter)
was procured from Rever Industries, Nashik, India. Dichloromethane
(99% pure) was procured from Thermo Fisher Scientific India Pvt Ltd,
which is utilized as a solvent for dissolving the PLA polymer. 100%
cotton fabric material (thickness of 0.33 mm, 150 GSM, warp and weft
count of 20 x 20 respectively, ends and picks per inch of 56 x 56) was
procured from the local fabric market. Azadirachta Indica has been
extracted from Agri based neem seeds, procured from local farmers in
Pune, India. The herbal extracts of Eucalyptus Citriodora were procured
from Vishal Chemicals, Mumbai, India. A digital thickness meter gauge
was used to evaluate the film thickness of the 3-ply biodegradable
mask’s layered structure. C6-Fluorocarbon based dispersion solution
named TUBIGUARD 30-F, and the cross-linking agent TUBICOAT FIX
H26 (used for improving the washing durability of the fabric) was
procured from CHT Group Germany. The binary solution mixture of
TUBIGUARD 30-F and TUBICOAT FIX H26 was spray-coated on the
Cotton fabric using a hand-operated spray gun with a distance of 20 cm
from the nozzle tip.

2.1. Needleless electrospinning of PLA nano-fibrous membrane

The polymer solution was prepared by dissolving 15 wt% of pre-
mium quality PLA polymer beads in dichloromethane (DCM) solvent.
Dissolution of the PLA polymer was carried out at room temperature in
the presence of continuous magnetic stirring at 200 rpm speed. Tradi-
tional Indian herbal extracts of Azadirachta Indica (10 wt% with respect
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to PLA) and Eucalyptus Citriodora (10 wt% with respect to PLA) were
added to the polymer solution and mixed thoroughly to achieve a ho-
mogeneous solution. Viscosity of polymer solution was analyzed using a
Brookfield Viscometer to determine the spinning characteristics of
polymer solution. The polymer solution was then subjected to needleless
electrospinning using the pilot scale plant machine i.e. Model: Nano-
spider™ Make: Elmarco s.r.o., Czech Republic, at Ahmedabad Textile
Industry’s Research Association (ATIRA) (as per assembly in Fig. 1). In
the needleless electrospinning assembly, the distance between two
electrodes was fixed at 18 cm for obtaining a nano-fibrous layer. Voltage
at the collector electrode was adjusted to —30 kV, whereas the rotating
electrode voltage was maintained at 60 kV for facilitating the effective
formation of nano-fibers. The rotating electrode speed was fixed at
6 rpm for deposition of a nano-fibrous layer on base cotton fabric at the
collector terminal. Cotton fabric at the collector electrode was processed
at a speed of 0.5 m/min, 1 m/min, 2 m/min, and 3 m/min for depositing
the nano-fibrous layer. An optimum closely packed nano-fibrous layer
was achieved at the collector electrode speed of 1 m/min. The optimi-
zation of collector processing time was carried out by measuring
thickness of nano-fiber layer on base cotton fabric using a digital
thickness meter gauge.

2.2. Scanning electron microscopy and atomic force microscopy

Surface morphology of the PLA nano-fibrous layer on base of cotton
fabric was analyzed using the Field Emission Scanning Electron Micro-
scopy (FE-SEM, Carl-Zeiss AG, JSM-6700F, Germany). Morphology of
the nano-fibrous layer was recorded for evaluating the compactness in
surface area of the electrospun PLA nano-fibers on the cotton surface.
Furthermore, morphology of the biodegraded samples was recorded to
analyze the change in morphology of face mask after subjecting to the
thorough biodegradation process.

Further morphological analysis of the nanofibers was evaluated
using atomic force microscopy (Model : Asylum Research MFP3D, Make:
Oxford Instruments, UK) at room temperature (25 + 3 °C), with a scan-
ning area of 05um, and total area of 127 um2. AFM analysis helps in
understanding the surface roughness patterns, symmetrical variations of
the surface, sand porosity of the surface in a quantified form.

2.3. Air permeability assessment

The air breathability assessment of face mask was carried out using

Collector electrode

Let-in substrate

Polymer solution

| Rotating electrode |
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IS 16289:2014 Annex C standard to measure the differential pressure
[52]. IS 16289:2014 measures air resistance using a flow meter (as per
Fig. 2). The standard technique can be used to measure an airflow of 8 L/
min. The mask’s testing sample should provide five different circular test
areas of 2.5cm orifice diameter (cumulative area of 4.9 cm?). This
standard assessment determines the breathability of mask material by
evaluating the pressure difference in air flow through filter media of
mask material. As reported in the standard operating procedure, the air
is passed through an inlet valve, and a flowmeter is connected at the
inlet of assembly displays the flow rate of air into the assembly, and
further, the air is passed through the testing sample for evaluating the
change in pressure using two manometers. The pressure difference in air
among the inlet and outlet of filter media determines the breathability of
mask [52]. The differential pressure drop across filter media is mathe-
matically expressed as per equation (1).

Xml — XmZ

AP =
Area of test material (cm?)

€8]

Xm1 = mean water pressure in manometer 1 (mm of water) of the five
test areas, across the low pressure side of material.

Xm2 = mean water pressure in manometer 2 (mm of water) of five
test areas, across the high pressure side of material.

2.4. Bacterial filtration efficiency

Bacterial filtration efficiency (BFE) of the face mask was evaluated
using the IS 16,288 standard technique [53]. The standard procedure
determines the efficiency by passage of bacteria containing aerosol
through the filtering layer of face mask. According to the standard
technique, analysis was carried out using Staphylococcus Aureus ATCC
6538 test bacteria with an inoculum size of 5 x 10° CFU/mL in presence
of tryptic soya agar media. The peptone water was used as a dilution
media, and testing is carried out at incubation conditions of 37 + 2 °C for
24 h. The BFE testing on a face mask was facilitated by the face-sided test
sample having an area of 10 x 10 cm, and the sample was conditioned at
a temperature of 21 + 5 °C. The flow rate of bacteria-containing aerosols
was adjusted to 28.5L/min, exhibiting mean particle size of the chal-
lenging aerosols fixed to 3.0 £0.3 um. The bacterial aerosols were
delivered to the test sample using a peristaltic pump in presence of
controlled air pressure. The flow rate of the aerosol particles passing
through the cascade impactor was adjusted to 28.3 L/min, where the
duration of bacterial aerosol delivery time was fixed to 2 min. The agar

Take-up cylinder

60KV voltage
supply

Fig. 1. Assembly for needleless electrospinning of polymer solution.
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Val
ave Vacuum Pump
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Fig. 2. Working principle for testing of air permeability by using standard IS 16289:2014.

plates were placed into the cascade impactor, and testing samples are
clamped on top of it. After the passage of bacterial aerosol for 2 min, the
samples were evaluated for BFE [53]. The mathematical expression for
calculating BFE is as per equation (2).
C—T) x 100

Bacterial filtration efficiency % = % 2)

C: Average plate count total for test control

T: Plate count total for testing sample

2.5. Splash resistance test

Splash resistance of the 3 ply face mask using the synthetic blood was
evaluated using IS 16289:2014 Annex D standards [52]. According to
the standard procedure, mask samples were conditioned at temperature
conditions of 27 +2°C and 65 + 2% relative humidity for replicating
the moisture equilibrium at standard environmental conditions. The
testing sample was mounted on sample holding fixture such that the
inside surface of face mask should be completely visible. The mask
sample testing was carried out by dispensing a controlled volume of
synthetic blood (approximately 2 ml) through a small diameter cannula
(internal diameter of 0.084 cm, and 1.27 cm long) over the conditioned
mask sample, under the pressure of 120 mm of Hg. The mask’s testing
sample was placed at a distance of 30.5cm for achieving adequate
replication of blood splash. Inner side of face mask was observed
through the viewing hole (within 10 sec) in presence of suitable lighting
to evaluate the penetration of synthetic blood [52].

2.6. Surface wetting test (Contact angle measurement)

The surface wetting characteristics of 3-ply mask were evaluated
using a contact angle goniometer (model no. DSA 25E, Kruss GmbH,
Germany). Measurement of the wetting contact angle (WCA) was facil-
itated using a standardized 8 uL droplet of deionized water (DI) at room
temperature. WCA was recorded on the cotton-PLA-cotton interface and
PLA-cotton interface, by placing a drop of DI water on the surface
interface. The standard contact angle was measured using a Young-
Laplace fitting method in the software. Each sample was repeated for
minimum 4 times and then the final average of values was taken as a
standard contact angle. These investigations were crucial to understand
the hydrophilic and hydrophobic characteristics of the mask, which
helps in understanding the washability for reuse and the specific per-
formance of the components in 3-ply mask.

2.7. Computational study of the phytochemicals

Computational analysis of the herbal phytochemicals against the
potential target bacterial proteins was performed using the docking

score functioned LibDock Algorithm [54,55]. LibDock is a high-
throughput algorithm for docking ligands into an active receptor site,
aligning ligand conformations to polar and apolar receptor interaction
hotspots, and reports the best scoring poses. The ligand conformations
with receptor sites profoundly depend on the structural properties,
rotation of bonds, and binding energy [56]. The interaction’s docking
characteristics were optimized using the Broyden Fletcher Goldfarb
Shanno algorithm and consistent force field minimization. Heat map
analysis is superior to the dot map or picto-trendline to analyze the
spread of infectious disease [57].

The retrieval of proteins and ligands at the 5 drug target site is
sourced from the PDB structural database. The theoretical models of the
protein and ligand structures were validated and utilized to analyze the
docking score. Major phytochemical constituents of the medicinal Aza-
dirachta indica and Eucalyptus citriodora herbal oils were obtained from
the PubChem compound database. The raw protein structures sourced
from the protein data bank (PDB) database were further prepared for
docking studies by removing all the hetatms and explicit HOH atoms.
The docking studies were performed to understand the effective binding
performance of the phytochemicals by removing destructive steric
clashes, and alternative conformations, insert missing atoms in incom-
plete residues, and modeling missing loop regions, and standardizing the
atom names. The interactions between receptor and ligand were inves-
tigated by analyzing molecular docking, using structural molecular
biology and CADD. The purpose of this stochastic protein-ligand inter-
action analysis is hypothesized to probe an enhanced performance of
phytochemicals and their mechanism for inhibiting protein structures of
the targeted site by utilizing ligands structures.

2.8. Biodegradation

Biodegradation studies of the 3-ply mask were evaluated using a cow
dung based slurry [58]. The biodegradation slurry was prepared by
adding 50 g of fresh cow dung (derived from local farm) into one-liter
water, and the mixture was stirred to achieve proper mixing of com-
ponents in the biodegradation slurry. The initial weight of mask samples
was recorded, and samples were immersed in the biodegradation slurry
for 30 days. After 30 days, test samples were removed from the slurry
and subjected to washing using water. Washed samples were dried in
oven at 70 °C for 2 h, to remove the moisture content from biodegraded
samples. Final weight of test samples was measured to evaluate the
reduction in weight of the face mask after biodegradation. Jaggery was
used to enhance the growth of microorganisms in the biodegradation
process; hence 50 g jaggery was added to the biodegradation slurry.
Fresh samples of the face mask were weighed and added into the
biodegradation slurry for 20 days. The samples were removed from
biodegradation slurry and washed thoroughly. The washed samples
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were dried in the oven at 70 °C for a duration of 2h, followed by an
evaluation of the final weight. Effectiveness of the biodegradation pro-
cess was assessed depending upon the change in weight (%) of the face
mask samples using following equation (3).

(Final weight of sample after biodegradation — Initial weight of sample) x 100
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matter from the substrate’s surface, whereas the fine particles are
captured deeper inside the close-packed electrospun filter media [66].
The needleless electrospinning technique has emerged as a novel tech-
nique for developing industrially scalable nano-fibrous mats for appli-

Weight change (%) =

3. Results and discussions
3.1. Fabrication and characterization of needleless electrospun layer

Bacterial filtration efficiency and air permeability of the face mask
are highly dependent upon the nano-fibrous electrospun PLA filter
media due to its compact structure and enhanced surface area for
adsorption on the nano-fibrous layer [59]. Multiple studies have been
focused on development of PLA nano-fibrous mats using the conven-
tional electrospinning system (single nozzle electrospinning technique)
[60,61]; however, the low productivity rate of this process is restricting
the industrialization of conventional process [62,63]. Hence, the current
study has been focused on the needleless electrospinning technique of
the nano-fibers on base cotton surface, considering the industrial
viability of the designed product in pandemic times. Needleless elec-
trospun nano-fibrous layers are substantially crucial for the formation of
highly porous, small pore sized, and internally connected porous
structured PLA electrospun mats [38]. Industrially scalable needleless
electrospinning technique is highly beneficial for developing uniform
electrospun mats, with an average fiber diameter of 8 + 0.2 um (calcu-
lated using ImageJ software). Fiber diameter is sensitive towards the
viscosity of electrospinning solution, distance between the electrodes,
and strength of electrostatic field; whereas the thickness of electrospun
mats is affected by the duration of fiber deposition and speed of rotation
of the collecting electrode [64]. At the optimum collector electrode
speed of 1 m/min, mean thickness of the needleless electrospun nano-
fibrous layer is recorded to be 0.41 mm (calculated using digital thick-
ness meter gauge). As per our previous investigation [40], the viscosity
of herbal extracts containing PLA polymer solution at a rate of 10 rpm
was found to be 950 cP at ambient temperature conditions (27 °C). The
fine fiber diameter of PLA electrospun mats results in ameliorated sur-
face area for aerosol particles’ adsorption on the surface [65]. PLA nano-
fibrous layer removes the large particle size of aerosols and particulate

Date :22 Jan 2021
Photo No. = 32238
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Initial weight of sample

3

cations in advanced air filter media [67-69]. Nano-fibers have
characteristic properties of improved surface adhesion, low basis weight
with uniform fiber diameter, high porosity, and specific surface area,
leading to its utilization as an excellent air filter media [70,71]. As per
the FE-SEM in Fig. 3 (A), uniformity in fiber diameter and dense nano-
fibers structure in the needleless electrospun mats, leads to the steady
and stable filtration stage in the purification of particulate matter and
bacteria from the air The fine diameter nano-scaled highly porous
structured electrospun mats [as per Fig. 3 (B)] plays a crucial role in the
filtration of air, by adsorbing the particulate material and volatile
organic gases [11,16]. According to the Frazier analysis, the needleless
electrospun PLA nano-fibrous layer has mean pore size of 20.1429 pm,
maximum pore size distribution of 5.0400, and mean flow pore pressure
of 0.604 psi. The stable air filtration is caused due to adsorption of the
impurities according to 5 specific mechanisms — (i) Interception, (ii)
Brownian diffusion, (iii) Gravity effect, (iv) Electrostatic effect, and (v)
Inertial impaction [72]. These mechanisms may show variations in the
nano-fibrous layer’s filtration efficiencies, whereas total filtration effi-
ciency is calculated by the cumulative aggregate of all these mechanisms
considering the size and shape of impurities in air [73]. Compact and
multi-layered structure of face masks is crucial to demonstrate the
enhanced results for filtration of micro aerosol particles. Increment in
layers of face mask has been proven to increase filtration efficiency and
differential pressure of the face mask, enhancing the protection from
harmful pathogens and viruses [74]. In the present study, 3-ply Cotton-
PLA-Cotton mask recorded face mask’s breathability due to low differ-
ential pressure of 35.78 Pa/cm?. The mask recorded bacterial filtration
efficiency of 97.9%, with an average plate count of positive control of
Staphylococcus aureus ATCC 6538 bacteria as 2168 (as per supporting
data, Fig. S1). The face mask has received CE certification from United
Kingdom Approval System for Certification Bodies Limited (Certificate
No.: 17020) based on the optimum performance of face mask (as per
supporting data, Fig. S2).

é Date :22 Jan 2021
%7 WD = 6.6mm Mag= 5.00KX Photo No. = 32237

Fig. 3. FE-SEM micrographs of PLA nano-fibrous layer at (A) magnification of 1 um, and accelerating voltage of 5kV, (B) magnification of 3 um, and accelerating
voltage of 5kV.
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1.50 pm

Fig. 4. AFM micrographs of developed PLA nanofibers revealing (a) 2D, and (b) 3D surface morphology.

Furthermore, the morphological analysis of the nanofibers was
evaluated using atomic force microscopy (Model : Asylum Research
MFP3D, Make: Oxford Instruments, UK) as shown in Fig. 4.

AFM analysis of developed PLA nanofibers performed on an rea of
127 um?, showed a hierarchical surface morphology, with varying sur-
face roughness which demonstrated a root mean square roughness value
of 423 +50nm [27]. The symmetrical variations of surface were
calculated using the roughness skewness value which is found to be
0.417. The distribution of nanofiber roughness around the mean surface
was calculated using kurtosis value, which was found to be 0.328. The

surface roughness of the nanofibers directly influences its adhesion with
the fabric surface (in this case, cotton fabric), and helps in maintaining
the hydrophobic nature [40,75-77].

3.2. Surface wetting analysis

The wetting behavior of Cé-fluorocarbon spray-coated cotton (Top
Layer), Pristine cotton fabric (inner layer), PLA/Neem (middle layer)
electrospun non-woven fabric towards water was analyzed using static
contact angle method via contact angle goniometer. A C6-Fluorocarbon

143°
Cotton Fabric PLA/Neem Layer

(b) T — o

Heterogeneous
Rough Surface
(Cassie-Baxter State)

Superhydrophilic
(Hydroxyl Rich
Cotton Surface)

Fig. 5. (a) Contact angle measurements of the C6 fluorocarbon coated surface, cotton fabric surface, and PLA/Neem electrospun layer, (b) Cassie-Baxter state of the

surface and superhydrophilic nature of the cotton fabric.
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based dispersed solution (TUBIGUARD 30-F) rich in fluoro molecules is
spray-coated [78] onto cotton fabric in such a way that it does not block
the pores of the cotton microfibers and forms a thin layer of thickness of
0.05 mm. A molecule of C6 fluorocarbon contains 6 carbon atoms in the
main molecular structure, which are bonded to various fluorine atoms,
which react with the molecules of fabric surface during solution coating.
Gavrilenko & Wang, De Smet et al., Rezic and Kis, and CHT Group
Germany have reported the finishing of textiles using C6-Fluorocarbon
for reducing the surface tension of coated surface, thereby improving
water repellent property of the fabric [78-81].

The static water contact angles of C6-Fluorocarbon spray-coated
cotton (Top Layer), Pristine Cotton fabric (inner layer), PLA/Neem
(middle layer) electrospun non-woven fabric was found to be 153°
(superhydrophobic nature), 0° (superhydrophilic) & 143° (hydrophobic
nature), respectively [Fig. 5 (a)]. Pristine Cotton fabric was instantly
saturated by water, i.e. superhydrophilic nature, principally influenced
by the presence of abundantly available intrinsic hydroxyl groups like
—OH, —CH,0H, -H, and O” in its main cellulosic structure [40]. These
hydroxyl groups possess affinity towards -OH’, and H" molecular ions,
thereby imparting water-absorbing nature, i.e. superhydrophilic, to
cotton fabric [40] [Fig. 5 (a) & (b)]. Robert Zyschka from CHT Group

a
ﬂ
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Germany, has further reported the action of C6 fluorocarbon, which
assist in minimization of virus or bacteria-contaminated aerosols
adsorption onto the outermost layer of the face mask, thereby reducing
the risk of infection [78].

Hydrophobicity of the PLA-Neem electrospun layer is attributed to
molecular groups like CH3, -C = O, and —CO, which possess polarity, i.e.
charged state repels the ions present in water [40]. Further, the elec-
trospinning action gives non-woven nature to the PLA/Neem fibers,
which result in a surface exhibiting rough, porous, and heterogeneous
morphology .

The collective action of charged molecular groups present in PLA and
the porous heterogeneous rough surface of PLA/neem fibers help to
render them hydrophobic nature [82]. The C6 fluorocarbon-based so-
lution spray-coated on cotton fabric makes the surface highly rich with
fluorine based-groups. The fluoro groups present on the fabric surface
exhibit a high charge state, i.e. high electronegativity, due to the pres-
ence of fluorine atoms (-F), and bonds firmly with cellulosic groups
present on the cotton fabric. The highly polarized state and firm bonding
of fluoro groups with the cotton fabric helps to render the super-
hydrophobic nature to the outer layer [79-81,83].

The possible mechanism for interaction of water molecules with C6-
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Fig. 6. Pictorial representation of water molecules’ interaction with the top layer, middle layer, and the inner layers of the face mask.
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Fluorocarbon spray-coated Cotton (Top Layer), Pristine Cotton fabric
(inner layer), PLA/Neem (middle layer) electrospun non-woven is
shown pictorially in Fig. 6.

The top layer of cotton and middle layer PLA of the face mask reveal
porous, rough, heterogeneous textured surface morphology. The hy-
drophobic/superhydrophobic nature of any surface with porous and
heterogeneous morphology is explained using Cassie-Baxter theory
[Fig. 5 (b)]. Cassie-Baxter’s theory is explained using the following
equation [40,83,84].

cos 0. = ficosO, —f> (€))

Where, 6. = apparent contact angle,

f1f1& fo = surface-fractions of phase-1 and phase-2, respectively,

6, = contact angle of phase-1.

Porous and rough morphology of the surface results in generation of
air-pockets entrapped between pore and rough-textured surfaces, which
act as air-pockets between pores and heterogeneous rough surfaces.
These air-pockets hold entrapped air that repels water molecules and
thereby restricts its entry inside the porous surface and the acting
capillary forces. Gore et al. have stated that the small size of the pores
existing on the surface exhibit a high capillary force of attraction
considering the big-sized pores. Thus, the small-sized pores demand
immense pressure to open up (in the present study, pressure needed for
water to cross through the surface exhibiting superhydrophobic nature)
[40,83-86].

3.3. Incorporation of encapsulated phytochemicals and their
computational analysis

The increased demand for an anti-microbial filtration layer has
motivated the researchers to incorporate the encapsulated

2 0 2
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:
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nanoparticles, enhancing the bacterial inhibition of airborne microbes.
An investigation by Jeongan Choi demonstrated the encapsulation of
bio-based Sophora flavescens herbal extract nanoparticles enhances anti-
microbial air filtration, with 99.99% filtration efficiency and 99.98%
bacterial efficiency [87]. Nano-dispersed herbal extracts of Azadirachta
Indica in the bi-layered electrospun mats were also reported to demon-
strate anti-microbial characteristics for filtering the micro-scale partic-
ulate matter as well as bacteria [88]. The antibacterial activity of
Azadirachta Indica and silver nanoparticles on electrospun polylactide
fibers are demonstrated to exhibit improved bacterial filtration nano-
membranes [89]. In addition to that, the presence of herbal extracts of
Eucalyptus Citriodora has showcased antiviral characteristics against the
infectious herpes simplex virus [90]. An investigation by Mariana Dias
Antunes et al. has reported the anti-microbial activity of Eucalyptus
Citriodora containing electrospun ultrafine fibers against gram-positive
and gram-negative bacteria [91]. The utilization of encapsulated phy-
tochemicals has resulted in its distinguishable characteristics of exhib-
iting antibacterial properties, restraining the spread of bacteria and
viruses during the COVID-19 pandemic.

Computational analysis of the phytochemicals against proteins-
structured bacteria and virus targets has been crucial for predicting
the activity of constituent chemicals to inhibit the protein structure [92]
(as per Fig. 7). Computational analysis of chemical constituents of
traditional Indian herbal phytochemicals is carried out using scoring
function based LibDock algorithm. In silico study analyzes the specific
binding sites of protein-ligand complex and structural characteristics of
the chemical phytochemicals against the multiple bacteria targets.
Docking performance analyzes the structural complementarity of
chemical constituents to investigate the neutralizing capabilities of
herbal extracts against the bacterial targets. The selection of bacterial
targets is based on its activity to restrain the spread of infectious COVID-
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Fig. 7. Computational heat map analysis of herbal phytochemicals’ chemical constituents containing Azadirachta Indica and Eucalyptus Citriodora against protein
structures of the bacteria. (2YA4- Neuraminidase (NA) protein from Streptococcus pneumonia, 5CPH- DNA gyrase subunit B from Staphylococcus aureus, 5077 - OmpK35
from Klebsiella pneumonia, 4FYE- SidF form Legionella pneumophila, 3ZH7 - Protein E from Haemophilus Influenzae).
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19 virus. The neutralizing characteristics of the chemical constituents
are attributed to their superior docking performance, and ability to
undergo an interaction for unfolding of the protein structure. The su-
perior docking score of Nimbin and Mahmoodin against the 2YA4-
Neuraminidase (NA) protein from Streptococcus pneumonia bacteria is due
to the presence of hydrogen bond acceptor; it enhances the hydrogen
bonding between the protein-ligand complex due to the attraction be-
tween acceptor’s positive charge and electron lone pair on the other
atom [93]. The neutralizing capabilities of Arachidic acid, Linoleic acid,
oleic acid, and stearic acid against the protein structure of 5CPH- DNA
gyrase subunit B from Staphylococcus aureus is facilitated due to presence
of aliphatic chains in their chemical structure. Presence of an aliphatic
structure results in effective rotation of bonds to occupy the binding site,
enhancing the docking score of phytochemical against the targeted
protein site [94]. 3-ply mask containing the herbal extracts of traditional
Indian herbs has exhibited a filtration efficiency of 97.9% against the
same bacteria. Similarly, the inhibiting activity of alpha-panasinsen and
cis-11-octadecanoic acid against the 5077 - OmpK35 from Klebsiella
pneumonia is attributed to its aliphatic characteristics of the constituent
phytochemicals, resulting in effective binding at the protein interface.
Similarly, the structure complementarity of Arachidic acid and Stearic
acid against 4FYE- SidF form Legionella pneumophila have showcased an
effective docking performance facilitating the ameliorated binding of
ligands across the binding sites of protein structures due to presence of
aliphatic bonds in their chemical structures. The inhibiting activity of
stearic acid and o-cymene has been crucial for structural complemen-
tarity against the 3ZH7 - Protein E from Haemophilus Influenzae bacteria.
The computational studies has supported the antibacterial claims of
traditional herbal phytochemicals against the protein structures of
bacteria, assisting in restricting the spread of COVID-19 virus.

3.4. Biodegradation performance

Biodegradation of face masks is advantageous for combatting the
post-pandemic environmental impacts of COVID-19 pandemic on the
ecological systems. The release of synthetic microfibers from commer-
cial non-woven masks into the environment may result in harmful ef-
fects on humankind. The present study has investigated the
biodegradation characteristics of used face masks, immersing it into the
biodegradation slurry consisting majorly of fresh cow-dung. The freshly
prepared cow-dung slurry is used to investigate the biodegradation
characteristics since the presence of bacteria in the cow-dung has been
recorded to exhibit degradation of commodity plastics [58]. Cow-dung
microflora consists of about 60 various types of bacteria, dominated
by Corynebacterium sp., Bacillus sp., Lactobacillus sp., Aspergillus, and
trichoderma. In addition to these, the cow-dung slurries contain about
100 species of protozoa and 2 yeasts [95]. The slurries have been re-
ported to contain a various group of bacteria such as Serratia, Acineto-
bacter, and Alcaligenes spp [96,97], as plant growth-promoting
bacteria. In the presence of composting conditions, naturally occurring
polylactide films have showcased aerobic biodegradation characteristics
[98], primarily undergoing hydrolytic cleavage of ester bonds in an
aqueous medium to break the macromolecular chains [99]. In the pre-
sent study, nano-fibrous PLA layer was completely degraded when
immersed in the jaggery based biodegradation slurry. Degradation of
PLA has been facilitated in the presence of organic waste to undergo
anaerobic digestion [100]; similarly, the sugarcane bagasse has been

Table 1
Change in percent of weight of samples after immersing in biodegradation slurry
of cow-dung and water for 30 days.
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recorded to exhibit anaerobic biodegradation of cellulosic fibers
[101,102]. Since the significant constituents of jaggery are sucrose, the
additive accelerates the biodegradation rate of PLA and cotton fibers in
the biodegradation slurry. The hydrophobic coating layer of C6-
fluorocarbon is found to be biodegraded which is evident from the hy-
drophilic (water contact angle=0°) nature of the top layer after
biodegradation. The biodegrading microorganisms have most probably
caused the scission of the bond between C6-fuorocarbon molecules and
the cellulosic groups present in the cotton. Thus, the face mask show-
cased improved degradation as the change in the weight of mask sample
increased from approx. 7% to approximately 12% (as per data of Ta-
bles 1 and 2).

Morphology of the PLA interface represented in Fig. 8 (A); demon-
strates the growth of bacteria structures on the surface of biodegraded
electrospun nano-fibrous layer. Whereas, the FE-SEM images in Fig. 8
(B) showcase the enhanced growth of bacteria on PLA nano-fiber sur-
face. The enhanced bacterial growth colonies on the surface of PLA
nano-fiber results in effective degradation of the face mask samples in
presence of jaggery based biodegradation slurry. During the biodegra-
dation process, minute organic particulate matter in the biodegradation
slurry occupies the porous structures on the surface of PLA fiber,
assisting in degradation of the PLA nanofibre layer. FE-SEM images in
Fig. 8 (C) and (D) discloses the biodegraded cotton samples after sub-
jecting to biodegradation slurry. The biodegradation process removes
convolutions on the surface morphology of the cotton fibers, resulting in
improved biodegradation characteristics of the face mask.

4. Conclusion

In the present study, we have reported the characteristics and per-
formance of a 3-ply biodegradable face mask containing encapsulated
phytochemicals to ameliorate bacterial filtration efficiency. The 3-ply
layer mask consists of cotton-PLA-cotton interface; the inner nano-
fibrous PLA filtration layer is fabricated using electrospinning of the
PLA dispersed in DCM solution. The encapsulated phytochemicals are
incorporated in the electrospun filtration substrate by addition of phy-
tochemicals in DCM solution (10 wt% of PLA). The three-layered face
mask has demonstrated enhanced air permeability by showcasing the
differential pressure of 35.78 Pa/cm?, with a superior BFE of 97.9%
compared to the other conventional masks available in the global mar-
kets. Ameliorated performance of 3-ply face mask is attributed to the
electrospun nano-fibers, increasing the available surface area of the
electrospun mats. The low fiber diameter of nano-fibers forms a close-
packed mesh structure, resulting in adsorption of various particulate
matter, aerosol particles, and bacterial targets deep inside the filtration
layer. The 3-ply mask material has also exhibited blood splash resistance
due to an outer hydrophobic layer of the face mask, ensuring its utili-
zation for medical practices. Computational studies of the phytochem-
ical nanoparticles using LibDock algorithm have exhibited improved
inhibiting characteristics against the protein structured bacterial sites.
Presence of stearic acid, oleic acid, linoleic acid, and Arachidic acid in
phytochemicals have showcased promising results for unfolding of
bacteria protein structures to inhibit the spread of bacteria. Cotton
natural fibers and PLA bio-polymer have demonstrated promising
biodegradable characteristics in the presence of the in-house developed
cow-dung based biodegradation slurry. Addition of jaggery has
increased the sucrose content in biodegradation slurry, elevating the

Table 2
Change in weight (%) of samples after immersing in biodegradation slurry of
cow-dung, Jaggery, and water for 20 days.

Sample Initial weight (gm) Final weight (gm) Change in weight (%) Sample Initial weight (gm) Final weight (gm) Change in weight (%)
Sample 1 13.7422 12.8456 6.52% Sample 1 13.9521 12.2541 12.17%
Sample 2 14.3711 13.3867 6.85% Sample 2 14.5812 12.8417 11.93%
Sample 3 14.5671 13.5824 6.76% Sample 3 14.6596 12.8594 12.28%




N.A. Patil et al.

Chemical Engineering Journal 416 (2021) 129152

Fig. 8. FE-SEM images of the biodegraded samples at accelerating voltage of 2.5kV, (A) PLA surface after 30 days treatment in cow-dung and water containing
biodegradation slurry, (B) PLA surface after 20 days treatment in cow-dung, jaggery and water containing biodegradation slurry, (C) Cotton surface after 30 days
treatment in cow-dung and water containing biodegradation slurry, and (D) Cotton surface after 20 days treatment in cow-dung, jaggery and water containing

biodegradation slurry.

bacterial growth and consequently improving the biodegradability of
fibers in mask material. It has showcased 12% weight reduction after
biodegradation for 20days in cow-dung, jaggery, and water-based
slurry. Hence, the development of the high bacterial efficiency 3-ply
biodegradable face mask has exhibited promising results, considering
the post-pandemic environmental impacts on the ecological systems.
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