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A thin, 30 pm, flexible, robust low-density polyethylene, LDPE, film, loaded with 30 wt% P25 TiOq, is extruded
and subsequently rendered highly active photocatalytically by exposing it to UVA (352 nm, 1.5 mW cm2) for
144 h. The film was tested for anti-viral activity using four different viruses, namely, two strains of Influenza A
Virus (IAV), WSN, and a recombinant PR8, encephalomyocarditis virus (EMCV), and SARS-CoV-2 (SARS2). The
film was irradiated with either UVA radiation (352 nm, 1.5 mW cm’z; although only 0.25 mW cm 2 for SARS2)
or with light from a cool white fluorescent lamp (UVA irradiance: 365 nm, 0.047 mW cm ). In all cases the films
exhibited an average virus inactivation rate of >1.5log/h. In the case of SARS2, the rates were > 2log/h, with the
rate determined using a dedicated, low intensity UVA source (0.25 mW cm™2) only 1.3 x’s faster than that for a
cool white lamp (UVA irradiance = 0.047 mW cm2), which suggests that SARS2 is particularly prone to pho-
tocatalytic inactivation even under low UV irradiation conditions, such as found in a room lit with just white
fluorescent tubes. This is the first example of a flexible, very thin, photocatalytic plastic film, produced by a
scalable process (extrusion), for virus inactivation. The potential of such a film for use as a disposable, self-
sterilising thin plastic material alternative to the common, non-photocatalytic, inert equivalent used currently

for curtains, aprons and table coverings in healthcare is discussed briefly.

1. Introduction

There are over 200 viruses that can cause disease in humans,
including, influenzas A and B (IAV and IBV, respectively), severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), varicella-zoster
virus (chickenpox) and the measles virus. Respiratory-borne viruses,
which remain major clinical problems, are spread by coughing, sneezing
or talking, all of which produces small (< 5 pm) water droplets con-
taining infectious virus particles that are able to travel many meters
distance and are readily inhaled. These droplets also fall on surfaces
(fomites) such as plastics, metals or fabrics, which facilitate the subse-
quent transmission of these and other infectious virus particles, usually
via hand to face contact. It is now generally accepted that fomites play a
key role in the spread of viruses in a wide range of environments,
including hospitals, nursing homes, schools and offices [1-3].

Although viruses do not multiply outside of the host cells [4], many,
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including SARS-CoV-2, can survive several days on fomites [5], and this
feature can contribute markedly to their transmissibility. Thus, surface
disinfection, using bleach or alcohol, is commonly employed to prevent
the fomite-based transmission of microbial infectious species, such as
viruses. More recently, there is a growing interest in self-sterilising
surfaces, such as ones with a photocatalytic coating [6].

The semiconductor photocatalyst that is used in all commercial
photocatalytic products, such as self-cleaning glass [7], plastics [8],
fabrics [9], tiles [10] and paints [11], is titanium dioxide, TiOj. Its
popularity lies in the fact that it is inexpensive, chemically inert, bio-
logically non-toxic and very effective as a photocatalyst; not surpris-
ingly, there have been many reports of its use in the photocatalysed
destruction of viruses, such as the influenza A [12], herpes simplex [13],
norovirus [14], hepatitis B [15] and the SARS-CoV-2 viruses [16-19].

The major infectious entity of a virus exists in the form of indepen-
dent particles, or virions, consisting of, (i) the genetic material, i.e. the
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DNA or RNA that encodes structural and non-structural proteins
required for replication, (ii) a protein shell, the capsid, which surrounds
and protects the genetic material and, in some cases, (iii) an outer en-
velope of lipids, which incorporates membrane-bound glycoproteins
that are responsible for virion entry into the target host cells. In
the photocatalysed destruction of a virus, the photocatalyst produces
reactive oxygen species, ROS, such as OH radicals, OH®, superoxide
radicals, Oz and HO3, and hydrogen peroxide, HyO5, which are able to
effect the peroxidation of the virus’s lipid membrane, carbonylation of
its proteins, and degradation of its genetic material, thereby destroying
the virus [6,20].

In photocatalysis, the above ROS’s are generated via ultra-bandgap
irradiation of TiO,, which produces holes in the valence band, h™, that
are able to oxidise adsorbed OH™ groups to OH® and conductance band
electrons, e, that are able to reduce adsorbed O, to O3 and HO3, which
in turn can be reduced further to HoO5, which itself can act as a potential
source of OH®. The various ROS-generating photocatalytic processes
associated with the UV irradiation of TiO, particles, in film or powder
form, are summarised in the schematic illustration in Fig. 1.

A clear limitation regarding the use of TiO»-based photocatalytic
films as self-sterilising surfaces is the fact that they only absorb UV ra-
diation, which would appear to suggest that they would be inappro-
priate for use indoors. However, the most popular form of indoor
fluorescent white lighting, a cool white lamp, actually emits some UV, at
365 and 313 nm, due to the electronically excited mercury vapour
contained within, as illustrated in Fig. 2.

In addition, ca. 4-5% of the energy of the solar spectrum falls in the
UV, so that on a bright summer’s day the UV irradiance is ca. 4.5 mW
em~2 [21], and, after passing through 3 mm thick window glass, the UV
solar spectrum is still significant, i.e. typically, 3.7 mW cm 2 for a bright
summer’s day, as illustrated in Fig. 2. Thus, it is perhaps not too sur-
prising that several groups have shown that TiO, films are effective as
self-sterilising surfaces even under indoor lighting or room daylight
conditions [14,15,17].

In practice, a more significant barrier to the widespread use of self-
sterilising photocatalytic films is posed by the need for both physical
robustness and high activity, which is not easily achieved in practice. For
example, most commercial photocatalytic films, such as on glass and
tiles, are very robust, but not particularly active, although sufficiently
active to fulfil their intended role, namely, to utilise the ambient solar
UV to destroy the small level (ca. 20 nm per h) of organic pollutants that
adsorb on a typical, usually exterior, surface, such as glass [22,23]. Not
surprisingly, such photocatalytic materials lack the activity to be self-
sterilising, especially under indoor illumination conditions, where
robustness and high activity are essential. As a consequence, such ma-
terials are usually promoted as ‘self-cleaning’, but not self-sterilising.

In contrast, in many of the research studies of self-sterilising pho-
tocatalytic films, the latter are highly active but not particularly robust.
For example, many are produced using an aqueous dispersion of an
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Fig. 1. Schematic illustration of the generation of ROS on the surface of a TiO,
photocatalytic particle, upon its irradiation with UV radiation.
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active photocatalytic powder, such as P25 TiO,, to coat the supporting
substrate, usually glass or ceramic, but rely on the weak van der Waals
forces produced by drying the coating in air at room temperature to fix
the photocatalyst powder particles [17,19,24]. In some cases, more
robust photocatalytic films are produced by employing a high temper-
ature, annealing step, typically 450 °C for 1 h [14,16,25,26], but this,
obviously, then restricts the choice of supporting substrate to ones that
are stable at such high temperatures, such as glass or tiles, and which are
not flexible.

Disposable, highly flexible plastic films, such as aprons, tablecloths
and curtains, are commonly used to help reduce the transmission of
disease, and it follows that the efficacy of these materials in the latter
role would be enhanced significantly if they could be made self-
sterilising. As noted above, in theory at least, one way this might be
achieved is by coating the plastic with a flexible, robust and active
photocatalytic film. Such a flexible composite material is likely to be
particularly interesting if it could be made at no great additional cost
compared to the uncoated, original disposable plastic material. How-
ever, although some self-sterilising work has been conducted on plastic
substrates, the photocatalytic films usually comprise a loose coating of
photocatalyst powder on the plastic [18,27], which renders them active
but neither robust, or flexible. Encouragingly, Lam and his co-workers
have used a solvent casting technique to produce films of polyethylene,
polystyrene and LDPE impregnated with ZnO-based photocatalysts
which exhibit antibacterial activity, although the method of production
doesn’t appear appropriate for the scalable production of very thin and
flexible films [28,29].

Thus, in this paper we describe the scalable production, characteri-
sation and testing of a flexible plastic film, the production of which is
easily scaled, with a robust and very active photocatalytic coating, that is
able to effect the destruction of a range of different viruses, including
SARS-CoV-2, under simulated, window glass filtered, solar UV irradia-
tion and room light conditions. To our knowledge this is the first
example of a flexible, very thin, photocatalytic plastic film, produced by
a scalable process (extrusion), for virus inactivation.

2. Experimental
2.1. Materials

The photocatalytic plastic films were produced using low density
polyethylene, LDPE, powder (Ultrapolymers Warrington, UK) and P25
TiO5 nanoparticles (Evonik Industries, Essen, Germany). All other
chemicals were obtained from Merck Life Science UK Ltd. (Gillingham,
UK) and used as received. All aqueous solutions were made using doubly
distilled, de-ionised water.

Four viruses were used in this work, namely, (i) two strains of
Influenza A Virus (IAV), namely, WSN, and a recombinant PR8 (original
sample provided by Prof. Yoshihiro Kawaoka, University Wisconsin,
[30]1) which expressed the red fluorescent protein mCherry, (ii)
encephalomyocarditis virus (EMCV), and (iii) SARS-CoV-2 (passage 2
D614G/B.1.177/"BT20.5" strain, original sample provided by Dr.
Deirdre Gilpin, Queens University Belfast). Briefly, (i) two strains of
Influenza A Virus (WSN and PR8) were chosen as IAV is a prototypic
enveloped virus and relevant as a virus that causes pandemics and epi-
demics in humans, (ii) EMCV was chosen as a prototypic non-enveloped
virus to investigate the activity of TiO5 against a virus predicted to have
greater surface stability than IAV and (iii) SARS-CoV-2 was chosen due
to its relevance as a pandemic virus.

IAV (PR8/WSN) and SARS-CoV-2 virions, henceforth referred to as
‘SARS2’, comprise roughly spherical particles of ca. 100 nm in diameter
with a phospholipid bilayer outer envelope, with (glyco)proteins
‘spikes’ embedded within it [31-33]. The latter are essential for infec-
tivity, as they allow the virus particles to bind and enter the host cell.
Inside the envelope is an additional shell of matrix protein, the capsid,
inside of which lies the viral genome of about 15-30 kb (RNA) closely
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Fig. 2. Emission spectra of the sun (after passing through 3 mm window glass; red line and axis) and a cool white fluorescent lamp (two 15 W tubes, at a distance of

35 cm; black line and y-axis). The measured total UV irradiances for these two light sources are 3.7 and 0.047 mW cm

~2, respectively. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article).

associated with N protein (nucleoprotein). IAV and SARS2 cause mainly
respiratory disease in people, infecting cells in the nose, throat, respi-
ratory tract, and lungs [33]. IAV is a global endemic virus which routine
vaccination helps control, although seasonal epidemics occur annually.
SARS2 is best characterised still as a pandemic virus but it is likely to
become, like IAV, a global endemic species over the next few years.

EMCYV virions are icosahedral, non-enveloped, particles of ca. 30 nm
in diameter, comprising a capsid, on the surface of which are areas that
bind to the cell and facilitate uptake inside the host cell [31,34]. Inside
the capsid is a genome of about 8 kb (RNA). EMCV is a cardiovirus and
although it does not cause disease in people, it does in other animals,
such as pigs and certain non-human primates, and there are human
pathogenic cardioviruses [34]. EMCV is spread via ingestion and, as it is
non-enveloped, is very stable. EMCV has been included in this study as
an example of an easy-to-work-with, non-enveloped virus, but more
well-known human pathogenic, non-enveloped, viruses include,
adenovirus, rotavirus and norovirus.

Virus stocks were prepared and titrated in cell culture using standard
techniques and the following host cells, (i) Madin-Darby canine kidney,
i.e. MDCK, cells for IAV, (ii) Vero cells for EMCV, and (iii) VAT cells, i.e.
VeroES6 cells expressing human ACE2 and TMPRSS2, for SARS2 [35,36].
Dulbecco’s modified Eagle’s Medium (DMEM) with 10% v/v Foetal calf
serum (FCS) with penicillin and streptomycin (1% v/v), was used for all
routine cell and virus cultures, except FCS was omitted for work with
PR8 and replaced instead with 0.3 wt% bovine serum albumin (BSA) and
TPCK (L-1-tosylamido-2-phenylethyl chloromethyl ketone)-treated
trypsin (1 pg/mL), to facilitate multi-cycle infection. All work on in-
fectious SARS2 was carried out under strict biological safety level (BSL)
3 conditions at dedicated facilities within QUB, while work on IAV and
EMCV was carried out under BSL2 conditions.

2.2. Methods

2.2.1. Preparation of the LDPE and 30 wt% TiO2/LDPE Films

Two different plastic films were used in this work, namely, one
comprising just LDPE, for blank experiments, and the other comprising
LDPE with 30 wt% P25 TiOs. A loading of 30 wt% P25 TiO, was used in
this work, as other work, looking at the antibacterial activity of extruded
P25 TiOy/LPDE films, showed that the activity increased with increased
loading of TiOy and that 30 wt% represented the highest loading

achievable without compromising the film’s tensile strength to such an
extent that made large scale production difficult [37].

In the preparation of the latter, 6 g of P25 TiO5 powder were mixed
thoroughly with 14 g of the LDPE powder, and the mixture then fed into
Rondol Microlab twin-screw extruder, which had a pre-heated mixing
chamber set at 145 °C, and extruded as a 2.0 mm diameter filament,
using an extruder screw speed of 70 rpm. This filament was subsequently
cut up into 3 mm long pellets, which were then put through the extruder
again under the same processing conditions. This re-feeding of the
extruded pellets into the extruder was repeated a further two times to
ensure the production of a fully blended 30 wt% TiO/LDPE master-
batch of pellets. The masterbatch pellets were then extruded under
otherwise identical conditions described above, but through a slit die to
generate a 30 wt% TiO5/LDPE plastic film, rather than filament, which
was ca. 30 pm thick. The plain LDPE film was generated using the same
procedure as described above, but without the addition of the P25 TiO,
powder.

A comparison of the physical properties of the TiO5/LDPE and plain
LDPE film is given in Section S1 in the electronic supplementary infor-
mation (ESI) file. This includes, UV/Vis absorption spectra, water
droplet contact angle values and tensile strength and Youngs modulus
values.

2.2.2. UV Pre-Conditioning and Photocatalyst Testing

Previous work on extruded thin TiO5/LDPE films has demonstrated
that they exhibit little or no photocatalytic activity when used initially
because the embedded TiO, particles are covered with the polymer
which renders them effectively passive [37]. As a consequence, these
films required ‘activation” with UV radiation before they could be used
to effect the photocatalytic destruction of the viruses under test. This UV
pre-conditioning, activation step allows the TiO; particles at, or near,
the surface to photocatalytically oxidise the thin layer of polymer
covering them and so produce a photocatalytically active surface [37].
In the determination of the UV pre-conditioning time required to fully
activate the TiOy/LDPE film, t(UV activation), UV pre-conditioning was
carried out using two, 352 nm UVA light (15 W BLB bulbs) with an
incident irradiance of ca. 1.5 mW cm 2

The photocatalytic activity of each UV pre-conditioned, TiO,/LDPE
film was assessed initially by measuring its ability to bleach photo-
catalytically the dye, methylene blue, MB, dissolved in an aqueous
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solution. This method of assessing photocatalytic activity was chosen as
it is very similar to that of an international standard for assessing the
activities of photocatalytic films [38].

In this work, a 12 x 8 mm? rectangular sample of the TiO5/LDPE film
under test was placed in a 1 cm pathlength cuvette, to which were then
added 3.5 cm® of a 10 pM aqueous solution of MB, and the solution
stirred continuously. The film was then irradiated with UVA (365 nm,
15 mW cm™~2) and, simultaneously, the photocatalysed bleaching of the
MB monitored spectrophotometrically. A schematic illustration of the
irradiation system, Fig. S4, and further details of the test are given in
section S2 in the ESI file. From this work the initial rate of the photo-
catalysed bleaching of MB, r;, was determined for each of the UV pre-
conditioned TiO5/LDPE films.

2.2.3. Virus Infectivity Assays

Each plastic film under test was stretched over a plastic ring (2.0 cm
diameter), set in a square plastic base, and then fixed in place using a
plastic outer ring to produce a sample ‘drum’ — in which the ‘skin’ was
the UV conditioned plastic photocatalytic film under test. A schematic
illustration of a typical drum is illustrated in Fig. S6(a) in the ESIL. The
photocatalytic plastic film ‘skin’ of the drum was then inoculated with
50 pL of the appropriate virus stock, with a concentration of ca. 1 x 107
infectious units/mL, and placed subsequently in the photocatalytic
irradiation system, a schematic illustration of which is given in Fig. S6
(b) of the ESI. All irradiations of the virus inoculated photocatalytic
plastic film drums were carried out using either two, 15 W 352 nm Black
light blue (BLB) tubes or two, 15 W, cool white fluorescent tubes, which
are commonly used in indoor lighting. The UV irradiances provided by
the UV BLBs and cool white lamps were 1.5 mW cm 2 and 0.047 mW
cm 2, respectively; the cool white lamps provided a visible irradiance of
5000 Ix. In the case of SARS2 only, all UV irradiations were carried out
using just one 15 W 352 nm BLB tube to provide an irradiance of 0.25
mW cm ™2, whereas, as noted above, all the other viruses were irradiated
with 1.5 mW cm™~2 UV radiation. The emission spectra of the full cool
white lamp and the UVA lamp used in this work are illustrated in Figs. S7
and 8, respectively in the ESL

A UV irradiance of 1.5 mW cm ™2 was chosen as a rough approxi-
mation of the UV irradiance associated with mid-day sunlight on an
average, cloudy European day in April (total irradiance ca. 500 mW
cm™2), after passing through 3 mm glass window [39].

In the photocatalytic destruction of the different viruses, each sample
was irradiated for a different time, i.e. 0, 0.25, 1, 2 or 3 h, and then
removed and the inoculum, containing any remaining infectious virus,
harvested from the material surface by rinsing with fresh cell culture
medium, 200 pL of DMEM with high glucose. This virus-containing so-
lution was then used to assess the level of viral infectivity remaining on
the sample. Virus infectivity was determined by TCIDsy, measurements
in 96 well plates (IAV and EMCV) [40], or by plaque assay in 24 well
plates (SARS2) using a method described elsewhere [36], except
modified using VAT cells and incubating infections for 48 h prior to
determining the number of plaque forming units, PFU, produced.
Calculated virus infectivity values were based on visual viral cytopathic
effect measurements (WSN, EMCV and SARS2), or on red fluorescence
measurements for PR8 using a Celigo cytometer. Each assessment was
carried out three times and the typical error in the log of the measured
infectivity values was +0.38.

2.2.4. Other Methods

In all the MB photocatalytic studies reported here a 2.8 W, 365 nm
UVA LED (RS, Corby, UK), was used as the UV source. All UV irradiances
were measured using a Hamamatsu UV power meter. All UV/Vis ab-
sorption spectra, including those of the MB reaction solution, were
recorded using Cary 60 UV/Vis spectrophotometer (Varian, Santa Clara,
USA). SEM images were acquired using a recorded field-emission gun
scanning electron microscope, i.e. FEG-SEM, (JEOL JSM-6500F). Water
droplet contact angle measurements were made using a FTA32
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instrument (First Ten Angstrom, Newark, USA), in which each of the
sample films was stuck to a microscope slide using double sided tape and
a 6 pL water droplet was then deposited onto the sample’s surface. From
the captured images of the water droplet, the FTA32 software was used
to calculate the water droplet contact angle. Each sample was tested in
this way five times and the average value reported.

3. Results and Discussion
3.1. UV Pre-Conditioning

As noted earlier, previous work on extruded thin TiOz/LDPE films
showed that they need to be activated via a UV conditioning step before
they could be used as photocatalytic films [37]. In order to identify how
long the 30 wt% TiO,/LDPE film used in this work film needed to be UV
conditioned for it to be fully activated, a study was carried out in which
samples of the TiO,/LDPE film were UV conditioned for a variety of
different times and then tested for activity using a method, based on the
photocatalysed bleaching of MB, which is also the basis of a well-
established International Standards Organisation, ISO, test method
[38,41]. In the test, the overall process can be best summarised as
follows,

MB + nO, % colourless products (@D)]

and details of the method employed are given in 2.2.2 of the
Experimental section and S2 in the ESIL

In each case, a [MB] vs irradiation time, t, plot was generated from
which a value for the initial rate of photobleaching of MB, r;, was
determined. The latter is a measure of the activity of the photocatalytic
film under test and a plot of the measured variation in r; with UV-pre-
conditioning time, arising from this work, is illustrated in Fig. 3.
These results show that the 30 wt% TiO2/LDPE film is initially rendered
increasingly active photocatalytically with increasing UV pre-
conditioning time, but that after just 60 h UV pre-conditioning, the
photocatalytic activity of the film appears to have reach a maximum
value. The apparent maximum rate of reaction (1) of 0.38 yM min~!
exhibited by the 30 wt% TiOy/LDPE film UV preconditioned for >60 h is
most likely due to mass transport control, and so limited by the rate of
diffusion of the MB from the bulk of the reaction solution to the surface
of the photocatalytic plastic film. This is not too surprising, since mass
transport is a recognized problematic feature of this test in the assess-
ment of very active films [42].

In a study of the MB ISO [38], Tschirch et al. have estimated [42] the
initial diffusion-controlled rate in such a system, rp, is given by the
following expression,

rp (units: pM min 1) = 0.06.Dyp.[MBL.A/(b.V) (2)

where, Dy is the diffusion coefficient for MB (6.74 x 107%cm?s™)
[43], [MB] is the initial bulk concentration of MB (10 pM in this work), A
is the photocatalyst surface area (1 cmz), b is the diffusion layer thick-
ness, which is ca. 100 pm for a stagnant aqueous solution [44], and V is
the reaction solution volume (3.5 x 102 dm®). Using this equation, and
the above values for the various parameters used in this work, a value for
rp of 0.38 pM min ! can be generated for our MB test system conducted
using a 1 cm cuvette as the reactor, assuming a value for b of ca. 32 pm,
which appears reasonable, given the reaction solution is not stagnant
but rather vigorously stirred.

Indirect evidence that UV pre-conditioning of the 30 wt% TiO5/LDPE
film roughens the surface and exposes the underlying TiO5 photocatalyst
particles, is provided by the measured change in water droplet contact
angle, CA, exhibited by the TiO5/LDPE film as a function of UV pre-
conditioning time, the results of which are also illustrated in Fig. 3.
LDPE is a hydrophobic material, with a water droplet contact angle of
ca. 80° whereas P25 TiOy, is highly hydroxylated, and super-
hydrophilic, i.e. with a CA value of <10° [45]. As a result, as more and
more TiO, photocatalytic particles are exposed with increasing UV pre-
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Fig. 3. Plot of the initial rate of bleaching of MB (black line), r;, and measured water droplet contact angle (red line), as a function of UV pre-conditioning time for a
30 Wt% TiO,/LDPE film. The broken line represents the average maximum rate (0.38 pM min~') from 60 to 144 h UV preconditioning. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

conditioning it is expected that the measured value of the CA of the
TiO2/LDPE film would decrease significantly. The observed variation in
CA with UV pre-conditioning time for these films illustrated in Fig. 3
confirms this expected feature, with CA decreasing from an initial value
of ca 80° to ca. 0° after 144 h exposure to 1.5 mW cm? UVA radiation.

Direct evidence of the significant disruption of the surface and TiO»
photocatalyst particle exposure brought about by UV pre-conditioning is
provided by scanning electron microscopy, SEM, and an illustrative

sample of the micrographs recorded of the UV pre-conditioned TiOy/
LDPE films, are illustrated in Fig. 4.

The images in Fig. 4 provide direct evidence of the surface disrup-
tion, accompanied by TiO» particle exposure, effected by UV pre-
conditioning the TiOy/LDPE film. Higher resolution SEM images of
these films are given in Fig. S9 of the ESI. These images are similar to
those reported by Lam et al. in their study of the effect on sunlight on
films of LDPE doped with photocatalytic particles of ZnO and Fe-ZnO

Fig. 4. Scanning electron micrographs of the TiO,/LDPE film UVA pre-conditioned (1.5 mW cm~?) for (clockwise starting from top left), 24, 36 72 and 144 h,
respectively. The white bar in each image represents 5 pm. UV pre-conditioning irradiance, 352 nm, 1.5 mW cm™~2).
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[29] and reflect the ability of these particles, as with those of TiO,, to
degrade the encapsulating polymer.

Interestingly, although the plot of initial rate vs UV pre-conditioning
time, t, suggests the rate is maximal after 60 h pre-irradiation, see Fig. 3,
the variation in CA vs UV pre-conditioning time profile, also illustrated
in Fig. 3, suggests that the number of particles of TiO2 exposed by the UV
pre-conditioning process continues to increase after t = 60 h, and that
the most active surface, with a CA value of 0°, is only achieved with t >
120 h. The further disruption of the surface of the TiO2/LDPE film with t
values >60 h is also very apparent from the SEM images of the films
illustrated in Fig. 4. Therefore, in order to ensure that the UV pre-
conditioned TiO2/LDPE film used to destroy viruses had the highest
activity, a UV pre-condition time of 144 h was used to activate the 30 wt
% TiO2/LDPE film used in all the work on viruses.

An obvious conclusion that one must draw from the results of this
work, and that of others [28,29], is that, with prolonged UV pre-
activation, or use, a TiOo/LDPE plastic film will eventually disinte-
grate. However, other work shows that even after 300 h UV pre-
conditioning, the TiO2/LDPE continues to be just as effective in photo-
catalysing the oxidative bleaching of MB, i.e. reaction (1), as a 144 h pre-
conditioned film. Evidence that a 144 h UV pre-conditioned TiO/LDPE
film does not readily lose its activity with prolonged use was provided by
using the same film to photocatalyse reaction (1) five times in succes-
sion, the results of which are shown in Fig. 5 in the form of the recorded
variation in the absorbance due to the MB at 665 nm, AAbsggs, Vs
irradiation time, t. The decay profiles illustrated in Fig. 5 are very similar
and show no evidence of decreasing activity with use, which suggests
that the 144 h UV pre-conditioned (352 nm, 1.5 mW cm™2) TiO,/LDPE
film is robust both photocatalytically and physically, even after expo-
sure to intense UV radiation (365 nm, 15 mW cm ) for a further 15 h. Tt
also should be remembered that the most likely use of such photo-
catalytic plastic films is as a low cost, added value (in that they are now
self-sterilising), alternative to current disposable plastic films, often used
extensively in the healthcare industry for example, and that as such they
would now usually be used for <1 day before being thrown away.

Additional evidence of the physical robustness of the 144 h UV pre-
conditioned, 30 wt% TiO2/LDPE film was provided by comparing the
measured initial rate of photocatalyzed oxidation of MB, i.e. reaction
(1), of the film before and after it was subjected to the 3 M Scotch Tape
test [46]. In this test a piece of tape is stuck to the film under test and
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then peeled off, along with any weakly adhering coating. Although the
30 wt% TiOy/LDPE film was only 30 pm thick, and the tape is 60 pm
thick, the photocatalytic film was undamaged when subjected to the 3 M
Scotch Tape test and its activity, as measured using the MB test
described above, was almost identical, i.e. 92% of the original, which
suggests that the photocatalytic coating in a 144 h UV pre-conditioned,
30 wt% TiO2/LDPE film is physically robust.

3.2. Destruction of Viruses on Activated TiO2/LDPE Films Using UV
Radiation

The photocatalysed inactivation of SARS2, EMCV, WSN and PR8 by a
144 h UV pre-conditioned TiO/LDPE plastic film using UV radiation
was studied using an irradiance = 1.5 mW cm 2 for all viruses except
SARS2 (0.25 mW cm_z). As noted earlier a UV irradiance of 1.5 mW
cm~2 was chosen to approximate that associated with sunlight after
having passed through a glass window. The results of this work, in the
form of log[virus] vs irradiation time, t, profiles are illustrated in Fig. 6,
along with those recorded for the same systems where no UV light was
used, i.e. in the dark.

These results show that for each of the 4 viruses tested, the active
concentration was reduced to a very low level (< 1 log(PFU/TCIDsg)
within 2 h irradiation. This indicates the UV precondition TiO,/LDPE
plastic film could act as a very effective, self-sterilising film under
approximate sunlit room conditions. Interestingly, from the decay pro-
files illustrated in Fig. 6, it appears that in the dark, the UV pre-
conditioned 30 wt% TiO2/LDPE film exhibits some ability to inacti-
vate all four viruses, most notably SARS2 and PR8. This, albeit limited,
antiviral activity may be due to the nm/pm roughness of the 144 h UV
pre-conditioned TiO,/LDPE film, illustrated in Fig. 4. A high-resolution
SEM image of this film is illustrated in Fig. S10 in the ESI and highlights
the significant roughness on the nm scale that is most likely responsible
for its modest dark antiviral activity with regard to SARS2 and PR8. It is
known that rough surfaces, especially those with features similar in size
to that of the virions, in this case 30-100 nm, are able to act as a ‘bed of
nails’ and physically damage them [47-51]. The typical reduction in log
[virus] levels by 1-2 over 3 h, observed for all 4 viruses on the UV pre-
conditioned TiOy/LDPE in the dark, see Fig. 6, is similar to that reported
for respiratory syncytial virus and rhinovirus inocula when deposited on
aluminum films with nanostructured surfaces produced by etching [51].
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It is well-know that UV irradiation can damage the RNA/DNA in
most viruses and, by doing so, inactive them [52-54]. Such UV inacti-
vation is possible because the conjugated double bonds in their purine
and pyrimidine rings have a specific absorption peak at 260 nm. As a
result, UVC (280-200 nm [55]) radiation can be particular effective in
inactivating viruses, but, as nucleic acids absorb little above 340 nm, the
365 nm UVA radiation used in this work, or the cool white light for that
matter, is unlikely to produce any significant inactivation of the viruses
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via the electronic excitation of their genetic material, unless they are
particularly sensitive. Indeed, a recent study of the UV action spectrum
for the deactivation of SARS2 revealed 278 nm radiation (UVC) was ca.
10,000 times more effective than either 365 (UVA) or 405 (visible) nm
radiation [56].

When the four viruses were tested on plain LDPE, some loss of
infectivity was observed with irradiation time for the SARS2, WSN and
PR8 viruses, as indicated by the relevant log(PFU/TCIDsy) vs UV

00
L
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Log (TCIDso / mL)

t/h

Fig. 7. Measured log(PFU/TCIDs,) vs irradiation time, t, profiles recorded for four different viruses deposited on just a LDPE plastic film and UV radiation, (open
circles). The closed circles data points were determined for the same systems but with no UV irradiation.
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irradiation time, t, profiles illustrated in Fig. 7. The loss of activity
exhibited by SARS2 is particularly striking given that all UV irradiations
of SARS2 were carried out using an irradiance (0.25 mW cm’z), which
was 6 x’s lower than that used with all the other viruses (1.5 mW cm’z).
This striking loss would seem to suggest that SARS2 is very sensitive to
UVA radiation, and yet the recent UV action spectrum study showed that
SARS2 is much more stable than other RNA viruses, such as IAV, when
exposed to UVA radiation and that a 2 log reduction in SARS2 loading
would require at least 12 h irradiation with 0.25 mW cm ™2 UVA, not the
apparent 3 h observed here, see Fig. 7 [56]. A likely major contributor to
the loss of infectivity exhibited by the influenza A viruses, WSN and PRS,
is the incident UV radiation which can cause damage in viral lipids,
proteins and RNA. Support for this is provided by the much-reduced
decay profiles exhibited by these same two viruses (but not by SARS2)
on LDPE under visible light irradiation, see Fig. S8 in ESI.

The cause of the loss infectivity in SARS2, and a contributor to that
exhibited by the WSN and PRS8 viruses, on LDPE and when exposed to
UV or visible light on LDPE, is most likely the heat emitted by the lamps,
which produced a small increase in the ambient temperature (by ca. 2°C
by the UVA lamps and ca. 1.5 °C by the visible lamps and the 0.25 mW
cm™2 UVA irradiation system, with room temperature = ca. 17.5 °C).
This is perhaps not too surprising given heat treatment is a widely used
method for inactivating viruses and is thought to work by denaturing the
secondary structures of proteins and other molecules like the lipid en-
velope, resulting in impaired molecular function, in particular the
ability to bind and enter the host cells. [54,57,58]. A previous study
shows that that SARS2 can be rendered inactive by heat by holding it at
56 °C for 30 min, or 95 °C for 3 min [59]. It follows in this work that, if
the heat of the lamps does effect some loss of viral activity, the small
temperature increase produced by irradiating sample, must be rendered
effective due by the significant exposure time, i.e. 3 h.

In contrast to the other 3 viruses, the infectivity of EMCV on LDPE
appears unaffected under UVA and visible light irradiation, which in-
dicates it is neither sensitive to the heat of the lamps or UV radiation-
induced damage. All 4 viruses on LDPE film were very stable in the
dark, as expected given its smooth and chemically inert nature.

A simple summary of the anti-viral activity exhibited by the 30 wt%
TiO2/LDPE film with, and without, irradiation with UVA and that of the
LDPE film, with UV irradiation, is provided the average rate of inacti-
vation (i.e. Alog[virus]/At) for each virus, under these three different
conditions. The value of Alog[virus]/At was calculated for each of the
decay profiles illustrated in Fig. 6 by first using the decay profile to
estimate values for the irradiation times at which log[virus] was equal to
4 and 1, i.e. ty and t7, respectively and where this was possible, the value
of the average rate, Alog[virus]/At, was calculated as follows,

Alog[virus]/At = 3/(t; — tg) (3)

However, for the many cases when the log[virus] level didn’t fall to
<1 over the 3 h period, such as in all the decay profiles illustrated in
Fig. 7, eq. (3) is inappropriate, and so in these cases the average rate was
estimated over the whole decay, using the follow expression,

Alog[virus]/At = —(log[virus]s o — log[virus]lg.25)/2.75 (4)

where, log[virus]s o and log[virus]g 25 were the measured values of
log[virus] at irradiation times 3 h and 15 min, respectively, taken from
the relevant decay plots in Figs. 6 and 7.

A histogram plot of the average rates, based on the decay plots
illustrated in Figs. 6 and 7 and calculated using eq. (3) or (4) as
described above, is illustrated in Fig. 8 and reveals that in the UV illu-
mination of the virus-coated, 30 wt% TiO,/LDPE film the order of virus
inactivation average rates is as follows, EMCV > > PR8, SARS2 > WSN
and that, when compared to no UV irradiation, the ratio of the rates was
13.2, 4.6, 3.1 and 3.0 for EMCV, WSN, PR8 and SARS2, respectively,
indicating a significant, sometimes very significant (as in the case of
EMCV), UV-driven, photocatalytic anti-viral effect.
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Fig. 8. Histogram plot of the calculated average inactivation rates for the 4
different viruses, for the (i) 30 wt% TiO,/LDPE film with UVA, (ii) 30 wt%
TiO,/LDPE film without UVA, and (iii) LDPE film with UVA. In this work the
UVA (365 nm) irradiance used was, 1.5 mW cm 2 for all but SARS2 (0.25
mW cm3).

3.3. Destruction of Viruses on Activated TiO/LDPE Films Using Cool
White Light

The photocatalysed inactivation of SARS2, EMCV, WSN and PR8 by a
144 h UV pre-conditioned TiO,/LDPE plastic film was also studied using
a cool white light source, comprising two, 15 W cool white fluorescent
tubes) radiation, UV irradiance = 0.047 mW cm ™2, which was chosen to
simulate a well-lit room. The log[virus] vs t profiles generated for the 4
different viruses, on the UV pre-conditioned TiOy/LDPE film, with and
without cool white light irradiation, are illustrated in Fig. 9 and show
that for each of the 4 viruses tested, the active concentration was
reduced significantly over the 3 h irradiation period. Thus, it appears
that the UV preconditioned TiO,/LDPE plastic film could act as a very
effective self-sterilising film in a room well-lit with cool white fluores-
cent lamps.

When the four viruses were tested on plain LDPE and irradiated with
cool white light, once again SARS2 exhibited a noticeable loss of ac-
tivity, as indicated by the relevant log(PFU/TCIDsg) vs UV irradiation
time, ¢, profiles illustrated in Fig. S11 in the ESI. This loss in activity is
almost the same as exhibited by SARS2 when irradiated with UVA ra-
diation, see Fig. 7, which suggests that both are primarily due to thermal
(rather than UV-induced) deactivation. In contrast, WSN and PR8 on
LDPE exhibited much reduced losses in activity when irradiated with
cool white light compared to UVA light, suggesting UV-induced deac-
tivation is significant on plain LDPE. Finally, once again, EMCV on LDPE
appeared largely unaffected when irradiated, i.e. it is stable both in
visible and UV light. To aid the above comparisons, the visible and UV
light decays exhibited by the four viruses on plain LDPE are illustrated in
Fig. S12 in the ESL

A simple summary of the anti-viral activity exhibited by the 30 wt%
TiOo/LDPE film with and without irradiation with a cool white light
(UVA irradiance = 0.047 mW cm*Z) and that of the LDPE film, with the
same cool white light irradiation, is provided by the histogram of the
calculated average rate (i.e. Alog[virus]/At) for each virus, based on eq.
(3) or (4), illustrated in Fig. 10.

This plot shows that in the case of the cool white light illumination of
the 30 wt% TiOy/LDPE film, the order of virus inactivation activity
average rates is, PR8 > > SARS2 > WSN,EMCV and that when compared
to no UV irradiation, the ratio of the rates was 4.5, 4.4, 4.3 and 2.3 for
WSN, PR8, EMCV and SARS2, respectively, indicating, once again, a
significant photocatalytic effect for all 4 viruses.
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Fig. 9. Photocatalysed inactivation vs irradiation time profiles recorded for the four different viruses using a 144 h UV pre-conditioned TiO5/LDPE plastic film and
cool white light, UV irradiance = 0.047 mW cm 2 (open circles). The closed circles data points were determined for the same systems but with no irradiation, i.e. in

the dark.
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Fig. 10. Histogram plot of the calculated average inactivation rates for the 4
different viruses, for the (i) 30 wt% TiO,/LDPE film with cool white light (CWL)
irradiation, (ii) 30 wt% TiO,/LDPE film without irradiation, and (iii) LDPE film
with CWL irradiaation. In this work the UVA (365 nm) irradiance from the CWL
was, 0.047 mW cm 2.,

3.4. Comparison of Photocatalytic Inactivation Rates

When the two histograms of average rate are compared, i.e. Figs. 8
and 10, there is no obvious correlation between the two irradiation-
induced inactivation rates, and so the ratio of UV and cool white rates
for EMCV, SARS2, WSN and PRS, are dissimilar, i.e. 3.1, 1.3, 1.1 and
0.70, respectively. However, for SARS2, WSN and PRS, it is striking how
little, if at all, the average rate is increased when the TiOo/LDPE films
are exposed to a significant level of UV irradiation (p = 1.5 mW em 2, or
0.25 mW cm™2), compared to when they are irradiated with cool white
lamps, with its much more modest UV irradiance component, p = 0.047
mW cm~2. This observation is not too surprising in that the rate of
photocatalysis is often found to depend upon p®> at high UV irradiances

and p at low values [21]. This feature also helps explain why several
research groups have reported [14,15,17,60] significant photocatalytic
virus inactivation under just room light conditions, where the UV irra-
diance is expected to be similar to that reported here for cool white
lamps.

Finally, it is useful to compare and contrast the photocatalytic virus
inactivation rates reported here with those reported in the literature for
other photocatalytic films, i.e. dry TiO, powder, colloid or sol-gel
coatings on an inert support substrate, using similar viruses. Thus,
Table 1 lists key details of these films, including average inactivation
rate values and light sources, alongside the results reported here
[12,16,17,61,62]. A brief inspection of the values of Alog[virus]/At
reported for SARS2 and IAV inactivation in Table 1, indicate that the 30
wt% TiO2/LDPE film is more effective than the other cited photo-
catalytic films.

The reported photocatalyzed inactivation of the human rotavirus
strain Odelia using a TiO film of particles on a fluorocarbon is slow
compared to that of SARS2 or influenza [63], which is consistent with
the fact that it is, unlike the latter, non-enveloped and so more stable.
However, the noted general stability of non-enveloped viruses does not
appear to extend to the photocatalytic inactivation of EMCV, when using
the 30 wt% TiO,/LDPE film, as indicated by the results in Table 1. The
apparent greater stability of the rotavirus, compared to EMCV, a
picornavirus, maybe be because the former has multiple capsid shells,
whereas the latter does not [63,64].

The results given in Table 1 suggest that the UV pre-conditioned 30
wt% TiO/LDPE film used here is effective in inactivating enveloped and
non-enveloped viruses, and exhibits an activity that is generally much
greater than those reported previously for TiO; films, using either UVA
or white fluorescent light sources. In addition, in contrast to the other
films in Table 1 and most examples of anti-viral photocatalytic TiOz
films per se, the 30 pm thick, 30 wt% TiO,/LDPE film is very flexible and
physically robust, which suggests that it could play a significant role in
the healthcare industry as a disposable, active self-sterilising plastic film
which functions well in both room light and window-glass filtered sunlit
conditions.
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Table 1
Reported TiO,-based photocatalytic inactivation rates [12,16,17,27,61,62].
Virus Substrate Light source Irradiance (mW cm ™ ?) /\Log [Virus] //At, h™! Ref.
TiO, film Substrate
SARS2 Glass fibre sheet (Powder) LED light (405 nm) 1.0 1.50 0.35 [16]
SARS2 Ceramic tiles (Powder) White FL. 610 Ix 0.88 - [17]
UVA (352 nm) 0.25 2.60 0.77 .
SARS2 LDPE (Powder) White FL. 0.047 2.03 0.73 This work
Influenza (PR8) Glass (Colloid) UVA (352 nm) 1.0 1.25 - [12]
Influenza (HoN5) Glass (Sol-gel) UVA (365 nm) 1.5 1.33 0.47 [27]1
Influenza (PR8) Glass (Colloid) UVA (352 nm) 0.1 0.90 0.10 [61]
UVA (352 nm) 1.5 2.81 0.95 .
Influenza (PR8) LDPE (Powder) White FL. 0.047 4.00 0 This work
UVA (352 nm) 1.5 1.70 1.27 .
Influenza (WSN) LDPE (Powder) White FL. 0.047 1.59 0.36 This work
Rotavirus (Odelia) Fluoroplastic (Powder) White FL. 2900 Ix 0.06 0.01 [62]
UVA (352 nm) 1.5 4.75 0 .
EMCV LDPE (Powder) White FL. 0.047 1.55 0.09 This work

4. Conclusions

A thin, 30 pm, flexible, robust LDPE film, loaded with P25 TiO,, once
activated using a UV pre-conditioning step, is able to effect the inacti-
vation of a range of different viruses, including SARS2. The average rate
of the photocatalysed inactivation of SARS2 is only 1.3 x’s faster when
using a dedicated, low intensity UVA source (0.25 mW cm_z) compared
to a cool white lamp (UVA irradiance = 0.047 mW cm’z), which sug-
gests the virus is particularly prone to inactivation by photocatalysis and
that the film will be effective in a room lit with just white fluorescent
tubes. The film is produced by extrusion, a common, large-scale process,
using very inexpensive materials. Although, at present, a long (144 h)
UV pre-conditioning step is required to render it photocatalytically
active, this time might be reduced significantly by using UVC, rather
than UVA radiation, as it is absorbed much more strongly (ca. 10 x’s)
and/or by using a much greater UV irradiance, i.e. > > 1.5 mW cm 2. It
may also be possible to activate these films using an alternative
approach, such as plasma treatment, which is a common, large-scale
process used to treat hydrophobic polymers, such as polyethylene, to
improve their wettability, since it damages the surface of the polymers
in a similar way as does photocatalysis and so should expose the pho-
tocatalyst particles. Both approaches to fast activation are currently
under investigation. If the activation of photocatalyst-loaded, extruded
thin, flexible plastic films can be readily carried out via a scalable,
inexpensive process, then it is likely to lead to a new commercial product
range, namely, inexpensive, self-sterilising, flexible, robust, plastic
films, which is likely to find many applications, including as an added-
value disposable plastic film for use in the health-care industry. The
need for a UV-activation step is clearly a negative feature of this film and
other negative features include that it is UV driven and less strong and
elastic than plain LDPE, see S1 in ESI. Both these negative features
would be readily overcome if a visible light-absorbing, active, low cost
alternative to TiO5 could be identified, since it would utilise much more
of the ambient light and by so doing would require use at much a lower
loading level. The current dominance of TiO; in all commercial exam-
ples of photocatalytic films (such as tiles, glass, paint and fabric) high-
lights the fact that such an alternative photocatalyst has yet to be found.
The thin, plastic, self-sterilising photocatalytic film reported here has
potential as a new commercial photocatalytic product, but, like all
current photocatalytic products, is likely to be markedly improved if a
suitable visible light absorbing alternative photocatalyst can be found.
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