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PATENT APPLICATION
COMPOSITIONS AND METHODS FOR DECONTAMINATION OF SURFACES
TECHNICAL FIELD AND BACKGROUND
[0001] The present invention relates generally to compositions and uses of such
compositions in depositing coatings that bind to and/or inactivate biological contaminants in air
and liquid, such as microbes and pollutants, and to methods for depositing these coatings.
[0002] Antimicrobial and antipollution materials are important as individuals in medical,
commercial, and everyday settings are only protected from exposure to microbes and their
effects by wearing personal protective equipment (“PPE”) such as gloves, masks, scrubs, and lab
coats. Currently, one of the biggest challenges in PPE is that microbes can adhere to, collect on,
and pass through most types of fabrics. Therefore, when the public wears masks, it is to prevent
spreading viral contaminants to others, but masks do not effectively prevent spreading viral
contaminants deposited from other individuals.
[0003] The complete redesign of PPE is not practical when rapid response is needed.
Instead, approaches focusing on improving existing PPE should be encouraged. For example,
standard surgical masks filter about 60-80% of particles smaller than 2.5 microns (um) (PM 5).
But higher quality N95 masks cut out more than 95% of small particles and are viewed as the
gold standard for preveriting infection.
[0004] What is needed are simple and affordable approaches to improving the performance
of PPE such as masks that make the surfaces less likely to transmit microbes and pollution. To
be practical, such approaches must fulfill objectives that include: (i) effectively binding or
neutralizing microbes and pollutants; (ii) convenient to apply in manufacturing and ficld settings;

(i) utilization of safe precursor materials and assembly processes; (iv) being safe to use and
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dispose; and (v) achieving conformance and adherence to every fiber in the fabric. Surfaces
other than fabric materials face similar challenges that must be met. Accordingly, it is an object
of the present technology to develop mask, fabric, and surface coatings with these properties to
minimize the negative impacts of microbes, such as contamination, infection, transmission,
and/or odor among others.

SUMMARY
[0005] The present technology includes compositions, systems, and processes that relate to
phenolic compounds used for fabric and surface coatings for antimicrobial and antipollution
applications.
[0006] Phenolic compounds and coatings can be synthesized, deployed, and utilized in
various ways for the coating of substrates to increase their binding to, and inactivation of,
various biological contaminants and pollutants. The compositions provided herein can adhere to
substrates and bind to, and/or inactivate, a wide variety of natural contaminants and microbes.
Configuration, use, and operation of these compositions in relation to binding various
contaminants and pollutants can involve phenolic-containing coatings that allow for strong
molecular adhesion forces to physically and chemically bind the contaminants to the coated
surface and to physically and chemically inactivate the contaminants by themselves and with the
inclusion of antimicrobial agents.
[0007] Such phenolic-containing coatings can be deposited on porous and non-porous
substrates and the composition, thickness, and density of the coatings can be tailored to optimize
binding and inactivation of different contaminants. The coatings can be cleaned with various
surfactants and removed with specific chemicals or through abrasion depending on the substrate.

Various methods for making phenolic-containing coatings are provided, including the making of
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solutions, deposition of coatings on substrates, use of the solutions and liquid dispersions of the
phenolic and other components, ways of applying the coatings, and ways of capturing and
inactivating contaminants using the coatings as described herein.
[0008] Coating a surface can include contacting the surface with a composition, where the
composition includes a phenolic molecule by itself or with another compound. The composition
can be made by combining a phenolic molécule and a solvent to form a solution, and can be
optionally mixed with other compounds, solvents, and/or solutions. The solution(s) can then be
applied to the surface via immersion, spraying, wiping, pouring, blotting, exhaustion, or other
similar methods to deposit the coating. The deposited coating can then capture, inactivate, bind,
or otherwise filter out and prevent the passage of contaminants. The coating can be made in a
thickness range from 0.01 nm to about 1 mm.
[0009] Further areas of applicability will become apparent from the description provided
herein. The description and specific examples in this summary are intended for purposes of
illustration only and are not intended to limit the scope of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] These and other features, aspects and advantages of the present invention are better
understood when the follewing detailed description of the invention is read with reference to
the accompanying Figures.
[0011] Fig. 1A illustrates a method for applying a phenolic coating of tannic acid and silver
nitrate to a mask.
[0012] Fig. 1B illustrates a method for applying a phenolic coating of tannic acid and silver

nitrate to a fabric.
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[0013] Fig. 2A illustrates experimental results for the binding affinity of phenolic coatings
of different composition on gold and their binding affinity to viruses.

[0014] Fig. 2B illustrates experimental results for viral reduction resulting from application
of various compositions on silk masks.

10015] Fig. 3A illustrates experimental results for the UV-Visible light absorbance
properties of aqueous solutions of silver nitrate, tannic acid (phenolic molecule, TA), and
silver/tannic acid (Ag/TA) complexes.

[0016] Fig. 3B illustrates experimental X-ray photoelectron spectroscopy results for the
phenolic coatings prepared with silver on silicon in the Cis region. This peak shift arises due
to interactions between silver and the phenolic molecule (tannic acid, TA).

[0017] Fig. 3C illustrates experimental Fourier-transform infrared spectroscopy results for
the phenolic coatings prepared with silver, highlighting peak shifis when silver is interacting
with the phenolic molecule (tannic acid, TA).

[0018] Fig. 3D illustrates experimental Raman spectroscopy results for the phenolic
coatings prepared with silver, highlighting peak shifts when silver is interacting with the
phenolic molecule (tannic acid, TA).

[0019] Fig. 3E illustrates experimental atomic force microscopy results for the material
properties of phenolic coatings prepared with silver, demonstrating the thickness of the films
on a silicon wafer,

[0020] Fig. 4A illustrates experimental results for the colorless nature of the phenolic
coatings prepared with silver on polyester, cotton, and silk as imaged with a camera on a white

background.
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[0021] Fig. 4B illustrates experimental results for the colorless nature of the phenolic
coatings prepared with silver on polyester, cotton, and silk as imaged with a camera on a black
background.

[0022] Fig. 4C illustrates experimental results for the colorless nature of the phenolic
coatings prepared with silver compared to phenolic coatings with reduced silver nanoparticles
as imaged with a camera on a white background.

[0023] Fig. 5 illustrates experimental results for the viral reduction (Phi6) of the phenolic
coatings prepared with silver on silk after different washing steps.

[0024] Fig. 6 illustrates experimental results on how different phenolics including tannic
acid and persimmon tannin can be deposited with silver to form antiviral coatings (against
Phi6) on silk.

[0025] Fig. 7A illustrates experimental results for the antimicrobial nature of the phenolic
coatings prepared with silver against Escherichia coli on materials that include silk, cotton, and
polyester compared against bare substrates and substrates immersed only in silver nitrate
solution.

10026] Fig. 7B illustrates experimental results for the antimicrobial nature of the phenolie
coatings prepared with silver against Staphylococcus aureus on materials that include silk,
cotton, and polyester compared against bare substrates and substrates immersed only in silver
nitrate solution.

[0027] Fig. 7C illustrates experimental results for the antimicrobial nature of the phenolic
coatings prepared with silver against Saccharomyces cerevisiae on materials that include silk,
cotton, and polyester compared against bare substrates and substrates immersed only in silver

nitrate solution.
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[0028] Fig. 7D illustrates experimental results for the antimicrobial nature of the phenolic
coatings prepared with silver using immersion against Escherichia coli on materials that
include silk, cotton, and polyester compared against bare substrates and phenolic coatings
prepared with silver using spraying,.
10029] Fig. 8A illustrates experimental results for the anti-odor properties of the phenolic
coatings prepared with silver, including specifically the perceived smell after a full day of wear
comparing the left armpit of a shirt coated with phenolic coatings prepared with silver versus the
right armpit that had no coating, as a function of the number of wash cycles.
[0030] Fig. 8B illustrates experimental results for the anti-odor properties of the phenolic
coatings prepared with silver, including a normalized odor comparison compared to various
chemical compounds.
[0031] Fig. 8C illustrates experimental results for the anti-odor properties of the phenolic
coatings prepared with silver.
[0032] Fig. 9 illustrates a dual-chamber spray bottle used to deposit phenolic and silver
solutions either simultaneously or sequentially onto different surfaces.

DETAILED DESCRIPTION
[0033] The present invention will now be described more fully hereinafter with reference to
the accompanying drawings in which example embodiments of the invention are shown.
However, the invention may be embodied in many different forms and should not be construed
as limited to the representative embodiments set forth herein. The example embodiments are
provided so that this disclosure will be both thorough and complete and will fully convey the
scope of the invention and enable one of ordinary skill in the art to make, use, and practice the

invention.
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[0034] Regarding methods disclosed, the order of the steps presented is illustrative in nature,
and, therefore, the order of the steps can be different in various embodiments. Words such “a”
and “an” as used herein indicate “at least one” of the item is present; a plurality of such items
may be present, when possible. It will be understood that relative terms are intended to
encompass different orientations or sequences in addition to the orientations and sequences
depicted in the drawings and described herein. Except where otherwise expressly indicated, all
numerical quantities in this description are to be understood as modified by the word “about” and
all geometric and spatial descriptors are to be understood as modified by the word “substantially”
in describing the broadest scope of the technology.

[0035] “About” when applied to numerical values indicates that the calculation or the
measurement allows some slight imprecision in the value (with some approach to exactness in
the value; approximately or reasonably close to the value; nearly). Relative terminology, such as
“substantially” or “about,” describe the specified devices, materials, transmissions, steps,
parameters, or ranges as well as those that do not materially affect the basic and novel
characteristics of the claimed inventions as whole (as would be appreciated by one of ordinary
skill in the art). If, for some reason, the imprecision provided by “about” and/or “substantially”
is not otherwise understood in the art with this ordinary meaning, then “about” and/or
“substantially” as used herein indicates at least variations that may arise from ordinary methods
of measuring or using such parameters.

[0036] All documents, including patents, patent applications, and scientific literature cited in
this detailed description are incorporated herein by reference, unless otherwise expressly
indicated. Where any conflict or ambiguity may exist between a document incorporated by

reference and this detailed description, the present detailed description controls.
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[0037] Although the open-ended term “comprising,” as a synonym of non-restrictive terms
such as including, containing, or having, is used herein to describe and claim embodiments of the
present technology, embodiments may alternatively be described using more limiting terms such
as “consisting of” or “consisting essentially of.” Thus, for any given embodiment reciting
materials, components, or process steps, the present technology also specifically includes
embodinients consisting of, or consisting essentially of, such materials, components, or process
steps excluding additional materials, components or processes (for consisting of) and excluding
additional materials, components or processes affecting the significant propertics of the
embodiment (for consisting essentially of), even though such additional materials, components
or processes are not explicitly recited in this application. For example, recitation of a
composition or process reciting elements A, B and C specifically envisions embodiments
consisting of, and consisting essentially of, A, B and C, excluding an clement D that may be
recited in the art, even though element D is not explicitly described as being excluded herein,

[0038] As referred to herein, all compositional percentages are by weight of the total
composition, unless otherwise specified. Disclosures of ranges are, unless specified otherwise,
inclusive of endpoints and include all distinet values and further divided ranges within the entire
range. Thus, for example, a range of “from A to B” or “from about A to about B” is inclusive of
A and of B. Disclosure of values and ranges of values for specific parameters (such as amounts,
weight percentages, etc.) are not exclusive of ether values and ranges of values useful herein. It
is envisioned that two or more specific exemplified values for a given parameter may define
endpoints for a range of values that may be claimed for the parameter. For example, if
Parameter X is exemplified herein to have value A and also exemplified to have value Z, it is

envisioned that Parameter X may have a range of values from about A to about Z. Similarly, it is
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envisioned that disclosure of two or more ranges of values for a parameter (whether such ranges
are nested, overlapping or distinct) subsume all possible combination of ranges for the value that
might be claimed using endpoints of the disclosed ranges. For example, if Parameter X is
exemplified herein to have values in the range of 1-10, or 2-9, or 3-8, it is also envisioned that
Parameter X may have other ranges of values including 1-9, 1-8, 1-3, 1-2, 2-10, 2-8, 2-3, 3-10, 3-
9, and so on.

[0039] The present technology provides compositions and methods for forming and utilizing
phenolic-containing coatings that can be used in various ways, including use in the capture,
filtration, inactivation, decontamination, and similar of biological contaminants and pollutants.
The compositions provided herecin can adhere to substrates and surfaces and subsequently bind
to, repel, inactivate, filter, and/or deconiaminate, a wide variety of natural contaminating
molecules, particles, biological entities, including but not limited to bacteria, virus, prions,
fungus, proteins, pollen, small molecules, and similar in gas, liquid and solid media.
Configuration, use, and operation of these compositions. in relation to excluding contaminants
can involve phenolic-containing solutions and coatings.

[0040] Figures 2A and 2B illustrate the effectiveness of the coatings in protecting against
viruses. Figure 2A shows experimental results for the binding affinity of phenolic coatings of
different composition on gold and their binding affinity to viruses (Phi6). Figure 2A highlights
the higher binding affinity of phenolic coatings versus the bare gold and the metal-dependent
nature of the virus binding. Specifically, Figure 2A shows the frequency shift (1st overtone)
and associated mass of coatings deposited using tannic acid by itself and with different metals
and their subsequent ability to interact with viruses as monitored by quartz crystal micro-

gravimetry.
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[0041] Figure 2B illustrates experimental results for viral reduction at different viral (Phi6)
loads (plaque forming units per mL, or PFU mL™") resulting from application of various
compositions of phenolic coatings on silk masks. These results highlight the metal-dependent
performance of the phenolic coatings in terms of viral reduction. Specifically, no virus was
detectable at the lowest concentration (10* PFU mL™) when incubated with phenolic coatings
prepared with silver nitrate (Ag/TA) (marked with *), where 10> PFU mL™" was the minimum
detectable concentration of the assay.

[0042] The phenolic-containing coatings can be substantially non-porous or can be porous.
Porosity can be adjusted to specifically capture contaminants of defined sizes while letting
smaller materials pass through un-hindered, or for the pores to act as additional size-dependent
capture sites. Porosity can be adjusted, including varying the number and size of pores by, for
example, washing the coatings with various solvents and/or surfactants, using higher or lower
phenol concentrations in the reaction constituents, varyirig the reaction conditions (e.g.,
temperature, volume, pressure), using different phenolic molecules, and using different additive
compounds.

[0043] Additive compounds can enhance the inactivation of contaminants where, for
example, antimicrobial additives such as antimicrobial metals or organic molecules can be
incorporated into the coatings during deposition. The additives can also control the durability,
where compounds that strongly interact with phenolics, such as iron, zirconium, or cationic
polymers, will provide durability against large pH and solvent ranges. On the other hand, weakly
interacting compounds, such as neutral polymers, copper, and similar components, will produce
coatings that can readily be removed in a wash. Additives such as silver show particular promise

due to its safety and demonstrated antimicrobial effectiveness, and because the interaction with
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phenolics still leaves free phenolic residues available to interact with contaminants, thereby
allowing for synergistic contaminant capture and inactivation.

[0044] The compositions can be coated on a range of porous and non-porous surfaces, and
can be deposited instantaneously or over extended periods of time ranging from 1 second to
more than 144 hours. The compositions in the coating can interact with contaminants on the
molecular level and, importantly, can also filter out cortaminants on the¢ microscopic and
macroscopic levels. The coatings can remain intact through certain washing protocols, for
example with surfactants and machine washing and drying, and can be removed with harsher
washing protocols using strong acids, strong bases, or strong oxidizing agents in sufficient
concentration.

[0045] The novel compositions and coatings disclosed in this application can include
phenolic molecules that can be hybridized with other materials, including various organic,
polymeric, inorganic¢, metallic, synthetic and biological compounds and materials, for improved
versatility, specific performance governing interactions, stability, and other properties, and/or
incorporation with other technologies. The phenolic molecules do not need to be covalently
polymerized or condensed to form the novel eoatings disclosed herein.

[0046] Covalent polymerization can occur with phenolic molecules through various synthetic
coupling routes and can occur spontancously or be expedited by the introduction of oxidizing
agents, oxidizing conditions, buffers, salts, or pH changes. The hydrolysis (fragmentation) and
condensation (polymerization) of phenolic molecules naturally occurs with slow kinetics
compared to the speed of metal-chelation by phenolics and phenolic-metal-phenolic bridging.
Chelated metals can stabilize phenolic molecules and help prevent their polymerization and

oxidation as is well demonstrated in the literature. Thus, present phenolic-containing coatings
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can have condensed or hydrolyzed molecules, and importantly, the coatings do not rely on the
condensation or hydrolysis for film formation. Instead, the low-valent metals act as linkages
between phenolic molecules, which results in formation of coatings on substrate surfaces. The
interaction of the phenolic molecules with low-valent metals is illustrated by the spectroscopy
results of Figures 3B through 3D, which show peak shifts due to interactions between silver and
tannic acid phenolic molecules,

[0047] The present phenolic-containing coatings are deposited and stabilized primarily
through the interaction of the phenolics to the substrate surface and through the interaction of the
phenolics with bridging low-valent metals that hinder polymerization. As a result, the
polymerization of the coatings disclosed herein is significantly less than 50%; that is,
significantly less than half of the phenolic molecules will polymerize prior to coating formation.
[0048] The lower polymerization of the current coatings is in stark contrast to existing
coatings that use dissolved oxygen and various salts and buffering conditions to achieve gradual
polymerization, where the coatings gradually grow, generally over the course of hours to days. It
is this polymerization as the phenolic molecules bond to form chains that results in coating
formation for existing coatings. When covalently polymerized, often C—C and/or C-O linkages
are formed for nitrogen-free phenolic molecules. Nitrogen-containing phenolic molecules, such
as dopamine, polymerize more readily through a variety of chemical reactions including C-C,
C-N, C-0, and others. The present phenolic-containing coatings could therefore be thought of
as forming in a discrete deposition step, while existing coatings form continuously and only stop
when removed from the coating substrate or the precursor molecules are consumed or lose their

reactivity.



WO 2022/197545 PCT/US2022/019945
13

[0049] Polymerized phenolics can range from a few hundred Daltons (Da), to kilo-Daltons
(kDa), and likely even to mega-Daltons (MDa) in part because of the often irreversible nature of
covalent bonds. Existing polymerized phenolic coatings are deposited using dissolved oxygen
and can coat macroscopic substrates, which suggests that the phenolic polymer size in the
extended network of the coatings can be macroscopic. Non-covalent interaction, such as pi-pi
and hydrophobic interactions, generally exist in phenolic coatings, but these can generally be
broken using various solvents.

[0050] Polymerization in phenolic-based coatings can have negative effects. For instance,
polymerization consumes hydroxyl groups that reduces the ability for the phenolic molecules to
bind to contaminants, binders, dopants, and additives, and hinders the stable chelation of metals.
Additionally, covalently polymerized phenolic films tend to take much longer to form as they
grow gradually during the covalent polymerization and oxidation process, and can form thicker
coatings, which could hinder the industrial application and the breathability and functionality of
the underlying substrate. Hence polymerized phenolic films tend to be used on solid, non-porous
substrates.

[0051] Phenolic-containing coatings prepared with low-valent metals and low-valent metallic
salts, such as silver(I) and silver nitrate, have the benefits of being deposited rapidly on
substrates—in some instances, less than 1 second. Low-valent metals tend to have a charge of
1+ or 2+ in their ionic state, an oxidation state of 1 or II when coordinated, and can bind at 2 or 4
sites to chelators, respectively. Such phenolic-containing coatings with low-valent metals also
tend to have a stable thickness after the initial deposition, ard the coatings leave unreacted
hydroxyl moieties capable of binding to contaminants. Coating with low-valent metals also do

not require specific pH, buffers, salts, or dissolved oxygen species. Moreover, phenolic-
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containing coatings assembled with low-valent metal ions, such as silver 1+, can remain
colorless, as the metal ion cani be incorporated into the coatings without a necessary reduction to
colored silver nanoparticles, as seen in existing coatings. For prior art phenolic coatings, silver is
incubated with pre-formed phenolic coatings for extended periods ranging from hours to days to
allow for incorporation of the silver fully into the coatings, a significant issue for industrial
translation. Phenolic-containing coatings prepared from low-valent metals such as silver have an
added benefit where the phenolic molecules used for the coatings process largely remain intact
on the molecular level, which is contrasted with covalently polymerized phenolic coatings where
the molecular building blocks undergo extensive, often irreversible chemical transformation.
[0052] Other important properties include the ability of the present compositions to be used
as a standard dye for a variety of aesthetic applications and as a binder for integration with other
applications, such as fluid transports using controlled wettability such as hydrophilicity or
hydrophobicity, chemical resistance to solvents, redox agents, and similar, conductivity using
conductive phenolics and additives, precious metal capture from liquid environments and
slurries, and moisture capture in arid environments. The compositions based on the phenolic
molecules are safe, non-toxic, and odorless, and can be applied to surfaces with equipment of
different sizes ranging from small handheld equipment, to benchtop equipment, to industrial
large-scale equipment.

[0053] The compositions based on phenolic molecules have advantageous chemical
properties that include the presence of multiple simultaneous molecular pathways for
contaminant capturc and inactivation. Additives can modulate the molecular pathways available

for interacting with, and inactivating, contaminants.
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[0054] Phenolic molecules are rich in hydroxyl moieties, and more specifically hydroxyl
groups on or adjacent to aromatic groups, such as phenol {one hydroxyl on a benzene ring),
catechol (two adjacent hydroxyl groups on a benzene ring), and gallol groups (three hydroxyl
adjacent on a benzene ring), and other combinations and their derivatives. Free coordination
sites on the phenolic coatings allow for capture and inactivation of organic contaminants
including proteins, lipids, viruses, bacteria and fungi through denaturation, such as with the
phenolics used in the tanning industry or to precipitate proteins in wine, and for the capture of
inorganic contaminants such as metals, metal particles, dust, and soot particles through chelation
and coordination. Hydroxyl moieties can hydrogen bond as acceptors or donors depending on
the protonation state, allowing for the capture organic materials such as pollen, cell membrances,
microbes, polymers, and dyes. Hydroxyl moieties can also chelate and thereby capture metals
and metallic species individually or in combination with adjacent or distant hydroxyl moigties.
Hydroxyl moieties can also exhibit hydrophobic forces depending on the protonation state and
can capture various hydrophobic contaminants such as lipids, plastics, plastic debris, proteins,
and microbes.

[0055] The aromatic regions of the phenolic compounds (i) can pi-stack with cations to allow
the capture of contaminants such as metal ions and positively charged polymers and proteins, (ii)
can interact with anions to allow the capture of some metal specics and negatively charged
polymers, such as nucleic acids and phospholipid membranes, and (iii) can interact with
hydrophobic contaminants to capture proteins, lipids, plastics, organisms, dyes, etc., and similar
contaminants. The charged groups of the phenolic compounds can electrostatically interact with
contaminants to capture and neutralize contaminants that may have electrostatic charges such as

pollen, and other contaminants with charge such as microbes.
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[0056] The ability for phenolics to simultaneously exhibit these molecular pathways, even
when in combination with certain additives or after contaminant capture, means that phenolic
coatings can have broad spectrum application in various scenarios where diverse contaminants
need to be captures, such as capturing pollen, viruses, and soot bacteria simultancously. These
interactions are non-exhaustive and are provided to illustrate some specific interactions that can
occur between the coatings and contaminants.

[0057] The present compositions and methods address certain shortcomings and limitations
in the art regarding the capture, exclusion, and inactivation of contaminants, particularly of
microbes, volatile organic compounds, and metal-containing particulate matter and aerosols.
These shortcomings in the art include the lack of an adhesive nature of prior compositions to
various substrates and the limitation of prior compositions in displaying only single molecular
interactions towards contaminants, and the limitation of thickness control and conformality of
the coatings to ensure that the pores of the substrate such as masks, filters, and clothing, are not
clogged afier the coating. Moreover, the ability to capture and decontaminate through physical
or chemical inactivation is not readily available in the current coating technologies. The
following details serve to illustrate these issues.

[0058] Decontamination of air and liquid can be performed through various techniques such
as ultraviolet (“UV™) light irradiation, chemical treatment, or filtration. Filtration is a relatively
safe and inexpensive technique applicable for various envirenments such as houses, industrial
settings, water treatment and various media (liquid and gas) and contaminants. Generally, filters
are made from layers of different organic materials, with various support and filtration layers
depending on the desired filtration efficiency. A disadvantage is that filters typically rely on

exclusion of particles by size, but many contaminants such as small microbes (e.g., viruses),
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molecular contaminants (e.g., gases and volatile organic compounds), and small particulate
matier can penetrate filters and do not strongly react or immobilize on the filter fibers.
Sometimes electrostatic fibers will be used in filters, but the charge is easily neutralized through
changes in environmental conditions such as humidity, gas content, or exposure to sun. As a
result of the neutralization, the electrostatic fibers may have reduced efficacy in the capture of
uncharged contaminants, and the electrostatic fibers may lose activity after interacting with
charged contaminants. Consequently, contaminants can penetrate filters, and either custom filter
designs or combinations with UV or chemical treatment are required. An alternative approach to
using UV or chemical treatments to boost the decontamination of filters is to use coatings on the
filter fibers that have a high and broad-spectrum affinity for contaminants. Similar challenges
exist for materials other than filters, such as walls or clothes, where passive decontamination
would be desirable.

[0059] Ideally, compositions used to deposit coatings, such as the compositions disclosed
here for decontamination, should be usable on all types of surfaces and easy to apply to surfaces.
Applicant’s compositions are also conformal to the surface and to any pores on the surface to
prevent clogging. Applicant’s compositions are non-toxic and allow for the capture, repellence,
and/or inactivation of wide variety of contaminants, as opposed to effective just for particulate
matter filtration as with most filter designs.

[0060] Moreover, the composition of the coating and deposition process should not harm the
substrate to which the coating is applied. Important examples of porous materials where
decontaminant coatings would be desirable, but for which coatings do not currently exist, include
materials. such as synthetic and natural fiber masks, clothing, walls, door handles, tiling and

grout, and air and water filters, to name a few. Coatings should work against viruses, bacteria,
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fungi, spores, pollen, gases, volatile organic compounds, solvents, exhaust, particulate matter,
smoke, heavy metals, and other similar contaminants. However, filtering these contaminants
currently requires a variety of complex filtration and decontamination techniques most of which
lack the general applicability of coatings. Applicant’s compositions and coatings address the
above-mentioned problems by providing robust, durable coatings that do not harm surfaces and
that protect against a wide variety of niicrobes, contaminants, and other undesirable conditions,
as explained in more detail below-.

[0061] Molecules rich in catechol residues, where two hydroxyl residues are adjacent on a
benzyl ring, or gallol residues with three adjacent hydroxyl residues on a benzyl ring, such as
some phenolic compounds, can be used to create coatings capable of being deposited on nearly
any substrate through a variety of techniques depending on the desired final properties and the
phenolic used. A metal can be included to speed up the coating process. These metal and
phenolic hybrid coatings can be used in microcapsule formulation in the biomedical sector.
However, the generalizability to filtration and decontamination and substrates used for filtration
and decontamination has thus far failed as coatings and are rarely explored for use in coatings
purposes, and substrates used for filtration and decontamination are rarcly modified before use.
Morcover, these metal and phenolic coatings can sacrifice the adhesive nature of the phenolic
molecule through the chelation with strongly chelating metal species, like the prototypical
iron(I1l) used in most coatings. Post-functionalization of these metal and phenolic coatings with
functional species is possible, however, the benefits of the phenolic molecule are not recovered
in those instances. Finally, although ionic silver has been reduced to silver nanoparticles in
phenolic coatings for antimicrobial applications, chelated silver (Agl) has thus far not been used

in coatings to enable transparent and colorless antimicrobial coatings with higher efficacy.
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[0062] Coatings derived from natural phenolics are also known. For example, tannic acid
has been used to modify substrate surfaces. Some coatings require the use of multivalent
(divalent and trivalent) metal ions (Fe3+, V3+, Gd3+, Cu2+ or Cr3+ ions) and relies on metal-
oxygen coordination bonds formed between the tannic acid and multivalent metal ions for
formation of the coating. However, these coordination-based coatings require a pH adjustment
from acidic to basic to form and are restricted to certain metal types, do not last through washing
steps, and are colored in most cases. Coatings that incorporate a polyphenolic, such as tannic
acid, as one component of a multi-component coating have also been formed by a sequential
deposition protocol named layer-by-layer technology. However, layer-by-layer coatings require
large macromolecules and involve multi-step deposition processes lasting generally on the order
of 10 minutes per deposition step where the macromolecules are separated into layers and less
accessible to the surface and often have a turbid nature. Coatings comprised solely of
polyphenols have also been prepared via polymerization. However, those prior approaches
require specific pH and buffering conditions and long processing time for the polyphenols to

polymerize in the presence of dissolved oxygen.

[0063] In the above instances, the polyphenolic coating can be incubated with silver ions or
silver salts which is reduced to elemental silver in the coatings to form silver nanoparticles,
which results in a dark appearance due to the color of silver nanoparticles. Furthermore, silver
nanoparticles are inherently unstable, which prevents these coatings from being used long-term,
through washing, and/or in complex environments. It is also desirable to avoid nanoparticles due

to their potential negative health effects.

[0064] In contrast, the current phenolic-containing coatings can utilize ionic silver without

resulting in discoloration as the silver is preserved in a chelated state. This possibility for
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monovalent metal ions to be chelated in polyphenol coatings was not thought possible without
resulting in nangparticles, which was as surprising find. As silver ions are 10-fold niore potent
antimicrobial agents than silver nanoparticles, and chelated silver is 10-fold more potent than
silver ions, methods for creating chelated silver coatings, like the disclosure herein, are therefore

of high priority.

[0065] Tonic and chelated silver is also transparent and colorless, which are aesthetically and
practically beneficial properties, and when used with strong chelators such as phenolics, leach
less than other silver-based antimicrobial technologies. Figures 4A and 4B illustrate
experimental results for the colorless nature of the phenolic coatings prepared with silver on
polyester, cotton, and silk. Figure 4C shows the colorless nature of the current phenolic
coatings prepared with silver compared to phenolic coatings with reduced silver nanoparticles.
Figure. 3A illustrates experimental results for the UV-Visible light absorbance properties of
aqueous solutions of silver nitrate, tannic acid (phenolic molecule, TA), and silver/tannic acid
(Ag/TA) complexes. These results highlight the transparency in the visible light range of the

phenolic complexes incorporating silver, and the absorbance in the UV range.

[0066] The present technology overcomes the foregoing shortcomings and limitations
through the formation and use of phenolic-containing coatings for decontamination purposes. In
particular, the present compositions and methods afford several benefits and advantages,
including: (i) the ability to coat a wide variety (indeed, nearly all) substrates easily without
requiring specialized equipment; use for decontaminating gas, liquid, or solid; (ii) presenting
minimal or no toxicity; (ili) providing high levels of contaminant capture, inactivation, or

exclusions due to complex chemistry of the coatings; (iv) reusability of the coatings due to the
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durable nature of the coatings with minimal leaching of the additives even during and after
washing; (v) presentifig minimal color; and (iv) versatility of including diverse additives.

[0067] The phenolic-containing coatings can be prepared from aqueous or organic solvents
by dissolving one or miore phenolic molecules at a concentration of 1 nano-mole (nM) to 10
moles (M). Coating preparation can optionally include dissolving a metal salt such as silver
nitrate, silver chloride, copper chloride, zine chloride, zirconyl chloride, and similar compounds.
Coating preparation can also optionally include solvents mixed with (i) organic molecules such
as antimicrobial agents, (ii) targeting ligands for biological capture, (iii) fluoropolymers for
hydrophobicity, (iv) charged polymers such as quaternary ammeniums, (v) charged silanes and
hemolytic polymers for capturing oppositely charged contaminants and disrupting the
contaminants, and (vi) enzymes for catalysis, ¢tc. The foregoing compounds are placed in a
solvent to a final concentration of 1 nM to 10 M.

[0068] For example, antimicrobial metals such as silver, liquid gallium, copper, and their
related alloys can be added to the coatings at a final concentration of 1 nM to 10 M during or
after the coating process. Similarly, antimicrobial organic molecules can be incorporated during
or after coating at a final concentration of 1 nM to 10 M, such as antibiotics, quaternary
ammonium compounds, and related molecules, such as 2,4,4’-trichloro-2’-hydroxydiphenyl
ether; diiodomethyl p-tolylsulfone; an azole such as propiconazole; polyhexamethylene
biguanide hydrochloride; 3,4,4'-trichlorocarbanilide; or others. The phenolic solution can be
deposited on a surface separately, or the phenolic solution can be mixed with the solution
containing organic molecules or metals at a ratio between 1:100 to 100:1 phenolic to other
compounds. (either in organic or aqueous solvents). Further additives and dopants can be added

at a ratio between 1:100 to 10000:1 phenolic to other compounds. The compound that includes
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organic molecules and metals can be added as a powder or can be separately dissolved in an
aqueous or organic solvent and then added to the base phenolic compound before deposition or
added to the base phenolic compound during deposition cither simultaneously or in sequence. In
other embodiments, the phenolic compound can be added to the other compound as a powder or
by mixing the solutions in a similar fashion.

[6069] The deposition conditions can be carried out at room temperature without any
additional energy input. Alternatively, one or more techniques using spraying, ultrasound,
microwaves, vacuum, mechanical mixing, blotting, and flow reactions can also be used to
facilitate deposition of the coating solution. The coating solution can be used to spray, drop-cast,
blot, or other methods onto or into the subsirate. Spraying can take place with acrosols or mists
are a relative volume of 1 pL to 10 mL of coating solution per square centimeter. A substrate
can be immersed into the coating to accomplish deposition, the coating can be mixed directly on
the substrate, or the coating can be mixed before contact with the substrate. The deposition
technique, and any subsequent washing steps can influence the properties of the coatings, such as
thickness, porosity, color, and stability, and the performance of the coating, such as what specific
contaminants it has a preference to capture and/or inactivate. Drying can be done by air, by
tumbling, by heat, or by other individual and combinations of drying methods. For example, a
spray-coated surface might only require 1 to 60 minutes for the solvent to evaporate under
ambient conditions with low to moderate humidity, while a porous textile might require up to 24
hours to dry by air after immersive coating.

[0070] Additional functional cargo such as metal ions, metal nanoparticles, which are either
intact or metal ions that will reduce or oxidize into nanoparticles, metal-organic particles,

organic molecules, such as dyes, and/or biological molecules, such as enzymes can be
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incorporated during the synthesis stage at final concentrations ranging from 0.01 nM to 10 M,
where the final concentration ini the coating can be from 0.0001% by weight to 50% by weight.
The functional cargo can be added before adding the respective final component if adding more
than one component separately. The functional cargo can also be added to one or more of the
solutions before or during coating or by addition subsequent to the coating process.

[0671] Various compounds can be incorporated as functional cargo components into the
phenolic-containing coatings containing at least one phenolic. Functional cargo compounds or
components can fill voids within the coatings and can be incorporated into pores within the
coatings, or be bound to the coating or substrate, or otherwise contained in the coating. Porosity
of the coatings can be tailored to adjust the amount of functional cargo incorporated therein.
Examples of functional cargo compounds or componénts include organic molecules such as
antimicrobial molecules, two dimensional materials such as graphene, inorganic molecules,
various nanoparticles and microparticles, magnetic materials, catalytic materials, and
biomolecules such as enzymes.

[0072] Other additional components such as various micro-particles can be incorporated in
the composition. This allows the phenolic-containing coatings to be coupled with other
decontamination materials, thereby retaining the positive aspects of the current phenolic-
containing coating, while also receiving advantages from the incorporated cargo.

[0073] Addition of the phenolic-containing solution results in a thin film coating on the
substrate that may take on the color of the phenolic compound depending on the thickness of the
coating and the phenolic(s) used. Mixing of the phenolic-containing solution and other
compound(s) can result in transparent, colored, or milky solutions where the color and opacity

may be transferred to the substrate in the coating.
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[0074] After addition to the substrate, the coated substrate can be subsequently washed using
one or more washing steps with different solutions. The coating can optionally be washed with
one or more drying steps via evaporation, blotting, wiping, blowing of air or other gases, heating,
or cooling to remove unreacted compounds or to alter the physicochemical nature of the coating
such as the pore size, charge, or other properties in between or after the washing step(s). The
washing can be conducted with aqueous or organic solvents, where harsh solvents such as
piranha, hydrochloric acid, sodium hydroxide, etc. are typically avoided, especially in higher
concentrations. In certain instances, significant bound moisture may need to be removed before
the full range of applications described herein can be achieved. After drying, the coating may be
visible or invisible depending on the exact formulation.

[0075] The coating can form a film thinner than 2 nm, but generally will have a thickness on
the order of 5 to 200 nm including where the film has an average thickness 200 nm or less.
Above this thickness, significant bridging of any pores in the substrate is possible, which could
negatively impact fluid flow through the original substrate and thereby hamper filtration,
decontamination, breathability, or use in other desired applications, and the material wastage
becomes more of an issue as more additives are needed for the same efficacy. Figure 3E shows a
thin phenolic coating of less than 10 nm prepared with silver formed on a silicon wafer substrate.
The phenolic compound and the other compound can form coatings with discrete phenolic
patches inhomogenously distributed on the surface, or the phenolic compounds can form
network coatings fairly homogenously and uniformly deposited on the surface that include one
or more types of phenolics and other atoms or molecules.

[0076] As a film, the phenolic-containing coating can be used with standard decontamination

substrates such as masks and filters. The phenolic-containing coating can be used with
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substrates that can be contaminated with microbes during use such as clothing, underwear,
sheets, fabric, toys, tile, grout, wood, plastic, metal, walls, wallpaper, sponges, or human skin.
The phenolic-containing coatings can be used on any surface for imparting decontamination
properties to the surface and substrate. The coatings can be deposited and used in controlled
environments, industrial environments, houschold environments, or in field environments and
other settings.

[0077] The phenolic-containing compounds can be removed from substrates using triggers
dependent on the specific composition of the coatings. For example, when some chelating
metals are using in conjunction with the phenolic compounds, the phenolic-containing coating
can sometimes be removed in acidic environments or through the use of a stronger chelator such
as ethylenediaminetetraacetic acid (EDTA) in excess. When a hydrophobic polymer is used in
the phenolic-containing coating, the coating can sometimes be removed in organic solvent or in
alkaline conditions. Surfactants will sometimes remove the phenolic-containing coatings
depending on the coated substrate’s surface chemistry. When the coating includes hydrophilic
and/or charged compounds, the phenolic-containing coating can sometimes be removed in acidic
environments or organic solvents. The phenolic-containing coatings can sometimes be
regenerated where the captured contaminants are removed but the phenolic-containing coating is
left behind. Depending on the type of substrate, regeneration can be accomplished using
standard washing protocols, such as washing with soap and water.

[0078] Phenolic compounds are defined by the inclusion of at least one phenolic group,
namely an aromatic hydrocarbon bonded with at least one hydroxyl group. Representative
phenolic compounds can be natural or synthetic and include lignins, tannins, stilbenes

flavonoids, phenolic acids, catechol and gallol-contaning molecules, and similar classes of
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molecules. Specific illustrative examples include, but are not limited to, tannic acid, gallic acid,
caffeic acid, resveratrol, persimmon tannin, grapeseed extract, gallnut extract,
proanthocyanidins, pyrogallol, epigallocatechin gallate, pyrocatechol, catechin, or synthetic
molecules modified with phenolic groups, among other compounds. The phenolic compound
acts to anchor the coating to the substrate in most cases, and also provides decontamination
propertics to the coatings.

[06079] Additional compounds that can be added into phenolic-containing coatings include
metal and organic ¢compounds such as metal ions, metal salts, metal oxides, metal hydroxides,
pure metals, polymers, small molecules, graphene, proteins, enzymes, dyes, and other
compounds and molecules. The additional compounds may help in binding the phenolic-
containing coating to a substrate (e.g., using metals and cationic polymers), may improve or alter
the decontamination properties (e.g., metals, metal nanoparticles, polymers, enzymes, carbon-
based materials), may make the coating more or less robust (depending on the charge of an
added polymer, the chelation strength of an added meetal, or the inclusion of silanes), may alter
aesthetics of the coatings such as color or reflectivity (e.g., through the addition of a dye, specific
metal, or nanoparticle), may alter the breathability of the coating (e.g., using graphene), may
alter the wetting of the coating (e.g., using fluoropolymers or hydrophobic polymers and
materials, or by using hydrophilic polymers), may change the antimicrobial specificity of the
coating (e.g., using specific metals such as copper or silver, or using small molecule
antimicrobial agents or peptide-based materials), may change the net or localized charge of the
coating (e.g., using metals or charged polymers) or may change or alter other related properties

of the coatings and how the coatings interact with contaminants, environments, and substrates.
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[0080] A particularly advantageous aspect of the compositions for depositing phenolic-
containing coatings is the strong binding to biological substrates, such as human skin. This
makes the coatings especially useful for certain substrates that have so far been unsuitable and
out of the operational range of decontamination and filtration coatings, such as cotton substrates
(e.g., masks and clothes), wood (e.g., tables and chairs), cellulose (e.g., filters), silk (e.g., clothes
and sheets), leather (e.g., clothes, car seats, wallets), among others,

[0081] Of particular note, the present phenolic-containing coatings can be used to capture
materials from air, aerosols, droplets, and other fluid or vaporous materials. For example,
particulate matter is often charged and can electrostatically interact with the phenolic-containing
coatings. Phenolic coatings are highly wetting, and droplets or particles contained in water or
moisture will spread rapidly. The wetting property allows the phenolic-containing coatings to
directly contact contaminants such as microbes contained in liquid or vaporous materials and
allows the phenolic coatings to more easily be deposited on surfaces.

[0082] The phenolic-containing coatings disclosed herein can also be used in arid
environments where static charge becomes more common, and moisture does not need to be
present for the coatings to be effective at neutralizing contaminants. The present phenolic-
containing coatings can, therefore, provide substantial advantages in coating masks, PPE, and air
filters.

[0083] Another important aspect of the novel phenolic-containing coatings is that the
coatings also bind to biological contaminants in both wet and dry environments (e.g., water,
saliva, mucus, air, oil, gas, dispersions). Moreover, the coatings also bind to synthetic and man-
made contaminants. in such environments. Most decontaminating coatings are limited to use in

capturing contaminants in liquid, but the present phenolic-containing coatings are effective in
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dry and wet environments and with dry (e.g., particulate matter from combustion, heavy metal
particles) and wet (e.g., sneezed fluids containing microbes, dissolved metals) contaminants,
The wet and dry versatility makes the present coatings substantially more useful and more
valuable as an all-purpose coating that can be used in various industries, applications, and
environments for decontamination on a wide variety of surfaces.

[0084] Depending on the particular application, decontamination procéedures can require
specific procedures, filters, solutions, and coatings that may be used separately. Identifying the
appropriate filters, solutions, and coatings to use for particular substrates or surfaces can be
critical as most contaminants can evade multiple classes of materials, and certain filtering or
decontaminating materials can be destroyed or irreversibly changed depending on the
contaminants and processes employed. Therefore, the general coatings provided by the present
technology can avoid these issues. What is more, certain chemical groups and functionalities can
be incorporated into the phenolic-containing coatings to allow for further chemical modification
and for integration with various sprays and substrates used in secondary methods.

[0085] Compositions including the phenolic-containing coating can be sterilized, and the
coatings are non-toxic with regard to human and animal contact, thereby making the coatings
useful for application to materials that may come into contact with skin. Once removed from a
substrate, the coatings are environmentally benign, and phenolics are regular components of
most water systems. Any other additives will retain their original properties and compositions or
be surrounded in phenolics upon coating removal, thereby partially neutralizing them. The
coatings can adhere through washing steps in many formulations, which allows for the coating of
masks and clothing safely, as the materials can be washed in conventional laundry settings and

apparatuses without impacting laundering equipment or effluent.
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[0086]  Various compositions including the phenolic-containing coatings can be formed and
used. These include various colorless and colored solutions, coatings with specific catalytic
qualities, and coatings that include additional functional properties. As one example, colorless
coatings can be formed by first dissolving tannic acid (TA) at a concentration of 0.24 Min 1 L
water and separately a mixture of silver nitrate dissolved at 0.24 M in 1 L of water. These
solutions can be combined together in a large flask and thoroughly mixed by shaking or
sonication, for example. The resulting solution can then be used and deposited on substrates by
spraying, dipping, or other suitable techniques. Various intermediary phenolics and chelators or
organic linkers other than tannic acid, such as gallic acid, lignin, catechol polymers, etc. can be
used in combination with, or instead of, TA for coatings and decontamination purposes, to
change the coating stability, color, or to alter the decontamination ability or speed. The
aforementioned metal salt solutions for the colored coatings can be mixed with nanoparticles,
such as liquid gallium nanopartticles, silver nanoparticles, copper and alloyed copper
nanoparticles, at weight concentration between 0.001% and 25%. As another example, colored
coatings, such as pink can be formed by adding a dye into the coating solutions at weight
concentrations between 0.001% and 5%. As still another example, chemical functionality can be
added to the coatings, where a phenol-modified polymer, such as a low-fouling polymer like
PEG-catechol or poly(oxazoline)-catechol, can be used in conjunction or in place of TA in the
above formulations to reduce the biofouling properties of the coatings, for example for catheters,
Simila As another example, reactive polymers can be chemically linked to pre-make phenolic
coatings. As another example, antimicrobial metals or organic molecules can be post-infiltrated
into or onto the coatings. Combinations of these above examples are also possible and expected.

Working Examples
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[0087] Examples 1-6 relate to compositions of the phenolic-containing coatings that are
applied using a single solution. Examples 7-11 relate to using 2 or more solutions. Examples 12-
15 relate to a depositing the coating on large substrates. Examples 16-18 relate to different
washing and drying scenarios for phenolic-containing coatings where the coatings are kept
functional after washing, Example 19 relates to using a washing protocol to fully remove the
phenolic-containing coatings from a substrate.
Example 1
Use of a mono-component phenolic-containing coating on masks for virus capture
[0088] A single solution of tannic acid at 10 mg/mL in ethanol is sprayed onto a mask 10
times using a standard mist sprayer with mist volumes of 0.05 mL per spray. The coating is left
to dry for 5 min, and then the mask is used normally. Aerosolized virus and virus contained in
droplets can be stopped by the mask, and the tannic acid binds to the virus, preventing its
transport. The mask can be re-sprayed with the phenolic-containing coating for re-use after
optional washing,
Example 2
Use of a single solution of multi-components phenolic-containing coating on grout for
protection from mildew
[0089] Grout and tiling covering 1 square meter are sprayed with a single solution of 1
mg/mL tannic acid and 0.25 mg/mL silver nitrate in water at spray volumes of 1 mL per spray
and 1 spray per 5 square centimeters and left on the grout and tile for 5 min. The solution is then
rinsed off with excess water and left to dry for 12 h. The grout and tiles are then protected
against mildew and will be infiltrated by microbes at a slower rate than uncoated grout.

Example 3
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Use of a single solution of multi-components phenolic-containing coating on wood for
protection from mildew and termites
[0090] Wood of 1 square meter is sprayed with a single solution of 1 mg/mL tannic acid and
1 mg/mL silver nitrate in water at a continuous spray for 10 min, equating to 1 L of solution
gprayed. After 1 minute, the wood is rinsed with water and left to dry in an oven for 6 hours at
50° C. The wood is then protected against mildew and termites.
Example 4
Use of a single solution multi-components phenolic-containing coating on a door handle for
antimicrobial activity and capture
[0091] A single solution of tannic acid of 40 mg/mL and CuCl2 of 10 mg/mL in ethanol is
sprayed 20 times onto a door handle at 10 pL per spray and left to dry for 30 min. The tannic
acid can capture microbes on contact, while the copper can kill the microbes present on the
coating. The coating can be mechanically removed by washing with soap and water and a strong
abrasive sponge.
Example 5
Use of a single selution multi-components phenolic-containing coating on a shirt for
antimicrobial activity

[0092] A shirt is immersed into 10 L of a single solution of tannic acid of 0.4 mg/mL and
AgNO3 of 0.1 mg/mL in water, removed from the solution after 5 min, rinsed with excess water
3 times, and dried in a mechanical heated tumble dryer. The tannic acid can capture microbes on
contact, while the silver can kill the microbes present on the coating. The coating can last
through machine washing with soap and water and machine drying until the individual fibers of

the shirt start to fray.
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Example 6
Use of a single solution multi-components phenolic-containing coating on shoes for
antimicrobial activity and odor prevention
[0093] A single solution of tannic acid of 1 mg/mL and AgNO3 of 1 mg/mL in water is
gprayed onto shoes at 50 pL per spray and 4 sprays. total and left to dry for 10 hours at low to
moderate humidity. The tannic acid can capture microbes on contact, while the silver can kill the
microbes present on the coating, including odor-causing microbes.
Example 7
Use of two solutions to form multi-component phenolic-containing coating on a mask for
antimicrobial activity and pollution capture
[0094] A solution of grape sced extract of 0.4 mg/mL in water is sprayed onto a mask 5
times at a spray volume of 50 pL followed by an equal number and sprays of a solution of
AgNO3 of 0.1 mg/mL in water. The sprayed mask is left to dry for 1 hour. The grape seed
extract can capture microbes and pollution on contact, while the silver can kill the microbes
present on the coating and inactivate certain volatile organic compounds.
Example 8
Use of two solutions to form multi-comiponent phenolic-containing coating on a bathmat for
antimicrobial activity and odor prevention
[0095] A solution of gallnut extract of 0.4 mg/mL in water is sprayed onto a bathmat
followed by spraying with a separate solution of AgNO3 of 0.1 mg/mL in water, with 10 mL of
both solutions sprayed. This coated bathmat is left for 5 min and then tumble dried at low heat

and the gallnut extract can capture microbes on contact, while the silver can kill the microbes
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present on the coating, including odor-causing microbes. The bathmat can be washed normally
by hand or in a washing machine with detergent with the coating remaining intact.

Example 9

Use of three solutions to form multi-component phenolic-containing coating on a filter for
antimicrobial activity and pollution capture

[6096] A solution of tannic acid of 0.4 mg/mL in cthanol is sprayed onto a filter
simultaneously with a solution of didecyldimethylammonium chloride of 0.01 mg/mL in
chloroform with a total volume of 100 mL sprayed per square meter of filter. Then a solution of
CuCl2 at 0.05 mg/mL in water is sprayed onto the filter, and the filter is left to dry in an oven for
48 hours at 40 °C. The metal and organic antimicrobials can work synergistically together.

Example 10

Use of three solutions to form multi-component phenolic-containing coating on fabric for
antimicrobial activity and odor prevention

[0097] A solution of tannic acid of 4 mg/mlL in ethanol is sprayed onto a fabric
simultaneously with a solution of reactive silane quaternary ammoniums of 1 mg/mL in water for
a total spray volume of 10 mL per square meter. Then 1 mL of a solution of AgNO3 at 0.5
mg/mL in water is sprayed onto the fabric and left to dry for 10 h. The metal and organic
quaternary ammonium can work synergistically together as antimicrobials.

Example 11

Use of two solutions to form multi-component phenolic-containing
coating with silver nitrate on a mask

[0098] One solution includes tannic acid in a first chamber, and a second solution includes

silver nitrate in a second chamber. Both the first and second solution are dissolved in either
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100% water or a 5% ethanol / water solution. The first and second solution are applied together
as a spray of 50 uL per spray to successfully form a gilver-tannic acid network antimicrobial and
anti-pollution coating with optional washing. The mask is then left to air-dry for 15 minutes
before use and can be machine washed and dried normally.
10099] Application can utilize a two-chamber spray bottle for convenient consumer use and
application of the coating. An example process for depositing the coating using sprays followed
by a wash are illustrated in Figure 1A, which illustrates the use of separate solutions of tannic
acid and silver nitrate, either sequentially or simultaneously, where washing with water is
optional after coating.

Example 12

Fabric is rolled through solutions to form the phenolic-containing coatings

[00100] Using standard roll-to-roll practices, fabric is rolled through an excess solution of 10
mg/mL tannic acid in water, then a washing solution, then an excess solution of 1 mg/mL of
PEG-catechol in water, then a washing solution, then an excess solution of 1 mg/mL AgNO3 in
water, and then a washing solution, where the washing solutions are buffered water. The fabric is
then machine dried under heat, cut, and used normally.

Example 13

Solutions are exhausted onto fabric to form the phenolic-containing coatings

[00101] Using standard exhausting practices, fabric is exhausted by a mixed solution of 1
mg/mL gallnut extract and 0.01 mg/mL dye in water for a total volume of exhaustion of 50 mL
per square meter, then a solution of 1 mg/mL AgNO3 in water is exhausted onto the fabric at 100
mL per square meter. The fabric is then post-processed normally.

Example 14
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Fabric is blotted with sclutions to form the phenolic-containing coatings
[00102] Using standard blotting practices, fabric is blotted by an excess solution of 0.4
mg/mL tannic acid in water, then by an excess solution of 0.1 mg/mL polyhexamethylene
biguanide hydrochloride. The fabric is left for 2 min then post-processed normally and can be
machine washed and dried without losing the antimicrobial functionality of the phenolic-
containing coating arising from the phenolic and the added organic antimicrobial agent.
Example 15
Fabric is blotted with solutions to form the colored phenolic-containing coatings
[00103] Using standard blotting practices, fabric is blotted by an excess solution of 0.4
mg/mL tannic acid and 0.001 mg/mL of an excess solution of azoic dye in water, then by an
excess solution of 0.1 mg/mL of AgNO3 in water. The fabric is then post-processed normally.
[00104] Figure 1B illustrates formation of a phenolic coating of tannic acid and silver nitrate
on a fabric and highlights the neutralization of microbes on the coated textile. The phenolic
coating can be formed with spraying or other techniques, such as blotting or immersion in a
mixed silver nitrate and tannic acid solution, for example.
Example 16
Laundering a shirt coated with phenolic-containing
coatings in a washing machine and dryer
[00105] A shirt coated with phenolic-containing coatings prepared from silver nitrate and
tannic acid is added into a washing machine and standard laundry detergent is added at the
amount recommended by the supplier. The shirt is washed on a standard rinse cycle with warm

water, and after washing is added into a dryer. The shirt is then dried under a heat and tumbling
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cycle and is ready for wear with the phenolic-containing coatings still functional. Experimental
data for this process is given in Figure 8 for anti-odor applications.
[00106] Figure 8A illustrates experimental results for the anti-odor properties of the phenolic
coatings prepared with silver, including specifically the perceived smell after a full day of wear
comparing the left armpit of a shirt coated with phenolic coatings prepared with silver versus the
right armpit that had no coating, as a function of the number of wash cycles,
[00107] Figure 8B illustrates experimental results for the anti-odor properties of the phenolic
coatings prepared with silver, including a normalized odor comparison compared to various
chemical compounds. The normalized odor composition of fabric from the same shirt before
wear (clean shirt) and after wearing (comparing phenolic coatings prepared with silver (coated
shirt) of the left armpit against the uncoated right armpit (uncoated shirt)) was measured by
olfactometry using a Shimadzu Fragrance and Flavor Analyzer FF-2020. Note that the shirt was
composed of synthetic fibers, was purchased new and washed only once before experimentation.
[00108] Figure 8C illustrates experimental results for the anti-odor properties of the phenolic
coatings prepared with silver. The total smell was analyzed for fabric from the same shirt before
wear (clean shirt) and after wearing (comparing phenolic coatings prepared. with silver (coated
shirt) of the left armpit against the uncoated right armpit (uncoated shirt)) by olfactometry using
a Shimadzu Fragrance and Flavor Analyzer FF-2020. Note that the shirt was composed of
synthetic fibers, was purchased new and washed only once before experimentation.
Example 17

Washing by hand and air-drying a silk mask coated with a phenolic-containing coating

[00109] A mask coated with phenolic-containing coatings prepared from silver nitrate and

tannic acid is rinsed under excess running water and washed by hand with soap, The soap is then
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rinsed out of the mask with excess water and the mask is hung to air-dry for 12 hours. After
drying, the mask is ready for wear with the phenolic-containing coatings still functional.
Experimental data for this process is given in Figure 5 for antiviral applications.
Example 18
Washing and sterilizing bandages coated with phenolic-containing coatings
[60110] After wearing for wound healing applications, a bandage coated with phenolic-
containing coatings prepared from silver nitrate and tannic acid is sterilized in an autoclave. It is
then machine washed with laundry detergent and dried in a dryer. After drying, the bandage is
ready for re-use with the phenolic-containing coatings still functional.
Example 19
Washing a shirt coated with phenolic-containing coatings with harsh solvents to remove the
coatings
[00111] A shirt coated with phenolic-containing coatings prepared from silver nitrate and
tannic acid is soaked in either 0.1M HCI, 0.1M NaOH, or 1M H202, namely in strong acid, in
strong base, or in a strong oxidizing agent. After soaking for 60 min, the shirt is removed, rinsed
with excess water, and the phenolic-containing coatings are largely removed returning the shirt
to near its original state.
[00112] Applicant’s results for Examples 12, 4, 5, 6, 8, 11 were unexpected as prior to
Applicant’s research, it was not thought to be possible to make direct coatings of tannic acid and
noble materials, especially silver, without discoloration and/or formation of nanoparticles, and
additionally was surprising that such coatings did not compromise and actually increased the
binding affinity of tannic acid in the coating to: viruses and that the antimicrobial efficacy of

silver remained after multiple washes.
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[00113] Significantly, the viral binding affinity and inactivation ability of tannic acid and
silver is shown in Figure 2 io be superior to the perforiance of tannic acid with other metals.
[00114] Figures 3 and 4 show the material properties of tannic acid and silver coatings and
their transparency and lack of color, which is surprising, especially compared with phenolic
coatings containing silver nanoparticles.

[00115] Figure 5 shows that tannic acid and silver coatings can maintain their antiviral
activity even after multiple washes, which is surprising.

[00116]  Figure 6 shows that other phenolic molecules such as persimmon tannin can be used
instead of tannic acid for creating antimicrobial decontamination coatings with silver. Figure 7
shows that tannic acid and silver coatings are effective against bacteria and fungi. Figure 8 shows
the anti-odor properties of tannic acid and silver coatings on clothes. Figure' 9 shows a small and
portable two-chambered spray bottle capable of being used to apply tannic acid and silver
coatings to different substrates and surfaces.

[00117]  Although the foregoing description provides embodiments of the invention by way of
example, it is envisioned that other embodiments may perform similar functions and/or achieve
similar results. Any and all such equivalent embodiments and examples are within the scope of

the present invention.
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What is claimed is:
1. A method of forniing a coating on a substrate comprising the steps of:
(a)  providing a solution comprising
(1) a phenolic compound and a low-valent metallic salt both placed in a
solvent, wherein
(ii) the phenolic compound is present in the solution 4t a concentration
between .001 mg/mL and 50 mg/mL; and

(b)  contacting at least part of a substrate with the solution.

2. The method of forming a coating of claim 1, wherein: (a) the phenolic compound
comprises phenolic molecules; and (b) the phenolic molecules comprise at least two adjacent

hydroxyl groups.

3. The method of forming a coating of claim 1, wherein the phenolic compound is selected
from one or more of tannic acid, gallic acid, caffeic acid, resveratrol, persimmon tannin,
grapesced extract, gallnut extract, proanthocyanidins, pyrogallol, epigallocatechin gallate,

pyrocatechol, or catechin.

4, The method of forming a coating of claim 1, wherein:
(a) the phenolic compound comprises tannic acid at a concentration between .004
mg/mL and 1.5 mg/mL; and

(b)  the solvent comprises water.
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5. The method of forming a coating of claim 1, wherein:
(a) the phenclic compound comprises tannic acid at a concentration between 1
mg/mL and 12 mg/mL; and

® the solvent comprises an ethanol solution.

6. The method of forming a coating of claim 1, wherein the low-valent metallic salt is
selected from one or more of silver nitrate, silver chloride, copper chloride, zinc chloride, or

zirconyl chloride.

7. The method of forming a coating of claim 1, wherein the low-valent metallic salt

comprises silver.

8. The method of forming a coating of claim 7, wherein the low-valent metallic salt is
selected from one or more of silver sulfide, silver bromide, silver iodide, 2-benzothiazolethiol
silver salt, saccharin silver salt, 2-cyano-hydroxyimino-acetamide silver  salt,
phosphoenolpyruvic acid silver barium salt, 4-hydroxy-1(2H)-phthalazinone silver salt, silver
lactate, silver acetate, silver citrate, Silver 2,4-pentanedionate, Silver benzoate hydrate, silver
arsenate, mercury(Il) silver iodide, silver carbonate, silver chromate, silver cyanate, silver
cyanide, silver cyclohexancbutyrate, silver diethyldithiocarbamate, silver heptafluorobutyrate,
silver hexafluorobutyrate, potassium silver cyanide, silver behenate, silver fluoride, silver
hydrogenfluoride,  silver = hexafluoroarsenate,  Silver  hexafluorophosphate,  silver
hexafluoroantimonate, silver oxide, silver iodate, silver tetraborate, silver methanesulfonate,

silver molybdenum oxide, silver perchlorate, silver phosphate, silver perrhenate, Silver p-
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toluenesulfonate, silver sulfide, silver tetrafluoroborate, silver thioeyanate, silver

trifluoromethanesulfonate, silver tungsten oxide, silver trifluoroacetate, or Silver sulfadiazine.

9. The method of forming a coating of claim 1, wherein the low-valent metallic salt

comprises silver nitrate.

10. The method of forming a coating of claim 9, wherein silver nitrate is present in the

solution at a concentration between .04 mg/mL and 1.5 mg/mL.

11.  The method of forming a coating of claim 1, wherein the step of contacting the substrate

with the solution comprises spraying the solution on the substrate.

12. The method of forming a coating of claim 11, wherein:

(a) the step of contacting the substrate with the solution comprises spraying the
solution on the substrate with a spray volume between 1 pL to 10 mL per square centimeter of
the substrate; and wherein

(b)  the method of forming a coating further comprises the step of allowing the

substrate to dry for at least 60 seconds.

13. The method of forming a coating of claim 11, wherein: (a) a coating is formed on the

substrate after 60 seconds; and (b) the coating is less than 200 nanometers i thickness.

14.  The method of forming a coating of claim 6, wherein:
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(2) the phenolic molecules bind to the substrate and create a coating disposed on the
substrate;
(b) the substrate is washed with a soap; and

(c) the coating remains disposed on the substrate following the wash.

15.  The method of forming a coating of claim 1, wherein the substrate comprises a one of: (i)
fabric, (i) a facial mask, (iii)} a filter, (iv) a wood surface, (v) a metal surface, (vi) a painted
surface, (vii) a glass surface, (viii) a plastic surface, (ix) a ceramic surface, (x) a bandage, (xi) a

surgical implant, (xii) a catheter, (xiii) tile grout, or (ix) human skin,

16. A method of forming a coating on a substrate comprising the steps of:

(a) contacting a substrate with a first solution, wherein the first solution comprises a
phenolic compound in a first solvent; and

(b) contacting the substrate with a second solution before the first solution dries on
the substrate, wherein the second solution comprises a low-valent metallic salt dissolved in a

second solvent.

17.  The method of forming a coating of claim 16, whetein:

(a) the first solution is stored in a first vessel, and the first vessel is coupled to a first
sprayer, and

(b) the second solution is stored in a second vessel, and the second vessel is coupled

to a second sprayer.
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18. The method of forming a coating of claim 17, wherein the first vessel is affixed to the

second vessel.

19. The method of forming a coating of claim 16, wherein:

(a) the phenolic compound is selected from one or more of tannic acid, gallic acid,
caffeic acid, resveratrol, persimmon tannin, grapesced extract, gallnut extract,
proanthocyanidins, pyrogallol, epigallocatechin gallate, pyrocatechol, or catechin; and

(b) the low-valent metallic salt is selected from one or more of silver nitrate, silver

chloride, copper chloride, zinc chloride, or zirconyl chloride.

20.  The method of forming a coating of claim 16, wherein:

(a) the phenolic compound is present in the first solution at a concentration between
.1 mg/mL and 50 mg/mL;

(b) the phenolic compound comprises phenolic molecules, wherein less than 50% of
the phenolic molecules are covalently polymerized during the coating process; and

(c) the low-valent metallic salt is present in the second solution at a concentration

between .01 mg/mL and 50 mg/mL.

21.  The method of forming a coating of claim 16, wherein:
(a) the step of contacting the substrate with the first solution comprises spraying the
first solution on the substrate with a first spray volume between 1 pL to 10 mL per square

centimeter of the substrate;
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(b)  the step of contacting the substrate with the second solution comprises spraying
the second solution on the substrate a second spray volume between 1 pl to 10 mL per square
centimeter of the substrate; and wherein

(c) the method of forming a coating further comprises the step of allowing the

substrate to dry for at least 60 seconds.

22.  The method of forming a coating of claim 21, wherein: (a) a coating is formed on the

substrate after 60 seconds; and (b) the coating is less than 200 nanometers in thickness.

23, The method of forming a coating of claim 16, wherein:
(a) the method further comprises the step of contacting the substrate with a third
solution before the first solution dries on the substrate; and wherein

(b) the third solution comprises a charged polymer compound in a third solvent.

24, The method of forming a coating of ¢laim 16, wherein:
(a) the method further comprises the step of contacting the substrate with a third
solution; and wherein

(b) the third solution comprises an antimicrobial organic compound in a third solvent.

25.  The method of forming a coating of claim 24, wherein the antimicrobial organic
compound is selected from one or more¢ of an antibiotic, a quaternary ammonium compound, or

an azole.
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26. A composition for forming a coating on a substrate comprising a phenolic compound and
a low-valent metallic salt both placed in a soelvent, wherein:

(a) the phenolic compound is selected from one or more of tannic acid, gallic acid,
caffeic acid, resveratrol, persimmon tannin, grapeseed extract, gallnut extract,
proanthocyanidins, pyrogallol, epigallocatechin gallate, pyrocatechol, or catechin;

(b) the phenolic compound is present in the solution at a concentration between .01
mg/mL and 50 mg/mL;

(©) the low-valence metallic salt comprises ions of one or more of silver, copper,
zine, or zirconyl; and

(d) the low-valence metallic salt is present in the solution at a concentration between

.04 mg/mL and 1.5 mg/mL.



