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ABSTRACT: A coating that can be activated by moisture found in the respiratory droplets could
be a convenient and effective way to control the spread of airborne pathogens and reduce fomite
transmission. Here, the ability for a novel 6-hydroxycatechol-containing polymer to function as a
self-disinfecting coating on the surface of polypropylene (PP) fabric was explored. Catechol is the
main adhesive molecule found in mussel adhesive proteins. Molecular oxygen found in an aqueous

solution can oxidize catechol and generate a known disinfectant, hydrogen peroxide (H20»), as a



byproduct. However, given the limited amount of moisture found in respiratory droplets, there is
a need to enhance the rate of catechol autoxidation to generate antipathogenic levels of H,O». 6-
Hydroxycatechol contains an electron donating hydroxyl group on the 6-position of the benzene
ring, which makes catechol more susceptible to autoxidation. 6-Hydroxycatechol-coated PP
generated over 3,000 uM of H>O» within 1 h when hydrated with a small amount of aqueous
solution (100 pL of PBS). The generated H,O> was 3 orders of magnitude higher when compared
to the amount generated by unmodified catechol. 6-Hydroxycatechol-containing coating
demonstrated a more effective antimicrobial effect against both Gram-positive (Staphylococcus
aureus and Staphylococcus epidermidis) and Gram-negative (Pseudomonas aeruginosa and
Escherichia coli) bacteria when compared to unmodified catechol. Similarly, the self-disinfecting
coating reduced the infectivity of both bovine viral diarrhea virus and human coronavirus 229E by
as much as 2.5 log reduction value (a 99.7% reduction in viral load). Coatings containing
unmodified catechol did not generate sufficient H,O» to demonstrate significant virucidal effects.
6-Hydroxycatechol-containing coating can potentially function as a self-disinfecting coating that
can be activated by the moisture present in respiratory droplets to generate H>O: for disinfecting a

broad range of pathogens.

1. Introduction

Airborne and contact transmission of infections through respiratory droplets have posed a
significant global challenge during various respiratory infection outbreaks in history, such as
coronavirus disease 2019 (COVID-19), Middle East respiratory syndrome (MERS), and severe
acute respiratory syndrome (SARS), leading to a devastating number of deaths worldwide " 2.

Respiratory droplets are tiny particles of fluid (5 to 1,000 pm in diameter)® * that can carry

infectious pathogens, including viruses and bacteria, and are expelled when an infected individual



coughs, sneezes, talks, or even breathes >7. These droplets can travel through air, potentially
reaching and infecting susceptible individuals ®°. Additionally, they could come into contact with
surfaces, potentially leading to surface contamination '°. Therefore, antipathogenic methods are
necessary to prevent the spread of infection through inhalation or indirect contact with

11,12

contaminated surfaces. Using self-disinfecting face masks or surfaces ' is a convenient and

effective approach to control the spread of infections while reducing exposure to disinfectant

products, which may cause health problems . Currently available self-disinfecting methods % -

t16 t17

25 rely on external factors such as heat '° or light !” or may not offer rapid disinfection, making
them inconvenient or impractical for on-demand use. Hence, achieving rapid and effective
antipathogenic performance is essential when designing self-disinfecting coatings.

Reactive oxygen species (ROS) are highly reactive molecules derived from the reduction of
molecular oxygen (O2) 2°. Hydrogen peroxide (H20) is a potent oxidizer 2’ and has been
demonstrated to function as a broad-spectrum biocide in various industrial and biomedical
applications ?*?°. H,0; is also an attractive disinfectant as it degrades into water and oxygen .
However, the storage and transport of ROS pose significant challenges . Diluted solutions of
H>O:> are challenging to transport due to their bulkiness, while concentrated solutions pose risks
during transportation because of their instability and explosive nature *°. A practical solution to
overcome these challenges is the use of polymers that could generate H>O> on-demand.
Specifically, we seek to design a novel, self-disinfecting coating that could be activated to generate
ROS utilizing moisture found in the respiratory droplets.

Catechol is the main adhesive molecule found in mussel adhesive proteins, which enables these

organisms to anchor to wet surfaces even in turbulent conditions *!*. Incorporation of catechol

into a polymer system has been often utilized to design strong adhesives and coatings for a wide



range of applications ***’. During the process of catechol oxidation, ROS, such as HOa, is
generated as a byproduct 3% 3°. Our lab utilized this unique catechol oxidation chemistry to create
biomaterials that can be activated to generate H,O» through simple hydration #*#*. Molecular
oxygen found in the aqueous solution was utilized to initiate catechol autoxidation and generated
H>0; as a byproduct. The generated H>O, was found to disinfect both gram negative and positive
bacteria as well as various viruses, including the chemical resistant, non-enveloped porcine
parvovirus (PPV) 4% %2 However, our prior work required fully submerging the catechol-
containing biomaterial into an aqueous solution to oxidize catechol for generating sufficient
amounts of H>O: for disinfecting pathogens. The limited moisture content in respiratory droplets,
compared to fully submerging a material, could potentially restrict the amount of H>O; generation
needed to achieve satisfactory pathogen disinfection.

To utilize the limited amount of moisture in the respiratory droplets to oxidize catechol to
generate antipathogenic levels of H2Ox, it is necessary to tune the reactivity of catechol to promote
faster auotoxidation. Catechol functionalized with electron withdrawing groups such as a nitro
group (-NOy) have been previously found to have increased resistance to autoxidation (Figure 1)
44,45 Qimilarly, catechol modified with electron withdrawing halogenated atoms (e.g., CI, Br, and
I) generates significantly less H>O> when compared to that of unmodified catechol 6. On the
contrary, catechol modified with an electron donating hydroxyl (-OH) group demonstrated
decreased resistance to oxidation when compared to unmodified catechol #’. Thus, we hypothesize
that -OH group-modified catechol can be utilized to create a surface coating with increased rate of
autoxidation and H>O> generation. Generation of H>O: through the autoxidation of 6-

hydroxydoapmine has also been previously reported *% 47,
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Figure 1. Chemical structures of catechol side chain of dopamine can be modified with electron
donating and electron withdrawing groups to tune its autoxidation rate. Modification with electron

donating -OH group is expected to increase the rate of autoxidation and H>O> generation.

To this end, we created a polymer incorporated with 6-hydroxydopamine (6-OHDA), a catechol
modified with -OH group at the 6-position of the benzene ring. The ability for 6-OHDA to generate
H202 upon hydration was evaluated and compared with that of dopamine with unmodified
catechol. Catechol-containing polymers were coated onto melt-blown nonwoven polypropylene
(PP) fabric typically used in face masks. The ability of the coated PP fabric to rapidly generate
antipathogenic levels of H>O» for disinfecting model respiratory viruses (bovine viral diarrhea
(BVDV) and human coronavirus 229E (HCoV 229E)) and bacteria (Staphylococcus aureus,

Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escherichia coli) was investigated.

2. Materials and Methods

2.1. Materials



Acrylamide (AAm), 6-hydroxydopamine hydrochloride (6-OHDA), 2,2'-azobis(2-
methylpropionitrile) (AIBN), 4-methylmorpholine, dimethyl sulfoxide (DMSO), dimethyl
sulfoxide-d6 (DMSO-ds), and N,N'-dimethylformamide (DMF) were purchased from Sigma-
Aldrich (St Louis, MO). Acrylic acid N-hydroxysuccinimide (AA-NHS) was purchased from
ACROS Organics (Fair Lawn, New Jersey). Phosphate-buffered saline (PBS), ethyl acetate (EA),
ethanol, and isopropyl alcohol (IPA) were purchased from Fisher Scientific (Pittsburg, PA). Pierce
Quantitative Peroxide Assay Kit (FOX assay) (Thermofisher scientific), eagle's minimum essential
media (EMEM), fetal bovine serum (FBS), sodium pyruvate, non-essential amino acid (MEM
NEAA), Dulbecco’s Eagle’s minimum essential media (DMEM), and horse serum albumin (HAS)
were purchased from Thermofisher Scientific (Rockford, IL). PP mask material was purchased
from Sailrite (Columbia City, IN). Tryptic soy broth (TSB), Mueller Hinton agar (28 mL fill, 15 x
100 mm), and astral inoculation loop (10 pL, sterilized) were purchased from Hardy Diagnostics
(Santa Maria, CA). S. aureus (ATCC 43300), P. aeruginosa (ATCC 27318), S. epidermidis
(ATCC 12228), E. coli (ATCC 11229), human lung fibroblast (MRC-5, ATCC), BVDV (ATCC
VR-1422), and bovine turbinate cells (BT, ATCC CRL 1390) were obtained from American Type
Culture Collection (ATCC, Manassas, Virginia). HCoV 229E (NIH: NR-52726) was received
from BEI Resources. 2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5-dimethyl-1,3thiazolebromide (98%,
MTT) was purchased from Alfa Aesar (Haverhill, MA), bovine liver catalase (2000-5000 U/mg),
and sodium dodecyl sulfate (SDS, BioReagent, >98.5%) was purchased from Sigma Aldrich (St
Louis, MO). Normal Human Immortalized Keratinocyte cells (HaCaT) were obtained from
Addexbio Technologies© (T0020001). Dopamine methacrylamide (DMA) was prepared

following a previously published protocol *°.

2.2. Synthesis of Polymers



6-OHDA modified polymer was prepared in two steps (Figure 2). First, AA-NHS (0.55 g, 3.25
mmol) and AAm (0.91 g, 13 mmol) were dissolved in DMSO (20 mL), and AIBN (0.02 g) was
then added to the reaction mixture under nitrogen. The reaction mixture was frozen for 30 minutes,
degassed three times by backfilling with nitrogen, and stirred for 3 h at 75 °C. The polymer was
precipitated in EA, washed with EA, and dried under vacuum. In the second step, the AA-NHS
containing polymer (0.4 g, 0.25 mmol) was dissolved in DMSO (20 mL) while stirring (500 rpm)
at 70 °C. The reaction mixture was allowed to equilibrate at room temperature (RT) and then 4-
methylmorpholine (108 pL, 0.25 mmol) was added with a syringe under a stream of nitrogen while
magnetically stirring at 500 rpm. 6-OHDA (0.304 g, 0.375 mmol) was dissolved in DMSO (5 mL)
and added to the reaction mixture with a syringe under nitrogen.

To prepare the polymer with unmodified catechol, DMA (0.110 g, 0.5 mmol) and AAm (0.355
g, 5 mmol) were dissolved in DMF (2 mL) under nitrogen and AIBN (0.005) was added. The
reaction mixture was magnetically stirred (500 rpm) for 3 h at 70 °C. The reaction mixture was
precipitated in EA, washed with EA, and vacuum dried. Polyacrylamide was utilized as the
catechol-free control and was synthesized by dissolving AAm (2 g) and AIBN (0.023 g) in DMSO
(20 mL) under nitrogen while magnetically stirring at 40 °C for overnight. The polymer was
precipitated in EA, washed with EA, and vacuum dried. 6-OHDA modified polymer, DMA
modified polymer, and polyacrylamide were denoted as DAOH, DA, and A, respectively (Figure
S1).

Proton nuclear magnetic resonance ("H NMR) spectroscopy (500 MHz, Bruker) was used to
analyze the chemical composition of the as-prepared polymers. Catechol content in these polymers
was determined using UV-Vis spectroscopy (LAMBDA35, PerkinElmer, MA) with standard

curves prepared using solutions of either 6-DAOH or dopamine. Fourier transformed infrared



spectroscopy (FTIR, PerklinElmer Spectrum One) was performed on dried polymers. A gel
permeation chromatography (GPC, Shimadzu HPLC Nexera Series) system equipped with a UV
detector (SPD-40, Shimadzu), a refractive index detector (RID-20A, Shimadzu), and a multiple-
angle light scattering detector (miniDAWN, Wyatt) was used to determine the number average
molecular weight (My), the weight average molecular weight (My), and the polydispersity index
(PDI) of the polymers. 20 uL of polymer solution (5 mg/mL in DMSO) was injected and eluted at
0.5 mL/min through a Shodex OHpak LB-803 column using DMF (HPLC grade) as the mobile

phase while keeping the column in an oven at a temperature of 40°C.
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Figure 2. Synthesis of 6-OHDA modified polymer, DAOH. (A) AAm was polymerized with AA-
NHS that contains NHS-activated ester. (B) 6-OHDA was further reacted with AA-NHS-co-AAm

to obtain DAOH as the final product.

2.3. Preparation of Self-Disinfecting Coatings on the PP Fabrics
A 5 wt% polymer solution in DMSO was dropped onto PP fabrics wetted with DMSO. The

volume of the polymer solution was adjusted to obtain 30 and 40 wt% polymer coatings on the



fabric relative to the mass of PP. Fabrics were then wrapped with aluminum foil and left for 1 h to
let the solution penetrate the fabric completely and then dried under vacuum at RT overnight.
Polymer-coated fabrics were then washed with IPA and vacuum dried. Polymer-coated PP fabrics
were given a name that consisted of a number 30 or 40 corresponding to the wt% of the polymer
followed by the name of the polymer coating (Table 1). For example, fabric coated with 30wt%

DAOH was denoted as 30DAOH.

Table 1. List of polymer coatings on the PP fabric and corresponding abbreviations.

Polymer Coatings on PP Fabric Abbreviation

Uncoated PP fabric PP
30 wt% AAm 30A
40 wt% AAm 40A
30 wt% DMA-co-AAm 30DA
40 wt% DMA-co-AAm 40DA
30 wt% (AA-DA-OH)-co-AAm 30DAOH
40 wt% (AA-DA-OH)-co-AAm 40DAOH

2.4. Characterizations of Polymer-coated PP Fabrics

FTIR spectroscopy was performed on the uncoated and polymer-coated PP fabrics.
Environmental scanning electron microscopy (ESEM, Philips XL 40) and energy-dispersive
spectroscopy (EDS) were employed to evaluate the morphology and elemental distribution of the
polymer-coated PP fabrics. The uncoated and polymer-coated fabrics were coated with Pt/Pd
sputter coating with a thickness of 5 nm, mounted using the double-sided carbon conducting tape
on the aluminum stub. The images were taken using the voltage of 5 kV and working distance of

10 mm.



The porosity of the polymer-coated PP was evaluated using the n-butanol uptake method °!,
where the porosity (P) was determined by immersing the dry fabric in n-butanol for 1 h. P was

calculated using the following equation.

Mguon/PBuon
P(%) = x 100 (1)
Mguon/PBuon + Mp/pp

where, Mpuon 1s the mass of the absorbed n-butanol, pguon is the density of n-butanol, M, is the
mass of the dry PP fabric, and pp is the density of the polymer.

The contact angle measurement was performed using a contact angle goniometer (Ossila Contact
Angle Goniometer). A 5 pL droplet of deionized (DI) water was placed onto the surface of PP
fabrics from a height of 10 mm. After the droplet was allowed to equilibrate, an image was

captured. The contact angle was measured by considering both sides of the droplet.

The stability of DAOH and DA coatings was investigated by soaking the coated PP fabric
swatches (radius = 12.5 mm) in DI water for 24 hours. UV-Vis spectroscopy was used to quantify
the concentration of DAOH and DA leached from the coatings at specific time points.
Additionally, we subjected the DAOH and DA coatings (r = 10 mm) to forcibly wrinkling and
rubbing against themselves for ~ 20 seconds (Video S1). The H>O, generation from the fabrics

using 2 mL pH 7.4 PBS was determined before and after the rubbing process.

2.5. Determination of H20: Concentration

Polymer-coated and uncoated PP fabrics (1x1 cm) were hydrated with a drop of 100 uL of pH
7.4 PBS and incubated at room temperature (RT) and 37 °C. At a given time point, the H2O»
concentration was quantified using Pierce Quantitative Peroxide Assay Kit following a published

protocol #*. H>O» solutions with concentrations ranging from 0 to 1 mM was prepared to create a

10



standard curve. The experiment was performed in triplicate and the results are presented as the

mean =+ standard deviation.

2.6. Antibacterial Activity of Polymer-coated PP Fabrics

The antibacterial activity of the polymer-coated PP fabrics was evaluated against both Gram-
positive (S. aureus and S. epidermidis) and Gram-negative (P. aeruginosa and E. coli) bacteria
following a published protocol with minor modification 3. Frozen bacteria were hydrated with
TSB and then isolated in an agar plate. A single bacteria colony was used to inoculate 5 mL of
TSB. The bacteria culture was sealed and incubated at 37 “C with gentle agitation (50 rpm) for 24
h. The bacteria culture was diluted to 10° cfu/mL using sterile PBS (pH 7.4) and the cell
concentration was determined using UV-Vis turbidity measurements at 600 nm. Uncoated and
polymer-coated PP fabrics were cut to the dimension of 1x1 cm, placed in a 24-well cell culture
plate, and sterilized by UV irradiation for 15 min. A single 100 uL drop of bacteria suspension
was applied onto the surface of each fabric. The 24-well plate was sealed with parafilm and kept
at either RT or 37 °C. At a given time point, 10 uL of the bacteria solution was pipetted out without
touching the fabric and streaked with the sterile loop onto the agar plate. Agar plates were
incubated at 37 °C for 24—48 h. Bacteria colonies grown on the agar plates were photographed and

counted using ImagelJ. The relative colony number was calculated using the following equation >

N
Relative colony number (%) = N—m x 100% (2)
p

where Ny, represents the number of colonies formed when bacteria were exposed to the fabrics
and N, represents the number of colonies formed when bacteria were exposed to PBS without the
presence of fabrics. The experiment was performed in triplicate and the results are presented as

the mean =+ standard deviation.
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The bacteria inhibition kinetics data was determined using a first order rate (r) model as

described by the following equation.

an kX N 3)
r=—=Kkx
dt
where N represents the bacteria colony numbers, t is the time in hours, and k is the first order rate
constant in s™'. Data points from the first 3 hours were used for each bacteria strain. The slope of

each data set was determined to get an average and standard deviation for the k value.

Morphologies of bacteria after exposure to the uncoated and polymer-coated PP fabrics were
imaged using a field emission scanning electron microscope (FE-SEM, Hitachi S-4700). To
prepare the samples for imaging, UV-sterilized PP fabrics (1x1 cm) were placed in 24-well cell
culture plates with 500 pL of bacteria suspension (10 cfu/mL). The well plates were sealed with
parafilm and incubated at 37 °C for 6 h. The PP fabrics were washed with PBS, and fixed with
2.5% glutaraldehyde solution overnight at 4 °C. The fabrics were washed with PBS and dehydrated
through successive treatments using 30, 50, 70, 80, 90, 95, and 100% ethanol for 30 min during

each treatment. Finally, the fabrics were freeze-dried overnight.

2.7. Antiviral Activity of Polymer-coated PP Fabrics

BVDV and HCoV 229E were used to evaluate the antiviral activity of polymer-coated PP fabrics
following previously published protocols with minor modification “°. Prior to virus treatment,
circular swatches of the PP fabrics were cut to fit the wells of a 24-well cell culture plate and
disinfected by UV for 15 minutes in a laminar flow hood. Following disinfection, a single 150 pL
drop of at least 6 logioMTTso/mL solution of BVDV or HCoV was applied to the fabrics and
incubated for up to 24 h. Following incubation, the treated virus droplet was carefully recovered

and titrated using a colorimetric cell viability assay, the MTT assay, as described earlier >* °°.

12



Briefly, BT and MRC-5 cells were seeded at a cell density of 2 x 10* cells/well and 1 x 10*
cells/well, respectively, in a 96-well plate for 12-24 h. BT and MRC-5 are used as the indicator
cells for BVDV and HCoV 229E, respectively. Virus supernatant (25 pulL) was added to the wells
in quadruplicate, with a serial dilution of 1:5 across the plate. After incubating the plates for 6 days
at 37 °C for BT and 35 °C for MRC-5, 10 pL of MTT solution at a concentration of 5 mg/mL of
MTT in PBS (pH 7.2) was added to each well and incubated for 4 h. After 4 h, 100 uL of 10%
SDS at a pH of 2 was added to each well as a solubilization buffer. After 4-24 h, the absorbance
was determined using a Synergy Mx microplate reader (BioTek, Winoski, VT) at 550 nm. The
50% infectious dose of the virus was determined by finding the concentration where 50% of the
cells were viable, labeled the MTTso. Log reduction values (LRVs) were calculated using the

following equation.

LRV = —log (%) (4)

where C;i is the initial concentration of virus and Cr is the final concentration of virus after
treatment. The inactivation kinetics data was determined using Equation (3) while using logio

MTTso/mL values as N.

2.8. Cytotoxicity Assays

Immortalized human keratinocyte cells (HaCaT) were used to evaluate the cytotoxicity of the
polymers and polymer-coated fabrics with and without bovine liver catalase (1 mg/mL). To assess
the cytotoxicity of the polymers, 96-well plates were coated with 100 pL of polymer solution (10%
in DMSO) and dried under vacuum conditions overnight. To assess the cytotoxicity of the PP
polymer-coated fabrics, fabrics were cut into swatches matching the size of 48-well plates (radius
= 0.23 cm) and placed at the bottom of the well. The well plates were sterilized using UV

irradiation for 30 minutes. After sterilization, HaCaT cell solutions with and without catalase were

13



added to the well plates at a density of 20,000 cells/cm? and incubated for 48 hours. Cell viability
after 48 hours was assessed using the Resazurin assay following a published protocol **. The results

were normalized based on the cell viability for cells seeded in polystyrene tissue culture wells.

2.9. Statistical Analysis
One-way analysis of variance (ANOVA) with the Tukey method was used for comparing means

of multiple groups using a p-value of 0.05.

3. Results and Discussion

3.1. Preparation of Coatings on PP Fabrics
Polyacrylamide grafted with either unmodified dopamine (DA) and 6-OHDA (DAOH) were
prepared (Figure S1). Catechol-free polymer (A), which does not release H>O>, was synthesized
and utilized as the control. The composition of the polymers was confirmed using 'H NMR
(Figures S2-S4) and UV-vis spectroscopy (Figures S5 and S6). NMR spectrum for DAOH
exhibited 2 benzyl protons (6.30 and 6.39 ppm) as opposed to 3 protons found in the unmodified
catechol. UV-Vis spectrum of DAOH exhibited a maximum wavelength (Amax) at 300 nm,
corresponding to the 6-OHDA which is shifted from unmodified catechol with a Amax of 285 nm.
Catechol content of DAOH and DA were determined to be 27.8 mol% and 16.1 mol%,
respectively. FTIR spectra of the polymers confirmed the characteristics peaks for AAm (—NH>
3450-3050 cm ™!, C=0 1650 cm™") and catechol (~OH, 3450-3050 cm ™' and benzene rings 1600—
1500 cm™!) (Figure S7).

GPC was utilized to determine the molecular weights of the synthesized polymer (Table 2). DA
exhibited M, and My, values that were an order of magnitude lower when compared to those of A
and DAOH. DA was directly synthesized through free-radical polymerization of DMA with AAm.

Catechol is known to inhibit and retard free-radical polymerization in the presence of molecular

14



oxygen > 38, Although the synthesis of DA was carried out in a nitrogen-rich environment, the
presence of catechol likely affected its extent of polymerization. On the contrary, DAOH was
synthesized in 2 steps where the 6-hydroxydopamine is coupled to AA-NHS-co-AAm after the
formation of the polymer. As such, the extent of polymerization was not affected. However,
copolymerization between AAm and AA-NHS resulted in higher PDI when compared to the
synthesis of A, a homopolymer.

Table 2. Molecular weights of polymers based on GPC analysis.

Polymer Mn (g/mol) Mw (g/mol) PDI
A 4.37 % 106 5.51 > 10° 1.26
DA 1.38 x 10° 4.37 = 10° 3.17
DAOH 1.05 = 10° 4,24 x 10° 4.02

Catechol-containing polymers were then coated onto melt-blown PP fabric (Figure SS8),
commonly used in the production of face masks that do not have intrinsic antiviral and antibacterial
properties. FTIR spectra of uncoated and polymer-coated PP fabrics demonstrated peaks between
2,750 and 3,000 cm™!, which is attributed to C-H bands found in PP. Additionally, polymer-coated
fabrics exhibited peaks associated with AAm (-NH; 3450-3050 cm ™!, C=0 1650 cm™ ') while DA
and DAOH exhibited peaks associated with and catechol (1,309, 1,521, and 1,657 cm™! attributed
to C—N stretching of the indole ring, C=N of indole amine, and C=C of the benzene ring and C-H
bands of PP fabric, respectively) (Figure S9). From ESEM images and EDS mapping analysis, the
polymer-coated PP fabric maintained the desired porous structure (Figure 3). The polymer coating
appears to distribute evenly throughout the fabric based on the presence of nitrogen (N) and oxygen

(O) atoms (Figure 3). The PP fabric consists of only carbon (C) and hydrogen (H) atoms and the

15



addition of DAOH and DA polymers contributed to the observed N and O atoms found on the

polymer-coated fabrics.

Figure 3. ESEM images and EDS maps of (A) 40DAOH, (B) 40DA, and (C) uncoated PP fabrics.

Carbon, nitrogen, and oxygen atoms are shown in red, yellow, and blue, respectively.

The porosity of the polymer-coated PP averaged around 80% regardless of the polymer type
(Table S1). Porosity of the PP fabric is a characteristic property crucial to maintaining filtration
efficiency and breathability of a facemask. Although the porosity of the coated PP decreased
slightly when compared to the uncoated fabric (86%), porosity of polymer-coated PP still exceeded
the known values for surgical (77%) and N95 (65%) masks .

The uncoated PP fabric was relatively hydrophobic with a water contact angle of 144° (Table 3,
Figure S10). Water contact angle decreased with the application of the polymer coating, which
further decreased with increasing coating content. DAOH, DA, and A polymer coatings displayed
relatively hydrophilic properties, potentially due to the presence of the hydrophilic polyacrylamide
backbone and -OH groups found in catechol. This increase in the hydrophilic nature of the polymer

coated fabric is desirable as it will increase the ability for the coating to absorb moisture and
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generate H>O». The decrease in hydrophobicity directly contributes to reduced droplet drying time

60 and the formation of daughter droplets ¢'.

Table 3. Water contact angle of uncoated and polymer-coated PP fabrics.

Sample Contact Angle (°)
Uncoated PP fabric 144.12 £1.52
30A 117.85 £4.37
40A 113.39 £ 4.62
30DA 138.13 £6.29
40DA 124,19 £ 5.62
30DAOH 136.10 £ 5.65
40DAOH 12512+ 1.72

3.5. Determination of H202 Concentration

PP fabrics were hydrated by a single drop of PBS (pH 7.4) and incubated at RT or 37 °C, and
the effect of catechol modified with electron donating -OH group on H>O: generation from
polymer-coated PP fabrics was evaluated (Figure 4). Upon hydration, the DAOH-coated PP fabrics
(30DAOH and 40DAOH) generated 1,000 to 3,000 uM of H>O» within 1 h, which is more than 3
orders of magnitude higher than PP fabrics coated with polymers that contained unmodified
catechol (30DA and 40DA). H>O; generated from 30DAOH and 40DAOH continued to increase
and approached a maximum of nearly 4,000 pM within 24 h. On the other hand, 30DA and 40DA
only generated a maximum of 1,500 pM after 24 h. DAOH generated a significantly higher amount
of H20> and at a faster rate when compared to DA due to the presence of the electron donating -
OH group which enabled fast catechol oxidation upon hydration. PP coated with higher polymer
content (i.e., 40wt%) also generated higher amounts of H>O; regardless of coating composition.

This indicated that the higher amount of catechol and 6-OHDA contributed to higher levels of

17



H>0O; generation. Similarly, higher levels of H>O> was measured at 37 °C when compared to RT,
due to increased catechol oxidation rate at an elevated temperature *°. Both the control polymer-

coated (30A and 40A) and the uncoated PP fabric did not generate any H>O,.
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Figure 4. H>O generated from DA- and DAOH-coated PP fabrics when incubated with 100 pL
of pH 7.4 PBS at (A) RT and (B) 37°C. *p < 0.05 when compared to the control coating at the

same time point. **p < 0.05 when compared to the DA coating at the same time point. (n = 3).

To showcase the coating's rapid H>O2 production upon hydration through small water droplets,
we sprayed a mixture of PBS and the FOX assay reagent onto the surface of the DAOH-coated PP
fabric (Video S2). The color of these droplets changed to purple in less than a minute, indicating
the generation of H2O2 when the coating is hydrated. This video indicated that the polymer-coated
fabric can be activated when hydrated using small water droplets with diameters under 1 mm. The
ability to activate H>O using water droplets less than 1,000 pm indicates the potential to activate

the coating utilizing respiratory droplets which are reported to have diameter of 5 to 1,000 um >4,

3.6. Stability of the Polymer-Coating
To assess the coating stability, we used two methods: (1) submerging the coated PP-fabrics in
DI water to evaluate the amount of polymer released into the aqueous solution and (2)

mechanically wrinkling and rubbing the coated fabrics and evaluate its effect on the ability of the
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coated fabric to generate H>O2. When 40DAOH and 40DA were submerged in DI water, the coated
polymers gradually leached into the aqueous solution over 24 hours (Figures S11 and S12).
However, only a very small amount of the coated polymer (<1.2 wt%) was detached over this time
period (Tables S2 and S3). This indicated that the coatings are relatively stable toward submersion

in water. Although these polymers are soluble in polar organic solvents, they are insoluble in water.

The PP fabrics are intended to function as a filter for a respirator which will not be fully
submerged in an aqueous solution. As such, polymer-coated were further subjected to mechanical
wrinkling and rubbing (Video S1). These coated fabrics were permanently wrinkled after the
rubbing treatment (Figure S13). For 40DAOH, there was no difference in the amount of H>O»
generation after the fabric was subjected to rubbing (Figure S14). However, 40DA generated
significantly lower amount of H,O> generation. The elevated molecular weight of DAOH likely

contributed to the enhanced stability of the coating when compared with DA.

3.7. Antibacterial Activity of Polymer-coated PP Fabrics

The antimicrobial activity of the polymer-coated PP fabrics was evaluated using both Gram-
positive (S. aureus and S. epidermidis) and Gram-negative (P. aeruginosa and E. coli) bacteria at
a starting concentration of 10° cfu/mL (Figures 5 and S15). All 4 bacteria strains were chosen due
to their potential in causing respiratory infections >4, Over time, the number of colonies formed
decreased for both DAOH- and DA-coated PP fabrics. However, the DAOH-coated PP fabric
exhibited significantly better antibacterial activity, resulting in a near complete reduction in the
relative colony number within 3-5 h for all 4 bacteria strains (Figure S15). Conversely, DA-coated
PP fabrics required nearly 24 h to achieve similar results. This result demonstrated the impact of
adding the electron donating -OH group to the catechol side chain in enhancing H>O» generation

and antibacterial activity. PP coated with a higher polymer content also demonstrated better
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antibacterial results due to higher H,O> generation. The antibacterial activity was increased at 37

°C when compared to RT. At an elevated temperature, a significantly higher amount of H,O, was

generated, which contributed to a better antibacterial performance. The uncoated PP fabric and A-

coated fabric did not show antibacterial activity compared to the initial bacteria solution.
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Figure 5. The relative bacteria colony number for (A and E) S. aureus, (B and F) S. epidermidis,

(C and G) P. aeruginosa, and (D and H) E. coli exposed to PP fabrics at (A-D) RT and (E-F) 37

°C. The relative colony number was normalized by the number of colonies formed by the bacteria

not exposed to the fabrics. *p < 0.05 when compared to the control coating and uncoated PP fabrics

at the same time point. *p < 0.05 when compared to the DA-coated PP fabrics at the same time

point. (n = 3).

The first order inactivation constant (k) was calculated based on the bacteria colonies determined

for the first 3 h of antibacterial tests for all 4 strains of bacteria (Figures S16-S23 and Tables S4

and S5). k values for the DAOH coating were significantly higher for all four bacteria strains when

compared to those calculated for DA coatings (Figure 6). In some instances, k values for DAOH
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were 1-2 orders of magnitude higher when compared to DA. However, there were no significant
differences between 30DAOH and 40DAOH coatings and between 30DA and 40DA coatings. In
general, k values were higher for experiments performed at 37 °C when compared to values
calculated for RT for DAOH-coated fabrics. A faster rate of H>O, generation at 37 °C likely
contributed to the increased k values. Additionally, it is suboptimal for culturing these four strains
of bacteria at a lower temperature, which may affect their inhibition rates differently %%, At room
temperature, higher k values were observed for P. aeruginosa and S. epidermidis when compared
to the other two strains. For P. aeruginosa, temperature changes greatly affect the activation of
virulence pathways, which is inactive below 30°C ¢7. On the other hand, S. epidermidis exhibits a

high capability for surface adherence, making the coating a preferred material for this strain ¢°.
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Figure 6. First order rate constant of inactivation for (A and E) S. aureus, (B and F) S. epidermidis,
(C and G) P. aeruginosa, and (D and H) E. coli for DAOH and DA coatings determined at (A-B)
RT and (E-H) 37 °C. *p < 0.05 when compared to the DA coating with the same coating weight

percent. (n = 3).
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The morphology of the bacteria was visualized using FE-SEM (Figure 7). Bacterial strains that
were not exposed to the fabrics exhibited intact cell walls and well-defined morphology. Similarly,
bacteria that were exposed to the control fabrics (PP and A) exhibited intact cell walls and
morphology that was similar to those found in the bacteria pellet. However, bacteria exposed to
H>0O;-releasing DAOH and DA coatings completely lost their morphological, structural, and
cellular integrity, leading to cellular lysis. With DAOH coatings, some cells were completely
decomposed, leaving only traces of the cell membranes visible. Cells exposed to DA coatings
experienced severe disruption followed by cellular lysis. These significant morphological changes
are attributed to the potent oxidizing properties of H>2O». These results align with previous studies

where bacteria treated with H>O» exhibited similar morphological changes 77,

Pellet PP A DA DAOH

S. aureus

E. coli

Figure 7. FE-SEM images of (A-E) S. aureus, (F-J) S. epidermidis, (K-O) P. aeruginosa, and (P-

T) E. coli when exposed to uncoated and polymer-coated PP fabrics.

3.8. Antiviral Activity of Polymer-coated PP Fabrics
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The virucidal activity of polymer-coated PP fabrics was evaluated using two model viruses,
BVDV and HCoV 229E. BVDV was chosen because our team has previously studied the
inactivation of this virus using catechol-containing microgels that releases H202**#?. On the other
hand, HCoV 229E is a human coronavirus that transmits via droplet-respiration and fomites, and
is a model virus for SARS-CoV-2 that resulted in COVID-19 pandemic ’¢. Both 30DAOH and
40DAOH showed a 2.2 log reduction in the titer of BVDYV after incubation for 24 h at RT (Figure
8). This corresponds to a 99.4% reduction in the viral load. Uncoated PP fabric, 30A, and 40A did
not show virucidal activity over the same time period. Although both 30DA and 40DA generated
H>0O», the amount generated was not virucidal against BVDV. This further highlights the need for
the -OH modified catechol to achieve sufficient antiviral behavior.

HCoV 229E was unstable when added to the PP surface and self-inactivated within 24 h (Figure
8C and 8D). While the stability of HCoV on surfaces for up to 6 days is reported in the literature,
the characteristics of the surface greatly influence virus persistence /. Melt-blown PP is
hydrophobic with high filtration efficiency and may accelerate virus inactivation or interfere with
virus recovery ’®. In 6 h, 30DAOH and 40DAOH exhibited around 2.5 log reduction in the titer of
HCoV corresponding to > 99.7% reduction of the viral load. This reduction in the titer value is
significantly higher when compared to the control surfaces which demonstrated only 1.1 log
reduction over 6 h. After 24 h, the titer of HCoV reduced to the limit of detection values with both
the control and catechol-containing coatings. The reduction in virus titer may be due to the
interaction between the fabric or incomplete recovery of virus solution from the fabric following
incubation. A similar observation was reported for the inactivation of HCoV contacting quaternary
ammonium compound functionalized PP fabric where a reduction in HCoV titer was observed

despite a lack of virucidal activity '*. While the results indicate that HCoV can be self-inactivated,
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DAOH-coated fabrics were able to accelerate this inactivation process. It is also important to note
that the active virucidal ingredient, HoO> was cytotoxic to MRCS5 cells, the indicator cell line
utilized in assessing HCoV infectivity (Figure S24). As a result, it is possible that the virus
inactivation could be higher than what was observed, but due to an increase in the limit of detection

of the MTT assay, lower log reduction values had to be reported.
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Figure 8. Time-dependent inactivation of (A and B) BVDV and (C and D) HCoV 229E. A drop
of crude virus solution (BVDV or HCoV) was incubated with PP and DAOH- and DA-coated PP
fabrics at RT. The dashed line in black represents virus control. *p < 0.05 when compared to the

DA and A fabrics at the same time point. (n = 3).

The inactivation data was fitted with a linear first order model to determine the rate constant of
inactivation (k) for the 2 viruses (Figures S25 and S26). For both viruses, DAOH was more

effective than DA in viral inactivation as demonstrated by the higher calculated k values (Table
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S6, Figure 9). There were no significant differences (p > 0.05) between 30DAOH and 40DAOH.
BVDYV remained stable at RT over the 24 h duration. As such, the self-inactivation rate constant
for BVDV was not reported. On the other hand, the self-inactivation rate constant for HCoV 229E
averaged around 0.4 s™!. k values for DAOH were around 2.3 times higher when compared to the

self-inactivation rate constant of HCoV 229E.
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Figure 9. First order rate constants observed for (A) BVDV and (B) HCoV 229E. BVDV remained
stable at RT over the 24 h duration, and the self-inactivation rate constant for BVDV was not
reported. *p < 0.05 when compared to the 30DA. **p < 0.05 when compared to both DA-coated

PP fabrics. $p < 0.05 when compared to the 40DA. (n = 3).

3.9. Cytotoxicity of the Polymers and Polymer-coated PP Fabrics

The cytotoxicity of the synthesized polymers and polymer-coated PP fabrics was investigated
by culturing HaCaT cells directly onto these materials for 48 hours (Figure 10). The relative cell
viability of DAOH and DA were around 40%, which increased to be greater than 70% after the
addition of catalase. Catalase is a common enzyme found in many living organisms that are
exposed to air and can catalyze H,O» into water and oxygen ’°. Catalase has been found to

effectively counteract the cytotoxicity induced by H>O> in cell culture 83!, The observed increase
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in cell viability as a result of catalase addition suggests that the polymers' toxicity was primarily
due to the release of H>O». For A, which does not release H>O», there was no statistical change
between cell viability before and after the addition of catalase. Additionally, relative cell viability
for cells exposed to A was around 50%. Prior reports have indicated that polyacrylamides can be
cytotoxic depending on their hydrophilic/hydrophobic balance and degree of polymerization %,
To further enhance the biocompatibility of the polymer, future work will replace polyacrylamide
with a backbone with enhanced cytocompatibility.

The cell viability of the PP fabric with and without polymer coating was not significantly
different. In the absence of catalase, DAOH and DA coated fabrics demonstrated cell viability
around 60%, which increased to above 70% after the addition of catalase. For control fabrics that
do not release H>O», there were no significant changes in cell viability with and without catalase.
Similar to exposing cells directly to the H»Os-releasing polymers, catalase counteracted the
cytotoxicity of H2Oz in vitro.

Although H>O; generated from our polymers contributed to the observed in vitro cytotoxicity,
the amount of generated H>O» (2-4 mM) is 3 orders of magnitude lower when compared to the
concentration of H2O2 (3w/v% or 880 mM) found in commonly used household products such as
mouthwash, cerumen removal solutions, and fabric and surface disinfectants 7°. Additionally,
biomaterials that generated millimolar concentrations of H>O> were found to be biocompatible in
subcutaneous implantation studies *> **. Furthermore, H»O> is generated endogenously during the
wide variety of normal metabolic processes, such as mitochondrial respiration, cell signaling, and
wound healing 85-%7. Cell culture media are also devoid of antioxidant enzymes that can counteract
the toxicity of H2O; or regulate H>O> concentrations. As such, the observed cytotoxicity of H20O:

is not a major concern when utilizing the ROS as a disinfectant.
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Figure 10. Normalized viability% of HaCaT cells when exposed to (A) polymers and (B) uncoated
and polymer-coated PP fabrics after 48 h. *p < 0.05 when compared to the DAOH, **p < 0.05
when compared to the DA, and *p < 0.05 when compared to A without catalase. “p < 0.05 when

each sample compared to its value without catalase. (n = 3).

Taken together, we developed a novel, self-disinfecting coating that could be activated by
moisture added to the coating surface. Incorporation of electron donating -OH group to catechol
significantly enhanced the rate of catechol autoxidation and H>O> generation when compared to
the unmodified catechol. In our previous work, unmodified catechol generated sufficient H>O> to
disinfect bacteria and viruses when the catechol-containing biomaterials were fully submerged in
an aqueous solution “**2, However, when coated onto a surface, unmodified catechol is not
effective in disinfecting these pathogens when hydrated using only a limited amount of liquid, due
to its inability to generate sufficient amounts of H>O». On the other hand, the faster autoxidation
rate of 6-OHDA enabled DAOH coatings to rapidly generate antipathogenic levels of H»O»
utilizing a small water droplet. Although inactivation of bacteria and viruses was demonstrated
using aqueous solutions with a volume as little as 100 pL (diameter ~ 5.76 mm for a sphere) and
Video S2 demonstrated the generation of H>O» using water droplets under 1,000 pm in size, future
work will be required to verify the coating’s ability to disinfect pathogens found in a respiratory

droplet (diameter of 5 to 1,000 pum) > 883,
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Nevertheless, we reported a novel, moisture-activated coating that utilizes a unique biomimetic
redox chemistry. While there are numerous antipathogenic surfaces that are being developed, self-
disinfecting coatings that become activated only when their antipathogenic properties are needed
could be highly advantageous '®°* % These coatings can potentially minimize users’ unintended
exposure to the disinfectants. However, existing self-disinfecting coatings are activated by
externally applied stimuli such as heat !¢ and light 7> %, which is impractical. Our moisture-
activated coating provides an alternative solution to these coatings and does not require a user to
actively turn “on” or “off” the antipathogenic function.

This report focused on catechol’s ability to generate H>O; as a disinfectant. However, catechol
is a robust adhesive molecule that can bind to a wide range of substrates through various types of
interfacial interactions (hydrogen bonding, m-m and cation-m interactions, etc.), which could
enhance the removal of circulating pathogens by trapping them within the filter or facemask
material °7 %%, Although we did not investigate the relative contribution of catechol adhesion to
pathogen removal, the combination of multiple antipathogenic mechanisms will greatly enhance
the efficacy of our coating. Finally, the reported coating does not contain a reservoir for H>O> and
the ROS was generated through hydration. This will greatly minimize hazards associated with

storing and transporting the ROS-generating coating.

4. Conclusion

Polymer containing 6-OHDA was coated onto PP fabric and the coating generated
antipathogenic levels of H2O2 when hydrated with a water droplet with a volume as small as 100
puL. The generated H2O: successfully disinfected both Gram-positive (S. aureus and S.
epidermidis) and Gram-negative (P. aeruginosa and E. coli) bacteria and model viruses, BVDV

and HCoV 229E. 6-OHDA is modified with electron donating hydroxyl group, which greatly
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enhanced its rate of autoxidation and H>O> generation when compared to the unmodified catechol.
The reported coating can potentially function as a moisture-activated, self-disinfecting coating for

disinfecting pathogens on its surface.
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