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Abstract: In this proof-of-concept study, we aim to produce a polyurethane (PU)-based composite
that can reduce the amount of viable SARS-CoV-2 virus in contact with the surface of the polymeric
film without further interventions such as manual cleaning. Current protocols for maintaining the
hygiene of commonly used touchpoints (door handles, light switches, shop counters) typically rely on
repeated washing with antimicrobial products. Since the start of the SARS-CoV-2 pandemic, frequent
and costly surface sanitization by workers has become standard procedure in many public areas.
Therefore, materials that can be retrofitted to touchpoints, yet inhibit pathogen growth for extended
time periods are an important target. Herein, we design and synthesise the PU using a one-pot
synthetic procedure on a multigram scale from commercial starting materials. The PU forms a robust
composite thin film when loaded with 10 wt% silver nanoparticles (AgNPs). The addition of AgNPs
increases the ultimate tensile strength, modules of toughness and modulus of elasticity at the cost
of a reduced elongation at break when compared to the pristine PU. Comparative biological testing
was carried out by the addition of pseudotyped virus (PV) bearing the SARS-CoV-2 beta (B.1.351)
VOC spike protein onto the film surfaces of either the pristine PU or the PU nanocomposite. After
24 h without further human intervention the nanocomposite reduced the amount of viable virus by
67% (p = 0.0012) compared to the pristine PU treated under the same conditions. The significance of
this reduction in viable virus load caused by our nanocomposite is that PUs form the basis of many
commercial paints and coatings. Therefore, we envisage that this work will provide the basis for
further progress towards producing a retrofittable surface that can be applied to a wide variety of
common touchpoints.

Keywords: anti-viral coatings; silver nanoparticles; nanocomposite; polyurethane; COVID-19; SARS-CoV-2

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the aetiological
agent of coronavirus disease 2019 (COVID-19). It is the first pandemic of the 21st century
caused by a coronavirus (CoV) [1]. It has dramatically affected the lives of people across
the world since report of the first cases in late 2019, and subsequent identification in
early 2020 [2]. At the time of writing, COVID-19 has been estimated to have infected
over half a billion people, and claimed over 6 million lives, numbers that are likely be an
underestimation and will to continue to grow [3]. Although many of the most serious
effects of the virus have been mitigated in some countries by high uptake of vaccines
and improved treatment regimens, access to these measures is not spread equally across
the globe.
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The route of transmission of a virus is one of the key features in determining the speed
at which it can spread through a population. Transmission between humans can be through
multiple mechanisms, and for SARS-CoV-2 the major route is thought to be via aerosolised
droplets, produced whilst coughing, sneezing or talking, which can each contain millions
of virus particles [4]. However, it is also possible that any shed virus that has settled
on a surface can persist for many hours or even days [5,6]. While this is not thought to
be the main mechanism by which this virus is spread, contact with these contaminated
surfaces (fomites) can also facilitate transmission [7]. Fomite transmission may be the
major means of viral spread during future pandemics. Therefore, designing surfaces which
reduce viability of viruses they come into contact with are a pressing scientific concern [8],
especially if this means the surface does not have to be repeatedly sanitised by, for example,
washing with antimicrobial agents. These self-sanitizing surfaces [9] would be especially
important during early stages of a pandemic when such non-pharmaceutical interventions
are the only means to control the spread of infection.

It is known that the nature of the surface, for example its material properties such as
porosity [10,11] as well as the specific chemistry of the surface (e.g., presence of ions [12,13]),
can heavily influence the viability of viruses on surfaces. Many heavy metals have been
shown to exhibit antiviral properties [14]. A range of metal oxides, for example zinc [15,16],
magnesium [17], copper [18] and titanium [19] often in the form of nanoparticles (NPs),
have also been demonstrated to reduce the persistence time for a range of microbes and
viruses on surfaces. With respect to COVID-19, early work in the area showed that solid
copper surfaces (for example door handles) dramatically reduce the persistence time of
viable viruses over an 8 h period compared to typical alternatives such as stainless steel
or ‘plastic’ [5]. Amongst metal NPs, silver NPs (AgNPs) have received the most study
concerning antiviral activity [20–25]. Specifically with respect to SARS-CoV-2 AgNPs, they
been demonstrated to reduce the viral load when coated on the surface of fabrics, e.g.,
surgical masks [26].

NPs (fillers) can also be added to polymers (continuous phase) to form nanocomposites
which have been investigated for a range of applications, for example to produce healable ma-
terials [27,28] or debond-on-demand adhesives that respond to EM radiation [29]. Although
the physical properties (e.g., tensile modulus, ultimate tensile strength) of the polymer
changes on addition of the NPs, frequently the properties of the NPs (e.g., antimicrobial [30])
are retained in nanocomposite polymer. It can be envisaged that a nanoparticle containing
coating material that can cover preinstalled touchpoints to give antiviral properties would
offer significant cost advantages over preplacing these touchpoints with solid metal ana-
logues that have been shown to reduce viral load (e.g., covering steel door handles rather
than replacing them with copper door handles). Therefore, the key design criterion of a
retrofittable nanocomposite surface coating is that the AgNPs are delivered in a form that
allows them to stick to most surfaces (for example touchpoints: door handles, handrails and
countertops) whilst retaining their antiviral activity. This process would make the surface
instantly self-sanitizing without the cost of changing the entire touchpoint or repeated
sanitization throughout the day.

The antiviral mechanism for AgNPs depends on the virus or microbe in question and
is reported [31] to be as a consequence of the Ag+ ions interfering with either the electron
transport system or pathogen nucleic acid [32]. Regardless of mechanism, the antimicro-
bial activity of AgNPs without the ability for pathogens to gain significant resistance is
well documented. When combined with the very low toxicity profile of AgNPs towards
mammals including humans [33,34], these features make AgNPs attractive materials for
self-sanitizing surfaces [35].

As a starting point for this project, a polyurethane (PU) [36] was selected as the continu-
ous phase of the nanocomposite. The solubility, inexpensive nature of the starting materials
and the ability for PUs in general to form tough films has seen them become one of the most
important materials in the paints and coatings industry [37]. PUs are synthesised from step
growth polymerisation of oligomeric diol components with diisocyanates which results
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in an alternating linear co-polymeric structure [38]. The physical properties of PUs can be
tuned by altering the structure of the diol, diisocyanate or by the addition an end group that
can affect the morphology of the bulk material. For example, work from our laboratory [39]
and the Hayes [40,41] group amongst others [42] has studied the structure/property rela-
tionships in supramolecular PUs. Structurally simple, supramolecular materials [43–46] can
typically be produced from a three-component feedstock: (i) a diisocyanate; (ii) oligomeric
diol and (iii) a hydrogen bonding chain end. Varying the hydrogen bonding propensity of
the chain end results in a significant change in the physical properties of the resulting bulk
material [40,47].

Our objectives for this study focus on the design, synthesis and evaluation of a
potential coating material that exhibits the properties required to form the basis of a
retrofittable self-sanitising surface. Ultimately, our resulting PU forms self-supporting films
on solution casting and composite PU/AgNPs films are shown to reduce the viable titre
of SARS-CoV-2 that remains on the surface for 24 h by c. 70% compared to analogue PU
surfaces that lack AgNPs [48].

2. Materials and Methods
2.1. Materials

Unless stated otherwise, chemicals and solvents were purchased from Merck (Gilling-
ham, UK). Anhydrous tetrahydrofuran (THF), 4,4′-methylene bis(phenyl isocyanate) (98%),
4-(2-aminoethyl)morpholine (99%) were used as received. AgNPs (Merck, Gillingham, UK)
were less than 100 nm in diameter. KrasolTM HLBH-P2000 was supplied by Cray Valley,
Saint- Avold, France.

2.2. Characterisation
1H (600 MHz) and 13C NMR (150 MHz) spectra were recorded on a Varian NMR

600 MHz spectrometer at room temperature, using the residual protic solvent signal in
the deuterated solvent for calibration (chloroform-d at δ 7.26 ppm). Chemical shifts are
reported in ppm. Spin multiplicities are reported as a singlet (s), doublet (d), triplet
(t) or multiplet (m) with coupling constants (J) given in Hz, where applicable. Tensile
stress–strain experiments were carried out using an AML X5-500 single column universal
tester, equipped with a 5 kN load cell and wedge grips. Specimens with dimensions of
40 mm × 5.0 mm × c. 0.3 mm were cut from the films for testing. The samples were
analysed at a strain rate of 100 mm min−1. The instrument was calibrated according to
the requirements of ISO 7500-1. Size exclusion chromatography (SEC) was conducted
using a Polymer Laboratories PL-GPC 220 high temperature chromatograph equipped with
PL Mixed Gel columns at 40 ◦C eluting with analytical grade chloroform. Samples were
dissolved in the same solvent (at 5 mg mL−1 concentration) and filtered through a syringe
filter (0.2 µm) prior to injection. Molecular weight data were processed using standard Agilent
GPC/SEC software and are reported in comparison to ‘PL Easy-Cal’ polystyrene standards.

2.3. Synthesis of PU1

KrasolTM HLBH-P2000 (4.5 g, 2.25 mmol) was heated under vacuum at 120 ◦C for 1 h.
Methylene diphenyl diisocyanate (1.13 g, 4.5 mmol) was added to the stirred polymer in one
portion under argon at 80 ◦C for 3 h, followed by a solution of (2-aminoethyl)-morpholine
(0.64 g, 4.95 mmol) in dry THF (25 mL). After 6 h at 50 ◦C most of the THF was removed in
vacuo and MeOH (50 mL) was added to the resulting viscous polymer solution, resulting
in the precipitation of the polymer as a sticky solid on the edge of the flask. The solvents
were decanted and the polymer dried to give PU1 as a pliable colourless solid 4.57 g (73%).
1H NMR (600 MHz, CDCl3) δ 0.82–1.65 (276H, m), 2.44 (8H, m), 2.49 (4H, t, J = 6.0), 3.33
(4H, q, J = 6.0), 3.60–3.64 (8H, m), 4.12–4.17 (6H, m), 5.35 (br), 6.57 (br), 7.10–7.20 (11H, m);
13C NMR (151 MHz, CDCl3) δ 137.1, 136.4, 130.0, 129.9, 129.7, 122.0, 121.8, 77.2, 67.2,
53.7, 41.0, 39.2, 38.7, 38.2, 36.4, 33.8, 33.6, 31.0, 30.6, 30.1, 27.1, 26.9, 26.2, 11.2, 11.0. SEC
(Chloroform, 40 ◦C), Mn = 8700 g mol−1 and Mw = 15,400 g mol−1.
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2.4. Film Casting and Composite Formation

Uniform thickness films of PU1 were prepared by dissolving PU1 (1.6 g) in of THF
(8 mL) at room temperature. This was poured into a Petri dish (diameter 140 mm) and left
at room temperature for 1 h. Subsequently, the tacky film was place in a vacuum oven at
50 ◦C and 800 mbar for 18 h. Upon cooling to ambient temperature, the film (0.32 mm thick)
could be removed from the Petri dish. The nanocomposite film, PU1/AgNP, (0.34 mm thick)
was formed by following the same casting procedure using 3.0 g of polymer dissolved in
15 mL of THF to which 0.30 g of AgNPs were added. Film thicknesses were determined
using Vernier callipers.

2.5. Biological Testing

Prior to testing for antiviral activity, membranes were sterilised by treating with 70%
ethanol and exposure to UV light for 1 h. Luciferase encoding lentiviral pseudotypes were
prepared as previously described (PMID: 34859134). These were titrated onto HEK293T cells
stably expressing ACE2 and TMPRSS2 (NIBSC Repository, UK. With thanks to Dr. Leila
Mekkaoui and Martin Pule, Autolus Ltd. London, UK) to determine viral titres. Within a
single well of a 6-well plate, 50 µL of the cell supernatant containing pseudotyped virus
(PV) bearing the beta (B.1.351) spike protein was then spotted onto the required polymer or
composite film. This was incubated for 24 h at room temperature. Following this, 1.5 × 105

HEK293T+ACE2+TMPRSS2 (human embryonic kidney cells + angiotensin-converting
enzyme 2 + transmembrane protease serine 2) were added to the PV and membrane, and
the plate was incubated at 37 ◦C for 1 h (5% CO2). The membrane was then removed and
the plate incubated at 37 ◦C (5% CO2) for a further 48 h. Following this a 50:50 mix of
Bright-Glo (Promega, UK) and serum-free media was added to each well and the reporter
activity assessed using a Glomax Explorer (Promega, Southampton, UK).

3. Results and Discussion
3.1. Polymer Design and Synthesis

Morpholine terminated PU (PU1, Scheme 1) was selected as a suitable starting point
for this work. It is known that chemically related structures are adhesive and can be cast
into self-supporting films [44], and also can form composite materials containing NPs [27],
all features that are required for this self-sanitising, retrofittable surface.
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PU1 contains KrasolTM HLBH-P2000 (diol component), 4,4′-methylene diphenyl diiso-
cyanate (MDI) (2) and 4-(2-aminoethyl)morpholine (4) (the end group). KrasolTM HLBH-
P2000 is a random co-polymeric diol produced by the reduction of a polybutadiene that
contained linear and branched diene residues. To maintain the potential ease of future
scale up of this synthesis, starting materials and solvents were used as received rather than
adding costly and time-consuming purification steps prior to commencing the synthesis.

The synthesis of PU1 was carried out using an established one-pot, two step procedure.
Firstly, isocyanate prepolymer (3) was synthesized by addition of equimolar quantities of MDI
(2) to neat KrasolTM HLBH-P2000 1. After 3 h at 80 ◦C, the reaction was cooled to 50 ◦C and a
solution of 4-(2-aminoethyl)morpholine (4) in THF was added to endcap the prepolymer [47].
The polymer was isolated by precipitation from THF into methanol (73% yield).

3.2. Polymer Characterisation

Analysis of the 1H NMR spectrum of the polymer (PU1, Figure 1) shows resolved
signals for each of the structural features expected in the target product. The aliphatic
residues of the KrasolTM (Hc. in Figure 1) are readily apparent as intense signals at δ 0.8
and 1.3 ppm. Signals indicative of the aromatic protons from the MDI starting material
appear at δ 7.2 ppm (HAr), and signals for the end groups are well resolved, for example
Ha and Hb can be seen at approximately δ 2.5 ppm. Successful formation of the urethane
and urea functionalities is supported by the broad signals at δ 5.2 and 6.5 ppm which are
indicative of N-H protons.
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Figure 1. 1H NMR spectrum (600 MHz, CDCl3) of PU1 with selected assignments. * = signals from
residual THF in the polymer after drying.

Analysis of PU1 by size exclusion chromatography (SEC) in chloroform gave
Mn = 8700 g/mol and Mw = 15,400 g/mol compared to narrow dispersity polystyrene
standards. The resulting dispersity value (Ð) of 1.8, is typical of polymers produced by
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step growth polymerisations. The relatively low molecular weight of the product may be
as a consequence of the nominal molecular weight of the KrasolTM diol (c. 2000 g/mol)
monomer which precludes accurate stoichiometry matching of the starting materials during
synthesis of the prepolymer. In addition, we add end group to facilitate hydrogen bonding
in the product which also serves to stop the polymerization proceeding.

Inspection of the SEC eluogram showed a multimodal molecular weight distribu-
tion profile, with three well resolved maxima at retention times between 14 and 16 min,
(Figure 2). These signals are indicative of structures containing 1, 2 and 3 KrasolTM diol
residues (i.e., p = 1, 2 and 3 for PU1 in Scheme 1). The ability of these three oligomers to
be resolved by SEC is as a consequence of their significant difference in molecular weight
(c. 2300 g/mol between each member of the series). Similar resolution by SEC of low
p value PUs has been observed previously for structurally related PUs [48].
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Figure 2. SEC eluogram (5 mg/mL, chloroform, at 40 ◦C) showing resolution of a series of species
containing 1, 2 and 3 KrasolTM residues (peaks (A), (B) and (C)).

4. Composite Formation and Film Casting
4.1. Film Casting and IR Spectroscopic Analysis

Uniform films (c. 0.3 mm thick) of PU1 and PU1 containing 10 wt% AgNPs (PU1/AgNP)
were readily cast from THF by slow evaporation of the solvent at 50 ◦C at 800 mbar for
18 h (Figure 3). Efforts to speed up the casting process by exposing the materials to higher
temperatures or vacuums resulted in films that contained multiple air pockets, and that
were not suitable for further analysis or testing.
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The FTIR spectrum for PU1 did not contain a signal at 2255 cm−1, which would be
indicative of unreacted isocyanate, but contained a broad absorbance band characteristic
for NH bonds centred at 3309 cm−1 (See Supplementary Materials). The spectrum also
showed a signal for the carbonyl groups at 1678 cm−1, which is consistent with urethane
formation. The signal for these groups were significantly red shifted in the spectrum of
PU1/AgNP (3267 cm−1 and 1645 cm−1 see Supplementary Materials). This shows that
the AgNPs were interacting with the polymer through both the NH and C=O functional
groups [49].

4.2. Strength Testing

Mechanical testing was conducted on PU1 and the PU1/AgNP composite. In each
case 5 samples with dimensions 40 mm × 5.0 mm × c. 0.3 mm were cut from the solution
cast polymer films (Figure 3), then analysed by stress–strain analysis at a strain rate
of 100 mm/min (for calculation equations and methods see Supplementary Materials).
Representative stress–strain data for the two materials are shown in Figure 4. Table 1 shows
mean values calculated from stress–strain data for 5 independent tests of each material.
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Table 1. Mean values from stress–strain analysis data for PU1 and PU1/AgNP (n = 5). Standard
deviation (s.d.) is calculated from the data from 5 independent measurements (n = 5).

Material
Ultimate Tensile
Strength, MPa

(s.d.)

Tensile
Modulus,
MPa (s.d.)

Modulus of
Toughness,

MJ m−3 (s.d.)

Elongation at
Break % (s.d)

PU1 0.18 (0.02) 2.37 (0.56) 0.22 (0.04) 243 (106)

PU1/AgNP 1.20 (0.26) 10.87 (3.81) 0.52 (0.32) 53 (27)

As can be seen visually from the stress–strain plot and is readily apparent from the
mean values shown in Table 1, addition of the AgNPs to PU1 had a dramatic effect on
the mechanical properties of the material (for calculation methods and equations see the
Supplementary Materials). Both materials showed ductile properties with PU1 exhibiting
the higher extension at break (PU1 = 243% and PU1/AgNP = 53%). The significant plastic
deformation observed in the stress strain curves may be as a consequence of entrapped
residual THF which would serve to plasticise the sample during strain testing.

The composite exhibited a significantly higher modulus of toughness compared to
PU1 (0.54 vs. 0.22 MPa), tensile modulus (2.4 vs. 10.9 MPa), and UTS (0.18 vs. 1.20 MPa).
As expected, therefore, the addition of a nanoparticulate filler increases the resistance to
deformation at the cost of reduction in elongation at break. Elongation at break is not
a significant parameter in a coatings technology as it would be expected that the base
material which was coated (door handles, other touch points) would prevent elongation.
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4.3. Biological Data

In order to assess the antiviral activity of the polymer films they were used in viral
infectivity assays. This biological testing was carried out in a six well plate with the wells
containing strips of PU1 or PU1/AgNP composite (c. 1 cm × 1 cm). 50 µL of the cell
supernatant containing pseudotyped virus (PV) bearing the SARS-CoV-2 beta (B.1.351)
VOC spike protein was then spotted onto the surface of the films, and then incubated for
24 h before the target cells were added. At the conclusion of the incubation period a 50:50
mix of Bright-Glo and media was added to each well and the reporter activity assessed
using a Glomax Explorer. This complete procedure was repeated three times, with four
luciferase readings taken for each condition for each repeat. The ability of the PU1/AgNP
composite film to inhibit SARS-CoV-2 was then calculated by comparing the level of virus
infection achieved to that observed with the PU1 film. The results, Figure 5, show that the
PU1/AgNP composite film, reduces the amount of viable virus 67% (p = 0.0012).
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Figure 5. Inhibition of SARS-CoV-2 infectivity by PU1/AgNP. The relative infectivity of SARS-CoV-2
that had been incubated on PU1 or PU1/AgNP was compared. Significance was determined using a
t-test (**—p = 0.0012).

5. Conclusions

In conclusion, we have synthesised a polyurethane (PU1) in a high yielding one pot,
two step procedure that can readily incorporate AgNPs to form a composite material. The
composite material (PU1/AgNP) exhibits tensile modulus, ultimate tensile strength, and
modulus of toughness values of 1.2 MPa, 10.9 MPa and 0.52 MJm−3, respectively, each
of which is higher than those measured for PU1 which were 0.18 MPa, 2.37 MPa and
0.22 MJm−3. In contrast, the elongation at break measure for PU1/AgNP was significantly
less than that observed for PU1 (53 vs. 243%). The ability of films cast of PU1 and
PU1/AgNP to inhibit SARS-CoV-2 infectivity was assessed by biological infection assay.
PU1/AgNP films were found to reduce the amount of viable virus by 67% (p = 0.0012)
compared to PU1.

PUs are the basis for a range of commercially viable paints and coatings and, therefore,
this work shows the potential for PUs to form the basis of retrofittable surface coatings that
reduce fomite transmission of SARS-CoV-2.
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Work is underway to investigate how the dispersion of NPs effects the anti-viral
properties of the film. We also propose that the chemical structure of the PU (hydrophobicity,
hard/soft domain size, etc.) will have a significant impact on SARS-CoV-2 inhibition. In
addition, the chemical structure of the PU will also clearly impact the overall toughness of
the film, which is an important factor in producing a viable coating, and these features are
the focus of continuing studies in the lab.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym14194172/s1, Figure S1: FTIR spectra of PU1 and
PU1/AgNP; Figure S2: 13C NMR spectrum of PU1 (150 MHz, CDCl3); Stress Strain Calculation
Methods and Equations.

Author Contributions: B.W.G. conceptualised the project and supervised the work assisted by J.S.
and M.C.B. Funding Acquisition B.W.G. and M.C.B. assisted by J.H.D.S., synthesis and chemical
analysis investigations, W.T.L., strength data analysis T.S.B., Biological Testing E.W. Paper writing
B.W.G. and W.T.L. All authors have read and agreed to the published version of the manuscript.

Funding: We wish to thank the European Regional Development Fund (ERDF) for funding LabFact
(InterReg V project 121) (for W.L.T.) and we would like to thank the HEIF funding for B.W.G.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Coronavirus Disease (COVID-19) Weekly Epidemiological Update and Weekly Operational Update. Available online:

https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/ (accessed on 28 June 2022).
2. Wu, A.; Peng, Y.; Huang, B.; Ding, X.; Wang, X.; Niu, P.; Meng, J.; Zhu, Z.; Zhang, Z.; Wang, J.; et al. Genome Composition and

Divergence of the Novel Coronavirus (2019-nCoV) Originating in China. Cell Host Microbe 2020, 27, 325–328. [CrossRef] [PubMed]
3. WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int/ (accessed on 28 June 2022).
4. Meselson, M.N. Droplets and Aerosols in the Transmission of SARS-CoV-2. N. Engl. J. Med. 2020, 382, 2063. [CrossRef] [PubMed]
5. Van Doremalen, N.; Morris, D.H.; Holbrook, M.G.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Tamin, A.; Harcourt, J.L.;

Thornburg, N.J.; Gerber, S.I.; et al. Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N. Engl. J. Med.
2020, 382, 1564–1567. [CrossRef]

6. Chin, A.W.H.; Chu, J.T.S.; Perera, M.R.A.; Hui, K.P.Y.; Yen, H.-L.; Chan, M.C.W.; Peiris, M.; Poon, L.L.M. Stability of SARS-CoV-2
in different environmental conditions. Lancet Microbe 2020, 1, e10. [CrossRef]

7. Goldman, E. Exaggerated risk of transmission of COVID-19 by fomites. Lancet Infect. Dis. 2020, 20, 892–893. [CrossRef]
8. Rakowska, P.D.; Tiddia, M.; Faruqui, N.; Bankier, C.; Pei, Y.; Pollard, A.J.; Zhang, J.; Gilmore, I.S. Antiviral surfaces and coatings

and their mechanisms of action. Commun. Mater. 2021, 2, 53. [CrossRef]
9. Hermida-Merino, D.; Belal, M.; Greenland, B.W.; Woodward, P.; Slark, A.; Davis, F.; Mitchell, G.; Hamley, I.; Hayes, W. Electrospun

supramolecular polymer fibres. Eur. Polym. J. 2012, 48, 1249–1255. [CrossRef]
10. Bean, B.; Moore, B.M.; Sterner, B.; Peterson, L.R.; Gerding, D.N.; Balfour, H.H. Survival of influenza viruses on environmental

surfaces. J. Infect. Dis. 1982, 146, 47–51. [CrossRef]
11. Aboubakr, H.A.; Sharafeldin, T.A.; Goyal, S.M. Stability of SARS-CoV-2 and other coronaviruses in the environment and on

common touch surfaces and the influence of climatic conditions: A review. Transbound. Emerg. Dis. 2021, 68, 296–312. [CrossRef]
12. Haldar, J.; An, D.; de Cienfuegos, L.A.; Chen, J.; Klibanov, A.M. Polymeric coatings that inactivate both influenza virus and

pathogenic bacteria. Proc. Natl. Acad. Sci. USA 2006, 103, 17667–17671. [CrossRef]
13. Wang, Y.; Canady, T.D.; Zhou, Z.; Tang, Y.; Price, D.N.; Bear, D.G.; Chi, E.Y.; Schanze, K.S.; Whitten, D.G. Cationic phenylene

ethynylene polymers and oligomers exhibit efficient antiviral activity. ACS Appl. Mater. Interfaces 2011, 3, 2209–2214. [CrossRef]
[PubMed]

14. Chaturvedi, U.C.; Shrivastava, R. Interaction of viral proteins with metal ions: Role in maintaining the structure and functions of
viruses. FEMS Immunol. Med. Microbiol. 2005, 43, 105–114. [CrossRef] [PubMed]

15. Lazarczyk, M.; Favre, M. Role of Zn2+ Ions in Host-Virus Interactions. J. Virol. 2008, 82, 11486–11494. [CrossRef] [PubMed]
16. Jayakumar, R.; Menon, D.; Manzoor, K.; Nair, S.; Tamura, H. Biomedical Applications of Chitin Nanomaterials: A Short Review.

Carbohydr. Polym. 2010, 82, 227–232. [CrossRef]
17. Vimbela, G.V.; Ngo, S.M.; Fraze, C.; Yang, L.; Stout, D.A. Antibacterial properties and toxicity from metallic nanomaterials. Int. J.

Nanomed. 2017, 12, 3941–3965. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14194172/s1
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
http://doi.org/10.1016/j.chom.2020.02.001
http://www.ncbi.nlm.nih.gov/pubmed/32035028
https://covid19.who.int/
http://doi.org/10.1056/NEJMc2009324
http://www.ncbi.nlm.nih.gov/pubmed/32294374
http://doi.org/10.1056/NEJMc2004973
http://doi.org/10.1016/S2666-5247(20)30003-3
http://doi.org/10.1016/S1473-3099(20)30561-2
http://doi.org/10.1038/s43246-021-00153-y
http://doi.org/10.1016/j.eurpolymj.2012.04.015
http://doi.org/10.1093/infdis/146.1.47
http://doi.org/10.1111/tbed.13707
http://doi.org/10.1073/pnas.0608803103
http://doi.org/10.1021/am200575y
http://www.ncbi.nlm.nih.gov/pubmed/21667949
http://doi.org/10.1016/j.femsim.2004.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15681139
http://doi.org/10.1128/JVI.01314-08
http://www.ncbi.nlm.nih.gov/pubmed/18787005
http://doi.org/10.1016/j.carbpol.2010.04.074
http://doi.org/10.2147/IJN.S134526


Polymers 2022, 14, 4172 10 of 11

18. Montero, D.A.; Arellano, C.; Pardo, M.; Vera, R.; Gálvez, R.; Cifuentes, M.; Berasain, M.A.; Gómez, M.; Ramírez, C.; Vidal, R.M.
Antimicrobial properties of a novel copper-based composite coating with potential for use in healthcare facilities. Antimicrob.
Resist. Infect. Control. 2019, 8, 3. [CrossRef]

19. Vatansever, F.; de Melo, W.C.M.A.; Avci, P.; Vecchio, D.; Sadasivam, M.; Gupta, A.; Chandran, R.; Karimi, M.; Parizotto, N.A.;
Yin, R.; et al. Antimicrobial strategies centered around reactive oxygen species—Bactericidal antibiotics, photodynamic therapy,
and beyond. FEMS Microbiol. Rev. 2013, 37, 955–989. [CrossRef]

20. Dallas, P.; Sharma, V.K.; Zboril, R. Silver polymeric nanocomposites as advanced antimicrobial agents: Classification, synthetic
paths, applications, and perspectives. Adv. Colloid Interface Sci. 2011, 166, 119–135. [CrossRef]

21. Burdus, el, A.-C.; Gherasim, O.; Grumezescu, A.M.; Mogoantă, L.; Ficai, A.; Andronescu, E. Biomedical Applications of Silver
Nanoparticles: An Up-to-Date Overview. Nanomaterials 2018, 8, 681. [CrossRef]

22. Nedelcu, I.-A.; Ficai, A.; Sonmez, M.; Ficai, D.; Oprea, O.; Andronescu, E. Silver Based Materials for Biomedical Applications.
Curr. Org. Chem. 2014, 18, 173–184. [CrossRef]

23. Motelica, L.; Ficai, D.; Oprea, O.-C.; Ficai, A.; Ene, V.-L.; Vasile, B.-S.; Andronescu, E.; Holban, A.-M. Antibacterial Biodegradable
Films Based on Alginate with Silver Nanoparticles and Lemongrass Essential Oil—Innovative Packaging for Cheese. Nanomaterials
2021, 11, 2377. [CrossRef] [PubMed]

24. Pica, A.; Guran, C.; Andronescu, E.; Oprea, O.; Ficai, D.; Ficai, A. Antimicrobial performances of some film forming materials
based on silver nanoparticles. J. Optoelectron. Adv. Mater. 2012, 14, 863–868.

25. Lin, N.; Verma, D.; Saini, N.; Arbi, R.; Munir, M.; Jovic, M.; Turak, A. Antiviral nanoparticles for sanitizing surfaces: A roadmap
to self-sterilizing against COVID-19. Nano Today 2021, 40, 101267. [CrossRef] [PubMed]

26. Valdez-Salas, B.; Beltran-Partida, E.; Cheng, N.; Salvador-Carlos, J.; Valdez-Salas, E.A.; Curiel-Alvarez, M.; Ibarra-Wiley, R.
Promotion of Surgical Masks Antimicrobial Activity by Disinfection and Impregnation with Disinfectant Silver Nanoparticles.
Int. J. Nanomed. 2021, 16, 2689–2701. [CrossRef] [PubMed]

27. Vaiyapuri, R.; Greenland, B.W.; Colquhoun, H.M.; Elliott, J.M.; Hayes, W. Molecular recognition between functionalized gold
nanoparticles and healable, supramolecular polymer blends—A route to property enhancement. Polym. Chem. 2013, 4, 4902–4909.
[CrossRef]

28. Vaiyapuri, R.; Greenland, B.W.; Colquhoun, H.M.; Elliott, J.M.; Hayes, W. Evolution of supramolecular healable composites: A
minireview. Polym. Int. 2013, 63, 933–942. [CrossRef]

29. Salimi, S.; Babra, T.S.; Dines, G.; Baskerville, S.W.; Hayes, W.; Greenland, B.W. Composite polyurethane adhesives that debond-
on-demand by hysteresis heating in an oscillating magnetic field. Eur. Polym. J. 2019, 121, 109264. [CrossRef]

30. Topuz, F.; Uyar, T. Antioxidant, antibacterial and antifungal electrospun nanofibers for food packaging applications. Food Res. Int.
2020, 130, 108927. [CrossRef]

31. Lok, C.-N.; Ho, C.-M.; Chen, R. Proteomic Analysis of the Mode of Antibacterial Action of Silver Nanoparticles. J. Proteome Res.
2006, 5, 916–924. [CrossRef]

32. Rai, M.; Deshmukh, S.D.; Ingle, A.P.; Gupta, I.R.; Galdiero, M.; Galdiero, S. Metal nanoparticles: The protective nanoshield against
virus infection. Crit. Rev. Microbiol. 2016, 42, 46–56. [CrossRef]

33. Daima, H.K.; Selvakannan, P.R.; Kandjani, A.E.; Shukla, R.; Bhargava, S.K.; Bansal, V. Synergistic influence of polyoxometalate
surface corona towards enhancing the antibacterial performance of tyrosine-capped Ag nanoparticles. Nanoscale 2014, 6, 758–765.
[CrossRef] [PubMed]

34. Clement, J.L.; Jarrett, P.S. Antibacterial Silver. Met.-Based Drugs 1994, 1, 707103. [CrossRef] [PubMed]
35. Han, R.; Coey, J.D.; O’Rourke, C.; Bamford, C.G.; Mills, A. Flexible, disposable photocatalytic plastic films for the destruction of

viruses. J. Photochem. Photobiol. B Biol. 2022, 235, 112551. [CrossRef] [PubMed]
36. Akindoyo, J.O.; Beg, M.D.H.; Ghazali, S.; Islam, M.R.; Jeyaratnam, N.; Yuvaraj, A.R. Polyurethane types, synthesis and

applications—A review. RSC Adv. 2016, 6, 114453–114482. [CrossRef]
37. Das, A.; Mahanwar, P. A brief discussion on advances in polyurethane applications. Adv. Ind. Eng. Polym. Res. 2020, 3, 93–101.

[CrossRef]
38. Szycher, M. Szycher’s Handbook of Polyurethanes, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2013; ISBN 978-1-4398-6313-8.
39. Babra, T.S.; Wood, M.; Godleman, J.S.; Salimi, S.; Warriner, C.; Bazin, N.; Siviour, C.R.; Hamley, I.W.; Hayes, W.; Greenland, B.W.

Fluoride-responsive debond on demand adhesives: Manipulating polymer crystallinity and hydrogen bonding to optimise
adhesion strength at low bonding temperatures. Eur. Polym. J. 2019, 119, 260–271. [CrossRef]

40. Woodward, P.J.; Hermida-Merino, D.; Greenland, B.W.; Hamley, I.; Light, Z.; Slark, A.T.; Hayes, W. Hydrogen Bonded Supramolec-
ular Elastomers: Correlating Hydrogen Bonding Strength with Morphology and Rheology. Macromolecules 2010, 43, 2512–2517.
[CrossRef]

41. Hermida-Merino, D.; Feula, A.; Melia, K.; Slark, A.T.; Giannakopoulos, I.; Siviour, C.R.; Buckley, C.P.; Greenland, B.W.; Liu, D.;
Gan, Y.; et al. A systematic study of the effect of the hard end-group composition on the microphase separation, thermal and
mechanical properties of supramolecular polyurethanes. Polymer 2016, 107, 368–378. [CrossRef]

42. Houton, K.A.; Wilson, A.J. Hydrogen-bonded supramolecular polyurethanes. Polym. Int. 2014, 64, 165–173. [CrossRef]
43. O’Donnell, A.D.; Salimi, S.; Hart, L.R.; Babra, T.; Greenland, B.; Hayes, W. Applications of supramolecular polymer networks.

React. Funct. Polym. 2022, 172, 105209. [CrossRef]

http://doi.org/10.1186/s13756-018-0456-4
http://doi.org/10.1111/1574-6976.12026
http://doi.org/10.1016/j.cis.2011.05.008
http://doi.org/10.3390/nano8090681
http://doi.org/10.2174/13852728113176660141
http://doi.org/10.3390/nano11092377
http://www.ncbi.nlm.nih.gov/pubmed/34578695
http://doi.org/10.1016/j.nantod.2021.101267
http://www.ncbi.nlm.nih.gov/pubmed/34404999
http://doi.org/10.2147/IJN.S301212
http://www.ncbi.nlm.nih.gov/pubmed/33854315
http://doi.org/10.1039/c3py00086a
http://doi.org/10.1002/pi.4685
http://doi.org/10.1016/j.eurpolymj.2019.109264
http://doi.org/10.1016/j.foodres.2019.108927
http://doi.org/10.1021/pr0504079
http://doi.org/10.3109/1040841X.2013.879849
http://doi.org/10.1039/C3NR03806H
http://www.ncbi.nlm.nih.gov/pubmed/24165753
http://doi.org/10.1155/MBD.1994.467
http://www.ncbi.nlm.nih.gov/pubmed/18476264
http://doi.org/10.1016/j.jphotobiol.2022.112551
http://www.ncbi.nlm.nih.gov/pubmed/36063568
http://doi.org/10.1039/C6RA14525F
http://doi.org/10.1016/j.aiepr.2020.07.002
http://doi.org/10.1016/j.eurpolymj.2019.07.038
http://doi.org/10.1021/ma9027646
http://doi.org/10.1016/j.polymer.2016.07.029
http://doi.org/10.1002/pi.4837
http://doi.org/10.1016/j.reactfunctpolym.2022.105209


Polymers 2022, 14, 4172 11 of 11

44. Yan, X.Z.; Wang, F.; Zheng, B.; Huang, F. Stimuli-responsive supramolecular polymeric materials. Chem. Soc. Rev. 2012, 41,
6042–6065. [CrossRef] [PubMed]

45. Brunsveld, L.; Folmer, B.J.B.; Meijer, E.W.; Sijbesma, R.P. Supramolecular Polymers. Chem. Rev. 2001, 101, 4071–4098. [CrossRef]
[PubMed]

46. De Greef, T.F.A.; Smulders, M.M.J.; Wolffs, M.; Schenning, A.P.H.J.; Sijbesma, R.P.; Meijer, E.W. Supramolecular Polymerization.
Chem. Rev. 2009, 109, 5687–5754. [CrossRef] [PubMed]

47. Feula, A.; Tang, X.; Giannakopoulos, I.; Chippindale, A.M.; Hamley, I.W.; Greco, F.; Buckley, C.P.; Siviour, C.R.; Hayes, W. An
adhesive elastomeric supramolecular polyurethane healable at body temperature. Chem. Sci. 2016, 7, 4291–4300. [CrossRef]

48. Babra, T.S.; Trivedi, A.; Warriner, C.N.; Bazin, N.; Castiglione, D.; Sivour, C.; Hayes, W.; Greenland, B.W. Fluoride Degradable and
thermally responsible debondable polyurethane based adhesive. Polym. Chem. 2017, 8, 7207–7216. [CrossRef]

49. Anancharoenwong, E.; Chueangchayaphan, W.; Rakkapao, N.; Marthosa, S.; Chaisrikhwun, B. Thermo-mechanical and antimicro-
bial properties of natural rubber-based polyurethane nanocomposites for biomedical applications. Polym. Bull. 2021, 78, 833–848.
[CrossRef]

http://doi.org/10.1039/c2cs35091b
http://www.ncbi.nlm.nih.gov/pubmed/22618080
http://doi.org/10.1021/cr990125q
http://www.ncbi.nlm.nih.gov/pubmed/11740927
http://doi.org/10.1021/cr900181u
http://www.ncbi.nlm.nih.gov/pubmed/19769364
http://doi.org/10.1039/C5SC04864H
http://doi.org/10.1039/C7PY01653K
http://doi.org/10.1007/s00289-020-03137-z

	Introduction 
	Materials and Methods 
	Materials 
	Characterisation 
	Synthesis of PU1 
	Film Casting and Composite Formation 
	Biological Testing 

	Results and Discussion 
	Polymer Design and Synthesis 
	Polymer Characterisation 

	Composite Formation and Film Casting 
	Film Casting and IR Spectroscopic Analysis 
	Strength Testing 
	Biological Data 

	Conclusions 
	References

