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Abstract: Photocatalytic technologies represent an innovative method to reduce microbial load
on surfaces, even considering recent public health emergencies involving coronaviruses and other
microorganisms, whose presence has been detected on surfaces. In this review paper, the antimicrobial
efficacy of various photocatalysts applied by different coating methods on different surfaces has
been compared and critically discussed. Publications reviewing the use of photocatalytic coatings on
surfaces for antimicrobial effectiveness have been examined. Clear search parameters were employed
to analyze the PubMed, Scopus, and WOS databases, resulting in 45 papers published between
2006 to 2023 that met the inclusion criteria. The paper assessed various types of photocatalytic
coatings that targeted different microbial objectives. Based on the pooled data analysis, the TiO,
coating exhibited a substantial effect in decreasing bacteria strains, both Gram-positive and -negative
(99.4%). Although the diversity of these technologies poses significant obstacles to obtaining a
comprehensive final assessment of their effectiveness and feasibility for surface application, subgroup
analysis indicated significant variations in the removal efficiency of Gram-positive strains based on
different surface types (p = 0.005) and time of exposure (p = 0.05). Photocatalytic coatings provide
a promising approach to combating the spread of microorganisms on surfaces. Further “in-field”
investigations are necessary in the foreseeable future to explore and optimize this novel and exciting
health technology.

Keywords: photocatalysts; surfaces; coatings; disinfection; nanotechnologies

1. Introduction

Ensuring human health is the primary challenge of the twenty-first century. The
COVID-19 pandemic has brought to light how health threats can spread rapidly on a global
scale. One of the ways infectious diseases can spread is through “indirect contact” or
“fomite” exposure. Contaminated surfaces have the potential to transfer pathogens to the
mucous membranes of individuals, thereby making them more vulnerable to infections [1].
Indirect contact can play an important role in the spread of respiratory diseases [2—4]. More
resistant pathogens have a higher likelihood of spreading through the air or staying on
surfaces until they meet susceptible individuals [5]. The risk of transmission through
indirect contact depends on various factors, including the surface type [6,7].

Traditional disinfection methods typically involve using chemicals, ultraviolet radia-
tion (UV), or other physical treatments to reduce the microbial load and lower the infective
dose. Nevertheless, some bacteria can form biofilms and become resistant to these disinfec-
tion methods, making it more challenging to eliminate them [8,9]. Biofilms are present in
healthcare facilities and are not easily eliminated by disinfectants. Indeed, biofilms are a
breeding ground for pathogens, including multi-drug resistant organisms, and they are
linked to healthcare-associated infections (HAIs) [10]. Biofilms can form themselves to
various surfaces such as metals, plastics, or tissues. Their growth on medical devices and
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implants, such as heart valves, pacemakers, vascular grafts, catheters, prosthetic joints,
intrauterine devices, sutures, and contact lenses, is a significant concern because it can
lead to infections. There are several types of biofilms in healthcare settings, including
hydrated biofilms and dry surface biofilms, and these cannot be treated in the same way.
The inability to find an adequate technique significantly increases the disease burden on
patients and healthcare systems. Thus, it is essential to advance innovative methods to
combat the expansion of biofilms [11].

Several technologies, such as hydrogen peroxide steam, UV light, and heavy metal-
coated surfaces (copper and silver), have been proven to be effective for disinfecting
environmental surfaces. Researchers have been investigating designing surfaces with bacte-
ricidal or bacteriostatic activities for several years [12]. Various strategies have been used to
combat pathogens, including surface coatings with antibiotics, biocides, metals, enzymes,
and organic compounds [13]. The use of photocatalysts to coat surfaces, bestowing antimi-
crobial properties, is becoming increasingly useful. During the photocatalysis process, the
interaction of light with semiconductors results in the formation of highly reactive oxygen
species (ROS) such as hydrogen peroxide, singlet oxygen, superoxide radical anions, and
hydroxyl radicals [14-17]. During this process, ROS act as antimicrobial agents, causing
serious damage to nucleic acids, lipids, and proteins and inhibiting or exterminating mi-
croorganisms and pathogens. The field of nanobiotechnology has advanced significantly
in recent years, allowing for the synthesis of nanomaterials with specific shapes and sizes.
This has greatly improved the effectiveness of antimicrobial materials. Nanoparticles are
particularly effective for antibacterial activity due to their unique chemical and physical
properties, large surface areas, high heat stability and resistance, and broad-spectrum
antibacterial activities [14,15]. Current research is concentrating on developing nanostruc-
tured surfaces for disinfection using photocatalytic materials and visible light. Recently,
new strategies were proposed to overcome the limits of photocatalysts, such as the need to
use high-energy UV light, looking toward using visible light-driven photocatalysts [18-20].
The ideal material or coating should be activated under artificial light conditions, especially
considering the application in a hospital setting [18-22].

Based on the typologies of the coating process, the antimicrobial surfaces can be
classified as passive, reducing the adhesion of microorganisms, or active, killing microor-
ganisms upon contact. Passive or active surfaces can have several proprieties such as
super-wettability, super-hydrophobicity, superoleophobicity, and omniphobicity [21]. Sev-
eral technologies have been achieved to immobilize photocatalysts onto surfaces [22]. The
synthesis of nanostructured materials can be realized by approaches such as sol-gel routes,
hydrothermal and solvothermal methods, vapor- or plasma-assisted methods, or deposi-
tion of pre-synthesized nanostructured materials exploiting a wet-chemical process such
as impregnation, dip, or spin coating. Each synthesis process can have advantages and
disadvantages, and recent reviews have underlined, through a descriptive approach, the
several applications to contrast microbial loads and future thoughts in hospital settings
through descriptive approaches [23-26].

The purpose of the present systematic review and meta-analysis was to explore the an-
timicrobial effectiveness of several photocatalytic coatings on different surfaces, analyzing
the data coming from the available literature on this topic through a quantitative approach
and showing perspectives for the future.

2. Materials and Methods
2.1. Study Design and Strategy of Search

The Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA)
guidelines were used to identify eligible articles to explore the antimicrobial effectiveness
of photocatalytic coatings on surfaces [27]. The search strategy has been registered in
PROSPERO (reference number CRD42023449501).

Relevant literature on this theme was collected through a systematic search of three
electronic databases (PubMed, Scopus and Web of Science) that were interrogated using the
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following terms: (“(antimicrobial or antibacterial)” AND “surfaces” AND “photocatalysis”
AND “coating”). A search was conducted on three databases using different search criteria
such as title, abstract, MeSH terms, and keywords. The period considered for the article col-
lection was extensive to obtain a total overview of the topic (from June 2000 to 31 July 2023).
The reference lists of each article were also checked to find additional relevant citations.

2.2. Inclusion and Exclusion Criteria

This review only considered studies that were based on the English language; analytic
study designs; and “in vivo”, “in vitro”, and “in field” studies. Studies such as clinical
trials, reviews, meta-analyses, case studies, case reports, proceedings, qualitative studies,
editorials, commentary studies, studies without a control group, studies with incomplete
designs (such as ecological studies), and any other types of study were excluded from the
database. Extracted data from the three databases, such as titles and abstracts, were trans-
ferred to the site Covidence—Better systematic review management [28] for the relevance
assessment process. The process of selecting studies involved a several-step exclusion
process, involving four reviewers who independently investigated the titles and abstracts
of the studies. During this multi-step exclusion process, reviewer consensus was obtained.
Titles and abstracts acquired from the three databases were transferred to the reference site
Covidence—Better systematic review management for the relevance assessment process.
The next step was screening by title and abstracts the potentially eligible studies, following
the inclusion criteria stated above; the screening was conducted by 4 authors (EV,, FU,,
V.V, and G.L.) independently. Then, full texts were read independently by the 4 authors
(EV., EU., V.V,, and G.L.) with a later discussion about their inclusion in the review. Dis-
agreements were achieved by consensus among the authors. We included articles from
the inception to July 2023. The review process is represented in Figure 1 (PRISMA flow
diagram of the systematic review process).

2.3. Data Synthesis

We used Comprehensive Meta-Analysis (CMA) software v.4 (Biostat Inc., Englewood,
NJ, USA) to combine data. Our goal was to compare the effectiveness of a functionalized
surface coated with TiO, against different bacterial strains (negative and positive Gram
strains). To do this, we collected information on the rate of bacterial reduction, the wave-
length of the light source, the time of exposure, the type of surfaces, and the method of
coating. We calculated the eradication rates in both the case and control groups, as well as
any side effects, and reported them as an event rate. The 95% confidence interval (95% CI)
was also calculated. Hedges’ g standardized mean difference statistic was used to calculate
fixed and random effects model estimates. To evaluate statistically significant heterogeneity,
we used the I, (percentage of variation reflecting true heterogeneity), T, (random-effects
between study variance), and p-value from Cochran’s Q test. When there was good homo-
geneity amongst the studies included (I < 50%, p > 0.1), we employed the fixed effects
model. Conversely, the random effects model was used in cases where the studies included
shown significant heterogeneity (I, > 50%, p < 0.1). To perform a sensitivity analysis, the
effects model was altered, or individual studies were excluded. Funnel plots were also
utilized to explore potential publication bias. Meta-regression and subgroup analyses were
performed to explore the sources of heterogeneity expected [29-31]. For meta-regression
analysis, the wavelength, the time of exposition, the type of surfaces, and the method of
coating of the studies were considered.
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Figure 1. PRISMA flow diagram of the systematic review process.

3. Results and Discussion
3.1. Articles Selection

There has been a growing interest in using photocatalytic coatings to eliminate mi-
croorganisms, and this is well-reflected in scientific literature. Research related to the
combination of “antimicrobial or antibacterial” properties, “surfaces”, “photocatalysis”,
and “coatings” has increased exponentially in recent decades, as can be seen in Figure 2A.
Additionally, bibliometric analysis of the literature shows that a significant number of re-
searchers are actively studying this subject in more countries around the world (Figure 2B).

It is important to note that regions with lower research activity on this issue overlap
with those that should prioritize antimicrobial resistance surveillance, such as Sub-Saharan
Africa [32].

A total of 1462 records were found, and, after screening, 1245 were included, and 105
were assessed for eligibility. In total, 5 papers were excluded because they did not include
any control group, 24 articles because they considered textile surfaces, 5 articles did not
use any light source, and 26 articles because they were not pertinent. Finally, 45 articles
met the inclusion criteria and were included in the qualitative synthesis [33—77]. For each
article, the following data were reported: author, year, country, type of surface, type of
photocatalyst, dose of photocatalyst, type of coating method, details of coating method, and
main results (Table 1); author, year, country, microbial target, initial CFU (Colony Forming
Units), microbial reduction, light source, wavelength of light, distance of light source from
surface, characteristics of light source, time of light exposition, and test for evaluation of
antimicrobial activity (Table 2).
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Table 1. A summary of the key findings and main features of the studies that were included in the

systematic review.

T f . .
Author, Year, Type of Type of Dose of ypeo Details of Coatin .
Country S?llzface Phot}(I)IZatalyst Photocatalyst Sﬁ:ﬁ:gg Method 5 Main Results Reference
The cleaned substrate
was coated with Ag-TiO, Und .
using a spin coater at n er a.ny glven
2300 rpm for 30 s. The 1llu(:rlr_11:{nat1?}rl1
coating process was Aco_réol lgél’filn?s
Akgun et al. ) 6 mL of . . repeated three times, and hgad irll)creased
2011, Turkev Glass Ag-TiO, Ti[O(CH,)3CH3ls; Spin coating the resulting films were bactericidal and [47]
e 0.2 g AgNO; dried at 100 °C for 1 h i
e photocatalytic
Subsequently, the films activity

were calcined in air at
250 °C, 450 °C, and 650 °C
for 6 h and then cooled to
room temperature.

compared to
TiO; thin films.
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Table 1. Cont.
Type of . .
Author, Year, Type of Type of Dose of A Details of Coating .
Country Surface  Photocatalyst  Photocatalyst gloeiﬁgg Method Main Results Reference
The TiO,-coated
Glass pre-exposed to glass inactivates
UVA for 4 h, placed in a coronaviruses
Al 1 sterile dish. HCoV-229E ina
20§2argz etal, Glass TiO, NA NA was applied dropwise to  time-dependent [73]
+opain the surface and covered manner on
with transparent contact under
PVC film. daylight
illumination.
A glass substrate was After
loaded into the photoactivation
deposition chamber after with UVA
. pre-sputtering the target radiation for
gg{gh%ﬁﬁielt al, Glass TiO, NA glzu;t;ﬁgﬁ in pure argon (Ar) for 20 min, TiO, [66]
’ p 10 min. Then, a mixture coatings had a
of argon (Ar) and oxygen strong
(O,) gas was injected into bactericidal
the sputtering chamber. effect.
The substrate holder was
placed 20 cm above the
burner for 15 s to deposit
nanoparticles. The flame
annealing process was The compound
conducted 20 cm above  was photocatalyt-
SB‘I/%?eit al,, 2023, Glass Ag/TiOx NA Spin coating  the burner using a xylene ically active with [34]
flame under cooling the visible light
conditions. Stabilization exposition.
was achieved by
spin-coating at
100-500 rpm for 10 s and
at 10004000 rpm for 50 s.
Bacterial
concentration
Bonetta et al., . . 5 Chemical . was reduced for
2013, Ttaly Ceramics TO, 1 mg cm process No details. all the microbes (501
exposed to UV
irradiation.
o ety o
Chawengkijwanich Polypro . A Manual the oriented sy;le?get_lc effect /
et al., 2008, i {O)) N coatin olypropylene (OPP) film of TiO,-coated [40]
Thailand pylene & POYPIopy packaging film
using a bar coater at with UVA light
room temperature. ght.
Films were dip-coated
onto ceramic tile
substrates and annealed -
The films had
. onahotplateat 300 °C 1.0} Antibacterial
\Cﬁkgg; f;: al., 2012, Ceramic 5i0, /TiO, NA Dip coating for 5 min, after which the '8 a ciliqvit; %}e]rla [48]
substrates were calcined ine E. coli
at500 °C for 2h. This ~ Femoving &. co.
process was repeated
three times.
Deposition was carried AgyO also has a
out using an RF great ability to
magnetron sputtering Kkill bacteria
system with a gas flow which may be
rate of 40 scem. The due to the release
Chuang et al., Sputtering sputtering times were of Ag* ions and
2017, Taiwan Glass Zn0/Ag0 NA deposition 5min (Ag,0) and 30 min  the formation of (58]
(ZnO/Ag,0), with a photoelectrons
power of 30 W and a and holes to

working pressure of

2 x 1073 torr at room
temperature.

generate active
species to
destroy bacteria.
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Table 1. Cont.
Type of . .
Author, Year, Type of Type of Dose of A Details of Coating .
Country Surface  Photocatalyst  Photocatalyst gloeiﬁgg Method Main Results Reference
Slides were fixed to a There weée
motor-driven bar, which ir:gcarfealislar
Soementeetal,  Glass TiO, 054005mg  Dipcoating  and withdrawal rate of Jevels of [67]
4 3 cm min~ L. Then, they oxidative stress,
. . which over 24 h
were immersed in the were lethal for
TiO, suspension. S aureus.
Titanium (IV)
2.6 mL of bis(acetylacetonate) .
titanium (IV) diisopropoxide and Thesftlgg;s had
Cuadra et al bis Sputtering EtOH were mixed for tib tg al
2(;122’13 rSa gir? " Glass TiO,-Ag (acetylacetonate)  deposition; 30 min. The solution was ar; 1L tz}c er%? [35]
» 9P diisopropox- spray coating applied to a soda-lime , activities atter
. o irradiation under
ide (75 wt % in glass substrate heated to UV-light for 4 h
isopropanol) 450 °C and then heated to & ’
550 °C on a hot plate.
PVA was dissolved in .
boiling water, then I'TQSZQ{( ls;ﬁ%rﬁad
Poly C?iqled.dPYCthpiecel:s t\fvere photocatalytic
Deng et al., 2016, vinyl . 200 mL TiO, . . pped 1n the solution antibacterial
China chlo r}i]d e [-TiO, sol, 5 mL HI Dip coating and remoyed. Then, the activity, which [56]
(PVC) PVC pieces were can limit the
1mme1jsed in I-T1Q2 propagation of
solution to obtain the E. coli
[-TiO, /PVC. '
4,4'-Diphenylmethane
diisocyanate (MDI) and
polycarbonate diol
(PCDL) were each placed
in a vacuum dryer at
80 °C for 30 min to melt Under visible
prior to the reaction. light irradiation,
Photocatalytic After stirring the liquid (PTET-T-COOH)-
) Pol conductor ) mixture for T h at 80 °C, PU coating
Bﬁirﬁgal , 2022, %Zrlge polymer 14 mg Drop coating  the pre-polyurethane was ~ demonstrated an [74]
(PTET-T- ready. 1,4-Butanediol was inactivation of
COOH) added to the S. epidermidis
pre-polyurethane and concentration in
stirred for 30 min at
80 °C, and the
polyurethane (PU) was
prepared. The mixture
was dropped onto a
glass slide.
D iti
;I;stérlrirei“o]ﬁre The compound
() . killed 99.9% of
A . Si0,-coated glass slides ¢
tmospheric trer cleani ith an E. coli
pressure after cleaning I’Vlt w.;ter, suspension
Dunnill et al., i chemical acetone, petroleum ether, containing more
2009, UK Glass N-doped TiO, NA vapor .and propan-2-ol. The_ than 10% viable [43]
deposition slides were then placed in bacteria, when
(APCVD) an APCVD reactor and exposed under
heated from room white light for
temperature to 500 °C at 24
a rate of 10 °C/min. ’
Fl The titania deposition
lame- was carried out using a
assisted CVD -
hy tal cold wall N
(FACVD) (for AP%{?]%nqiaitoz rev;cator The TiO; film is
silica); . bio-active and
atmospheric and precursors were that the timescale
Evans et al., 2007,  Stainless . supplied via bubblers. o/ 1
UK ’ ’ teel TiO, NA pressure pp for 100% kill [38]
stee chemical The steel substrates were (g log reduction)
vapor cleaned with warm water  \y4q hetween 120
deposition and detergent before air and 180 min.
(APCVD) (for ) d_rymg. The silicon
titania) dioxide films were grown

in a FACVD reactor.
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Table 1. Cont.
Type of . .
Author, Year, Type of Type of Dose of A Details of Coating .
Country Surface  Photocatalyst  Photocatalyst gloeiﬁgg Method Main Results Reference
The glass substrate was
dipped into TiO; gel four 1y, nAg/nTiO,-
times, air-dried for 5 min coated sample
between each immersion, reached 5.3 éplog
Fuetal., 2023, . Dip coating; and then calcined. An ¢ 0
Israel Glass nAg/nTiO, NA Spray coating airbrush was used to virus reduction (361
spray TiO, suspension aft%r 901.mk11n
above the glass substrate, un err 1ght
which was then calcined source.
for 2 h at 200 °C.
The substrate was
dip-coated with a TiO,
film. The TiO,
suspension was prepared
from ethanol and T?ne;aiv\tgtsigrf%t?l
S}L:.O etal, 2013, Glass TiO, 79.87 g/mol Dip coating glycerol. Ther}, it was E. coli within a [51]
ina stirred for 15 min, before relatively short
the substrate was dipped tim}é
into it (for 5 min). ’
TiO,-coated glass was
calcinated at 450 °C for
120 min.
Soda lime silica glass was
rinsed with alcohol and
distilled water, then dried
at 100 °C. TiO; gel films
Fe-doped were obtained by coating The
TiO,— a precursor solution onto nanocomposite
Hossain et al., MWCNT - the glass. The coated could be used as
2018, Bangladesh Glass (multiwalled NA Drop coating substrates were an effective [63]
carbon pretreated and annealed ~ growth inhibitor
nanotubes) for 20 min at 200 °C. The of E. coli.
coating process was
repeated two times,
followed by annealing at
500 °C for 2 h.
TiO, suspension applied There was an
to glass slides by antibacterial
Smearing smearing and to glass egifér?;ils et ©
Jalvo et al., 2017, Glass TiO, > mL (glass slides); filters by impregnation. membrane [59]
Spain impregnation Substrates were dried at damage and
(glass filters) 110 "C .before and .after significant
deposition and weighed production of
to evaluate photocatalyst. ROS.
Electrosprayed drops Light exposition
were deposited on round caused
JSEgZiOHQt al. 2018, Glass TiO, 16.5 mL Spray coating  glass coverslips, attached membrane [64]
to a flat collector that was ~ damage, with no
horizontally arranged. cell regrowth.
Steel substrates were
cleaned by abrading
ngézﬂé followed by The pp-MOCVD
. . ultrasonication in a approach could
Krumdieck et al., | - A merlorgarlllc silicon-free pll?epresent a
2019, New Stee i0; N chemica detergent/water solution, strateey to [68]
Zealand vapor . : . 8y
d tion rinsed, and dried prior to support
ellz/([)g VD loading into the catalysts.
(pp- ) pp-MOCVD chamber for
a 30 min bake.
Substrates were T}éearcie‘;’;? a
immersed in sol and then reduction of
Leyland et al., Glass F, Cu-doped NA Dip coating drawn vertically. n\e logo = 4.2 [57]
2016, Ireland TiO, coated glass was dried (visible light) and
and heated at 550 °C for login = 1.8
90 min. g10 = .01
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Table 1. Cont.
Type of . .
Author, Year, Type of Type of Dose of A Details of Coating .
Country Surface  Photocatalyst  Photocatalyst gloeiﬁgg Method Main Results Reference
All chemicals were
La-, Ce-, Pr-, heated and placed in the
Li et al. 2022 and Gd mixer for 180 s. Then, the Theig pol}}lfu(;ea
ietal, , Polyurea  (RE-dopants)- NA NA polyurea was poured into coatngs had a [75]
Singapore doped Teflon molds and g)laced high bacterm{)dal
nano-ZnO in an oven at 70 °C to rate over 85%.
cure for 48 h.
The PVC sheets were . Thcel. d
immersed in the pre-irradiate
Li 1. 2008 Pplyl precursor suspension TiO,/PVC had
inetal, ’ viny TiO, NA Dip coating (THF) and then pulled an gxcellept [41]
China chloride out at a speed of antibacterial
(PVC) peed ot - adhesion and
1200 mm/h and dried in sterilization
air for 1 h. activity.
Sol was made by
controlled hydrolysis and
condensation. Ethanol The titanium
bwalf Sphlgm:(;s,hﬁod dioxide layers
. eakers. Par a
%Llléaré}grig:rl{ ’ Glass TiO, NA Dip coating water and nitric acid, and e??er::t\i]s?l] [45]
' y Part B had TPOT. Part A a Y
ecompose
was slowly added to Part K. rhizohila cell
B while stirring with a - TTHZOAE CELS.
magnetic stirrer for
30 min.
The dispersions were The S. aureus
applied as uniform reduction under
coatings on ceramic tiles. visible light
Nandakumar . ' Multiple A second coat of anatase gradually
etal., 2017, USA Ceramics TiO, NA coating was applied after the tiles ~ decreased with [60]
were dried. Coatings of  increasing cut off
silica were similarly limits up to
prepared. 550 nm.
. There is a short
400 me of the Petri dishes were treated term
H,Ti50; with compressed air and microbiocidal
Oder et al.. 2020 Polvst nanotube; smeared evenly. After the  effectiveness of
Slosfer?iaa i ¢ (;e}rlse y Cu-TiO, 100 mL of Smearing deposition, they were TiO; nanotube [70]
0.5 mM rinsed with water and coatings
solutuz)n of put in the oven at 60 °C irradiated with
Cu™* overnight. UVAon
L. pneumophila.
Ag-doped titania
17.02 g A dip-coating apparatus coatings were
Titanium . more photocat-
P t al., 2007, . " . . was used to eliminate the X
Uang eta Glass Ag-TiO, n-butoxide; Dip coating slide from the sol (speed alytlgally iind [39]
0.8510 g silver £120 in—1) antimicrobially
nitrate ° cm min 7). active than a
titania coating.
ALD consisted of the
different steps: 1. TiCly
pulse of 0.25 s; 2. purge
of 2's; 3. HyO pulse of
Pt(l)grlllé'e Atomic layer ]:())quSHT ; Athgléll;zgeo(;iftizosri A reduction was
Pessoa et al., Pol ’ TiO NA d . ay g p ’ observed in
2017, Brazil roly- 10, eposition the base pressure of the comparison to [61]
! dimethyl- ALD
y ( ) reactor was lower than control
siloxane 10~2 mbar, and the :

working pressure was
kept around of 1.0 mbar
through the insertion of
300 sccm of Nj.




under visible
light.
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Table 1. Cont.
Type of . .
Author, Year, Type of Type of Dose of A Details of Coating .
Country Surface  Photocatalyst  Photocatalyst gloeiﬁgg Method Main Results Reference
The films were prepared There was a ?igh
by spin-coating perﬁ:ﬁ%&i:eu
Pezzoni et al., . . . (3100 rpm for 30 s) on h :
2020, Argentina Glass O, NA Spin coating glass slides at 35 °C Cii;rugggig (711
solution temperature and nonl—:>trea ted
30% relative humidity. biofilms.
. . It was important
SiO; and Ag-doped SiO; 1 -, Ag I\?Ps and
layers were deposited TiO, are enclosed
Rold | ASIOy/ and heat-treated at togéther because
oldan et al., -Si0O, . . 450 °C for 30 min. The G .
2014, Argentina Glass i0, NA Dip coating TiO; coating was Sl}?z/ Ahg._};loz 521
heat-treated at 450 °C for b asa dlgl ef:;
1hand all the slides were aCterltCﬁai effect
coated on both sides. Ag-SiOy/TiO.
The glass surface was
84g pre-coated with a
(w/w = 10); solution consisting of 3-
18.8 aminopropyltrimethoxy The films had
(w/w = 20); silane (AMMO), distilled ehi‘gfﬂgr a
Sayilkan et al., . 4 322g . . water and isopropyl . .
2009, Turkey Glass TiO-5n™ (w/w = 30); Spin coating alcohol. Free hydroxyl a:ftflg?tcttﬁgﬁl [44]
50.1g groups, which are undoped TiO,.
(w/w = 40); composed of hydrolysis
752¢g of AMMO, behave as
(w/w = 50) bridge between the film
and the glass surface.
Ar and O, were :
introduced to the RF b T}}:rel cloatmg n
sputter chamber. The ecbe ;)p([))gli};fia
Shieh et al., 2006, Glass; . Sputtering substrate of sputter was 3
Taiwan steel TiO, NA deposition loaded and after 120 s of effefctlvely.t(})l 33]
deposition, the thickness d.sflflr acte:(siwﬁ
of the TiOx thin film was tilerent degrees
about 120 nm. of roughness.
Sputtering was
performed in pure argon
at a pressure of 4.4 Pa.
TiO, targets of 100 mm
diameter. For APCVD,
Sputtering titanium
deposition; tetraisopropoxide (TTIP) The strongest
atmospheric ~ Was used as a precursor  pactericidal effect
Szczawinski pressure and stored in a glass of UV radiation
etal., 2011, Ceramics TiO, NA chemical Dreschler bubbler and was observed on [46]
Poland vapor maintained at 210 °C. the surfaces of
deposition Argon carrier gas was tiles coated with
(APCVD); used to transport the TiO, by APCVD.
spray coating  TTIP through silicon and
quartz lines to the vertical
tube furnace. For spray
coating, the same
technique was used as for
APCVD.
There was an
antibacterial
Tallésy et al effect against
28125{1313 o Glass Ag-TiO, 0.6 mg/cm? Spray coating No details. methicillin- [53]
! gary resistant S. aureus
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Table 1. Cont.
Type of . .
Author, Year, Type of Type of Dose of R Details of Coatin, .
Country S{;l;face Phot}(,)lZatalyst Photocatalyst gloeiﬁgg Method & Main Results Reference
ZnO thin films were
deposited on soda lime There "i’as a
Thongsuriwong glass substrates by the __complete
etal., 2013, Glass ZnO NA Dip coating dip-coating method at a mgc?(;;?tlﬁnr()f [49]
Thailand withdrawal speed of 60 mii Oef
1 cm/min at room irradiation.
temperature.
The Pt pre-deposited
glass substrates were .
placed in a three zone PtSe; coatings
Chemical Vapor ar?tﬁ}bgiltteercilal
Todorova et al., Gl PtS NA Sputtering De};osﬂ}llon (ICVD) r.eactor behavior against 137]
2023, Bulgaria ass €2 deposition or t § se erlglzatlon E. coli in dark ’
procedure. Pt/glass and UV
samples were positioned irradiation
in the thermal plateau of conditions.
the central temperature
zone (~500 °C).
The electrospray
operated in a stable
cone-jet mode at room
temperature. The dry
particles were deposited
onto prewashed round There was
glass coverslips attached % (2-
e ity I s
bacterial suspension was reduction.
loaded into a nebulizer,
which generated an
aerosol of 7 uL. cm~2,
which was then applied
on ZnO coated and
uncoated glass surfaces.
There was a
The cover-glasses were difference in
covered with coatings antibacterial
and placed under a sterile ~ activity beltween
Verdier et al., . : flow hood for air drying. simple .
2014, France Glass TiO, 139¢g/L Drop coating Then, the yme drop-deposited [54]
semi-transparent coatings ~_ inoculum and
were sanded with fine inoculum spread
sandpaper. under a plastic
film.
Ethylene-vinyl acetate
(EVA) polymer granules
were dissolved in hexane After 30 min of
by vigorous stirring at visible-light
OAzgl% ;"f 40 Og temperature for 3 h. illumination,
Vihodceva et al., Ag/AgCl/ o~ ’ . . The suspension was there was a
2022, Latvia Glass & Fezgo3 OZCOIEJI n(l:If .Of Spin coating depositlzd on cover >7-log reduction [76]
2 lasses using the of S. aureus, even
0.400 g «-Fe; O & S g th
spin-coating technique after 3 cycles of
(4000 rpm, 20 s). Then, use.
the surfaces were heated
at40 °C for 2 h.
Glass substrate was
etched in HCl for 30 min, N-Ag/anatase-
rinsed, and dipped TiO, ;100 nrln
Won et al., 2018, . . . 10 times in TiO,-ethanol coated sample
USA Glass Ag/TiO, NA Dip coating solution thazt was had the lowzst [65]
prepared by suspending  post-UV bacterial
TiO; in ethanol for attachment.
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Table 1. Cont.
Type of . .
Author, Year, Type of Type of Dose of A Details of Coating .
Country Surface  Photocatalyst  Photocatalyst gloeiﬁgg Method Main Results Reference
Chitosan was dissolved .
in acetic acid, and then The ABACisa
Fe-TiO, powder and promising
Xi L 2014 Fe-doped Epichlorohydrin were ant}bacterl?ll
Clhap etal, 2014, Glass TiO, with 005¢g Drop coating added. Then, the coating, usefu [55]
mna chitosan suspension was spread for dpmestlc,
on a slide glass, and the Iﬂi‘yﬁ:h iaarlld
novel anti-fungal coating licati
(ABAC) was prepared. apprications.
The B—Bi203 /Bi202A7 film
was immersed
horizontally in AgNO3
Poly solution for 30 min and The film was able
Xu et al., 2022, vinyl Ag-d];c oorated NA Di i then washed. The films to significantly (7]
China chloride B-BiO3/ 1p coating were immersed reduce E. coli
(PVC) Biy Oy 7 horizontally in ascorbic (>99.99%).
acid solution for 20 min,
and they were rinsed and
dried at 60 °C in air.
The catheters were
dipped into an The coating
ethanol-ethyl acetate could be useful
solution of modified and reusable as
Yao et al., 2008 silicone resin and into an an antimicrobial
Japan i ¢ Silicone Ag/TiO, NA Dip coating ethanol-water solution of coating for [42]
P TiO, sol and silicon oxide ~ medical devices
compounds. After each against
dip-coating, the samples nosocomial
were heated and infections.
then cooled.
Spray TiO; in ethanol on Ev;endafter
a steel surface. Put a repeated use up
plastic cutting board on ctooaf)irtllgms%(’):\?: g
Yemmjreddy Polyeth . 5 . the TiO,-coated SS plate. . PO
etal, 2017, USA ylene O, 00625 mg/cm®  Spray coating Compress with Carver® hliﬂg :trrikr)llglg1 v 12
pressoftgarllas:teii 1O, photocatalytic
rop bactericidal
cutting board. properties.
Prior to the sputter .
deposition, the chamber The ctoatlng had
was pumped down to a b S ror}g.e; 1
Titanium ) residual gas pressure of r?)cptg‘ltg(les E’io
Zhao et al., 2020, alloy ) MOAO3-8102- NA Sputte.r%ng 5 % 10~4 Pa. The ram-negative [72]
China rods (Ti :510] deposition substrate samples were
and
6Al-4V) etched by Ar ion

bombardment at a
potential of —650 V for
20 min.

Gram-positive
bacteria and
fungi.
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Table 2. Details of the microbial activity of the papers considered in the review.
Distance of ... . Test for
Author, Year, Microbial Initial CFU Microbial Light Source Wz‘fliliﬂ;lgtth Light Chir,fa;tielil‘itlcs Tirineh(t)f Evaluation of Reference
Country Target (CFU/mL) Reduction & & Source from 8 st Antimicrobial
(nm) Source Exposition ..
Surface (cm) Activity
Disk diffusion
assay;
UV-induced
bactericidal
test;
qualitative Ag
Akgun et al. ' » , ion release in
2011, Turke ’ S. epidermidis NA 100% uv 365 3 0.2 W/m 3h;6h;12h bacteria [47]
’ y s
inoculated
agar media;
surface
topographical
examination
by laserscan
profilometry
Alvarez et al COE)‘;I:‘Z?LIS D65 (radiation Endpoint
L NA 99% of virus titer that emu-lates 380-750 25 1.8W 234 min titration [73]
2022, Spain 229E day-light) method
(HCoV-229E) y-ig
Barthomeuf
etal., 2019, L. monocytogenes 108 2.5log uv 400 2 14 W/m? 20 min Plate counting [66]
France
1.4 log (E. coli after
15 min); 1.8 log (E.
coli after 90 min); 1.2
. ) (P. aeruginosa after 15 min;
Bletsa etal, E. coli; 5. aureus; 108 15 I‘I%jn); 2.7 Visible 400-600 NA 300 W 30min; 1h;  Plate counting [34]
2023, Sweden P. aeruginosa . .
(P. aeruginosa after 90 min

90 min); 1.3 (S. aureus
after 15 min); 1.5 (S.
aureus after 90 min)
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Table 2. Cont.

Distance of - . Test for
Author, Year, Microbial Initial CFU Microbial Light Source Wz‘f";}:lllg,[th Light Ch?)rfa;tierll:tlcs Til?eh(t)f Evaluation of Reference
Country Target (CFU/mL) Reduction 8 & Source from 8 s Antimicrobial

(nm) Source Exposition . .
Surface (cm) Activity
E. coli: 1.5 log
Bonetta et al E. coli; S. aureus; af(l)oml(rg)(; rsr;iilb;relgsz 20 min;
2013 Ttaly P. putida; L. 10* ui. 12 05 o uv 350-380 10.3 9 W/m? 30min1h, Plate counting [50]
Py innocua putiaa: 9.5 108 180 min
(30 min); L. innocua:
0.5 log (20 min)
Chawengkijwanich
et al., 2008, E. coli 107 3log uv 300-400 NA 20 V\ll x 2LED 3h Plate counting [40]
Thailand amps
Chien et al., . 9 .. .
2012, Vietnam E. coli 10 70% Visible NA NA 18 W 24 h Plate counting [48]
g&‘;ﬂiﬁ:ﬂl E. coli; S. aureus 104 100% Visible NA 30 20W 3h Plate counting [58]
%‘;g“%‘ltf etal, S. aureus 25 x 10° 100% UV 360 4 10 W/m? 24h Plate counting [67]
Cuadra et al., . 5 2 .
2023, Spain E. coli 4 x 10 93% uv NA NA 05W/m 4h Plate counting [35]
gﬁ?faet al,, 2016, E. coli 107 100% Visible 420 NA 300 W 30min  Plate counting [56]
etk 2022 opidermidis 108 100% Visible NA NA 0.08 W/m? 6h Plate counting ~ [74]
24 h (only
Dunnill et al the surface)
2009, UK v E. coli 107 99,9% uv 254 20 28 W +24h Plate counting [43]
, (surface +
E. coli)

Evans etal,, E. coli 10° 100% uv NA NA NA 3h Plate counting [38]

2007, UK
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Table 2. Cont.
Distance of . . Test for
Author, Year, Microbial Initial CFU Microbial Light Source Wz‘f";}:lllg,[th Light Ch?)rfa;tierll:tlcs Til?eh(t)f Evaluation of Reference
Country Target (CFU/mL) Reduction 8 & Source from 8 s Antimicrobial
(nm) Source Exposition . .
Surface (cm) Activity
i‘;:;lal" 2023, MS?2 virus 100 0.5 log reduction uv 365 15 NA 90 min Plate counting [36]
Sﬁ; Zt al., 2013, E. coli 1x10° 100% UV NA NA 10 W/m? 1h Plate counting [51]
Hossain et al., o . .
2018, E. coli NA >80% (Fe-T10,); Visible NA 20 200 W 1h Plate counting  [63]
>90% (Ag-TiO,)
Bangladesh
. LIVE/DEAD
]Sal";et al, 2017, 5. e F NA 99.9% uv 290-400 20 11.2 W/m? 2h Biofilm [59]
pa P Viability Kit
LIVE/DEAD
{j‘l";et al., 2018, S. aureus 108 99% uv NA NA 11.2 W/m? 18h Biofilm [64]
pa Viability Kit
Krumdieck o )
etal,, 2019, New E. coli 107 99:9% (UV); 3 log uv 365 NA NA 4h Plate counting [68]
(visible)
Zealand
Leyland et al, S. aureus 1% 10° logyg = 4.2 Visibl NA NA NA 24h  Plate counti [57]
2016, Ireland . ogio = 4. isible ate counting £
. .. 3.20 log mL~! (E. LIVE/DEAD
éllrf taal};rzeozz' afr',f 011; 01; NA coli); 3.92 log mL~! uv NA NA NA 25 min Biofilm [75]
&ap 3 (P. aeruginosa) Viability Kit
g‘lﬁ; al., 2008, E. coli 104 100% UV 365 NA 8W 90 min Plate counting [41]
Muranyi et al I:}.)(’;zfsozpfllzl; 3 logg (k. rhizophila),
. . 5 . 2 .
2010, Germany niger and B. 10 0 (spores of A. niger UVA NA NA 0.027 W/m 4h Plate counting [45]

atrophaeus

and B. atrophaeus)
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Table 2. Cont.
Distance of ... . Test for
Author, Year, Microbial Initial CFU Microbial Light Source Wz‘f";}:lllg,[th Light Ch?)rfa;tierll:tlcs Til?eh(t)f Evaluation of Reference
Country Target (CFU/mL) Reduction 8 ( g) Source from S 8 E 8 ti Antimicrobial
nm Surface (cm) ource xposttion Activity
ij}d%‘yigg A S. aureus 2 x 10° 45% UV; Visible 300-450 NA 1.8 W/m2 18h Plate counting [60]
giﬁgﬁ;aal" 2020, 1 pneumophila 300 90% uv 365 23 15 W/m? 24h Plate counting [70]
) .10 (S. aureus; o )
Ef;fe etal, 2007, 5. ””gez‘;r'eﬁ‘s coli; £ coliy; 108 (B, Cgeiis/ ) (29‘;”22”5;05) uv 365 NA 8W 6h Plate counting [39]
’ cereus) ! '
70.4%
Egi;?%f;;{’ C. albicans 106 ii?)ggﬁii;?;{éggﬁ uv 365 NA 10 W/m? 1h Plate counting [61]
ane)
Plate counting;
Pezzoni et al., . o membrane
2020, Argentina P. aeruginosa NA 99.9% uv 365 NA 18W 3h integrity [71]
evaluation
E coli- L 1 x 10° (E. coli; 45 min (E.

Roldan et al monocytogenes; . m)(?qoiy?(_)g C‘lei(f 'er;:;?_ LIVE/DEAD

v sporesof B.  8¢NeS) L X7 85% uv 365 NA 6 W yrogenes); Biofilm [52]
2014, Argentina anthracis and C (B. anthracis 2h (B. Viabilitv Kit

perfringens ' and C. anthracis and Y

perfringens)

C. perfrigens)




thickness of 12 nm)
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Table 2. Cont.
Distance of ... . Test for
Author, Year, Microbial Initial CFU Microbial Light Source Wz‘f";}:lllg,[th Light Ch?)rfa;tierll:tlcs Til?eh(t)f Evaluation of Reference
Country Target (CFU/mL) Reduction 8 ( g) Source from S 8 E 8 ti Antimicrobial
nm Surface (cm) ource xposttion Activity
E. coli: 58.8%
(w/w =10); 66%
(w/w = 20); 95.1% 2 1 h (prior to
(w/w = 30); 98.6% 11(22;/;1? bacterial
coiancta WA oy Rl et
4 v E. coli; S. aureus 107 R surface was NA 20 treatment, the . Plate counting [44]
2009, Turkey S. aureus: 68.2% . - . with
irradiated) surface with ) m
(w/w =10); 78.3% . 4t TiO»-5Sn
o TiO,-5n** was
(w/w = 20); 96.9% irradiated) was
w/w = ; 99.9% irradiate
Jw = 30); 99.9% frracuate irradiated
(w/w = 40); 99.9%
(w/w = 50).
Shieh et al., 2006, E. coli 108 99.9% Visible (steel); NA NA 15Wd 5h Plate counting [33]
Taiwan UV (glass) lamps
Szczawinski 16 W x 4
etal., 2011, S. aureus 2.5 x 108 5.48-7.17 log uv 254 0,57 lamos 120s Plate counting [46]
Poland P
2811125%’13;;} y S. aureus 104 99.9% Visible 405 NA NA 2h Plate counting [53]
Thongsuriwong
etal., 2013, E. coli 2.3 x 10° 100% uv NA NA NA 1h Plate counting [49]
Thailand
Bacteria viability
Todorova et al 7.3% (Pt8s = LIVE/DEAD
2023, Bulearia E. coli 2 x 10° thickness of 9 nm) [9AY NA NA 0.1 W/m? 6h Biofilm [37]
s PUE and 1.2% (Pt 10 s = Viability Kit
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Table 2. Cont.
Distance of ... . Test for
Author, Year, Microbial Initial CFU Microbial Light Source Wz‘f";}:lllg,[th Light Ch?)rfa;tierll:tlcs Til?eh(t)f Evaluation of Reference
Country Target (CFU/mL) Reduction 8 & Source from 8 s Antimicrobial
(nm) Source Exposition . .
Surface (cm) Activity
Plate counting;
Valenzuela et al., s o 2 LIVE/DEAD
2019, Spain S. aureus 10 >99.5% uv 365 20 27 £ 3W/m 2h Biofilm [69]
Viability Kit
Verdier et al., . 3 > .
2014, France E. coli 10 —0.91 +0.14 log uv NA NA 25W/m 6h Plate counting [54]
V1hodceva. etal, S. aureus 107 100% Visible NA NA 20W x 2LED 30 min Plate counting [76]
2022, Latvia lamp
LIVE/DEAD
Won et al,, 2018, E. coli 108 80% uv NA 20 1000 W 45 min Biofilm [65]
USA 1 .
Viability Kit
. . 99.9% (E. coli); 97%
Xiao etal., 2014, E. coli; C. 9.6 x 10* (C. albicans); 95% (A. Visible NA NA 100 W 2h Plate counting [55]
China albicans; A. niger .
niger)
éﬁiitaal" 2022, E. coli 107 >99.9% Visible NA NA 5W 18h Plate counting [77]
20 min (E.
5 ) coli); 90 min Cell
;;aoait al., 2008, E'PC (jzlélrj ?;;;;S’ 10° 99% uv NA NA 10 W/m? (S. aureus); attachment [42]
P AeTug 1h (P method
aeruginosa)
Yemmireddy . 7 5+ 0.05 .
etal, 2017, USA E. coli 10 5.711og uv 254 NA W/m? 3h Plate counting [62]
E. coli; S. 100% (E. coli; S.
Zhao etal.,, 2020,  typhimurium; S. 5 typhimurium; S. . .
China aureus; C. 1 x 10 aureus); 95,5% (C. Visible NA NA NA 1h Plate counting [72]
albicans albicans)
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3.2. Characteristics of the Selected Studies

The 45 articles included in the systematic review were published between 2006 [33]
and 2023 [34-37], showing a positive growth trend: one article was published in 2006 [33],
two in 2007 [38,39], three in 2008 [40-42], two in 2009 [43,44], one in 2010 [45], two in
2011 [46,47], one in 2012 [48], three in 2013 [49-51], four in 2014 [52-55], two in 2016 [56,57],
five in 2017 [58-62], three in 2018 [63-65], four in 2019 [66—69], three in 2020 [70-72], five in
2022 [73-77], and four in 2023 [34-37]. Research related to the antimicrobial properties of
photocatalytic processes has exponentially increased over the last few decades. Identifying
alternative technologies to traditional methods is a necessary challenge for human health
and ecosystem protection. Furthermore, the awareness of co-infection about COVID-19
has compelled researchers to explore potential solutions. This section discusses methods
that have been used to prevent the growth of bacteria and fungi or as antiviral agents,
such as carbon-based nanomaterials [78-81]. It is worth noting that photocatalysis has
proven to be highly effective in inactivating various microorganisms, even resulting in
their complete decomposition [82-84]. The main application of photocatalysis is in the
preparation of self-cleaning surfaces. Several in vitro studies have shown its potential
effectiveness as a semiconductor active in matrices such as water, air, and surfaces against
various microorganisms. Although it has been tested in hospital settings, further research
is needed to determine its effectiveness in real-world scenarios [85-89]. Moreover, there
has been a recent increase in interest in using photocatalysis for indoor air purification and
water treatment but also for assembly of masks and clothes and medical purposes such as
wound healing [90-92].

Research in this field shows a global dimension and the studies were achieved in
different countries: seven trials were performed in China [41,51,55,56,72,74,77], five in
Spain [35,59,64,69,73], four in UK [38,39,43,67], three in USA [60,62,65], two in France [54,66],
two in Taiwan [33,50], two in Turkey [44,47], two in Thailand [40,49], two in Argentina [52,71],
one in Ireland [57], one in Singapore [75], one in Slovenia [70], one in Vietnam [48], one in
Bulgaria [37], one in Israel [36], one in Germany [45], one in Latvia [76], one in Sweden [34],
one in Brazil [61], one in Italy [50], one in Hungary [53], one in New Zealand [68], one in
Poland [46], one in Japan [42], and one in Bangladesh [63]. All the studies considered a
particular type of surface, a microbial target and a photocatalyst. Furthermore, they all
presented microbial reduction data and a test for the evaluation of antibacterial properties.

For each study included in the systematic review, several factors that affected the effec-
tiveness of disinfection were extracted, such as type of surface and photocatalyst, dosage,
the process of deposition techniques, type of microorganisms, light source, and time of expo-
sure. This operational parameter could affect the efficiency of the photocatalytic disinfection
process. As shown in Table 1, 28 articles considered glass surface [33-37,39,43-45,47,49,51—
55,57-59,63-67,69,71,73,76], 4 ceramics [46,48,50,60], 3 steel [33,38,68], 3 polyvinyl chloride
(PVC) [41,56,77], 2 polyurethane [61,74], 1 polyurea [75], 1 polystyrene [70], 1 polypropy-
lene [40], 1 titanium alloy rods (Ti-6Al-4V) [72], 1 polyethylene [62], 1 polydimethylsilox-
ane [61], and 1 silicone [42].

Regarding photocatalysts, 19 articles considered TiO, [33,38,40,41,45,46,50,51,54,59—
62,64,66-68,71,73], 8 Ag with TiO, [34-36,39,42,47,53,65], 2 ZnO [49,69], 1 SiO, /TiO;, [48],
17Zn0O/Ag,0O [58], 1 I-TiO; [56], 1 Photocatalytic conductor polymer (PTET-T-COOH) [74],
1 N-doped TiO; [43], 1 Fe-doped TiO,-MWCNT (multiwalled carbon nanotubes) [63], 1 F,
Cu-doped TiO; [57], 1 La-, Ce-, Pr-, and Gd (RE-dopants)-doped nano-ZnO [75], 1 Cu-
TiO, [70], 1 Ag-SiO,/TiO, [52], 1 TiO»-Sn** [44], 1 PtSe; [37], 1 Ag/AgCl/ a-Fe,O; [76],
1 Fe-doped TiO, with chitosan [55], 1 Ag-decorated (3-Bi2O3/BiyO,.7 [77], and 1 MoOs3-
5i0,-Ag>0 [72]. Among several materials tested, TiO, is the most suitable for use in
photocatalytic processes compared to ZnO, CeO,, SnO,, ZrO,, CdS, and others. TiO,,
also known as white pigment, is commonly used as an additive to building and coating
materials due to its high photocatalytic activity, physical and chemical stability in the dark,
non-toxicity, lack of corrosion, and low cost [24].
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The photocatalyst’s effectiveness depends on the rate of ROS production at the semi-
conductor surface, which is influenced by various factors. These factors include material
morphologies, element doping, oxidant addition, high surface area, and high light inten-
sity [93]. The surface morphology of the photocatalyst has a direct impact on the adsorption
of contaminants, which is crucial for photo-mineralization. The structure and features of
the substrate significantly impact the effectiveness of disinfection. A greater pore structure
and rougher surface can enhance the loading capacity of photocatalytic materials, as well
as the adsorption capacity and contact area of the photocatalyst [94]. In addition, the loose
texture structure and light scattering performance have significantly increased the specific
surface area and light absorption capacity [95]. Moreover, the other aspects affected the dis-
infection efficiency, such as the wettability of surfaces depending on the super-hydrophilic,
super-hydrophobic, and super-amphiphilic properties of the materials [96].

The dosage of photocatalysts is a crucial factor in defining the efficiency of disin-
fection or microbial load inactivation. However, the dose of photocatalyst used was
always not mentioned in all the works, and the quantity is very different in several
experiment designs: 6 mL of Ti[O(CH,)3CH3]4; 0.2 g AgNO; [47]; 1 mg cm 2 [50];
0.5 £ 0.05 mg [67], 2.6 mL of titanium (IV) bis(acetylacetonate) diisopropoxide (75 wt % in
isopropanol) [35]; 200 mL TiO; sol, 5 mL HI [56]; 14 mg [74]; 79.87 g/mol [51]; 2 mL [59],
16.5 mL [64]; 400 mg of the H,Ti3O7 nanotube; 100 mL of 0.5 mM solution of Cu?* [70];
17.02 g Titanium n-butoxide; 0.8510 g silver nitrate [39]; 8.4 g (w/w = 10); 18.8 g (w/w
=20); 32.2 g (w/w = 30); 50.1 g (w/w = 40); 75.2 g (w/w = 50) [44]; 0.6 Mg/cm? [53];
13.9 g/L [54]; 0.200 g of AgNOgz; 0.200 mL of CH,Cl,; 0.400 g x-Fe,O [76]; 0.05 g [55];
and 0.0625 Mg/cm? [62]. There are various deposition techniques available to obtain
nanostructured materials, including conventional and established methods, as well as
emergent and alternative approaches. These methods involve coating directly on the
surface or deposition of pre-synthesized nanostructured materials. The type of coating
was not indicated in the works of Alvarez et al., 2022 [73], and Li et al., 2022 [75]. In the
other works, the type of coating was: (i) method based on coating directly on the surface
as a physical vapor deposition, including sputtering deposition [33,35,37,41,46,58,66,72]
and spray coating [35,36,46,53,62,64,69]; (ii) deposition of pre-synthesized nanostruc-
tured materials, including dip coating [33,36,39,41,42,45,48,51,52,56,57,65,67,77], spin coat-
ing [34,44,47,71,76], drop coating [54,55,63,74], atmospheric pressure chemical vapor de-
position (APCVD) [38,43,46], chemical process [50], manual coating [40], flame-assisted
CVD (FACVD) [38], smearing [59,69], impregnation [59], pulsed-pressure metalorganic
chemical vapor deposition (pp-MOCVD) [68], atomic layer deposition (ALD) [61], and
multiple coating [60].

As shown in Table 2, 27 articles considered Escherichia coli as a microbial
target [33—43,48-52,54-56,58,62,63,65,68,72,75,77], 16 Staphylococcus aureus [34,36,39,42,46,
50,53,57-60,64,67,69,72,76], 4 Pseudomonas aeruginosa [34,42,71,75], 3 Candida albicans [55,61,72],
2 Pseudomonas putida [50,59], 2 Aspergillus niger [45,55], 2 Listeria monocytogenes [52,66],
2 Staphylococcus epidermidis [47,74], 1 Legionella pneumophila [70], 1 MS2 virus [36], 1 Kocuria
rhizophila [45], 1 Bacillus atrophaeus [45], 1 Bacillus cereus [39], 1 Salmonella typhimurium [72],
1 Bacillus anthracis [52], 1 Clostridium perfringens [52], 1 Listeria innocua [50], and 1 Human
coronavirus 229E [73]. Bacteria can be classified in “Gram-positive” and “Gram-negative”,
based on the color they take on in Gram staining. This method uses crystal violet dye,
which is retained by the thick peptidoglycan cell wall present in Gram-positive bacteria
(20 to 80 nm, compared to 2-3 nm in Gram-negative bacteria). Therefore, this reaction gives
these microorganisms a blue color [78]. Specifically, considering Gram strains, 21 articles
of this systematic review considered Gram-positive bacteria (S. aureus, L. monocytogenes,
S. epidermidis, K. rhizophila, B. atrophaeus, B. cereus, and B. anthracis), and 29 articles consid-
ered Gram-negative bacteria (E. coli, P. aeruginosa, P. putida, L. pneumophila, S. typhimurium,
C. perfringens, and L. innocua). Also, two articles considered viruses (Human coronavirus
229E and MS2 virus) and three articles fungi (C. albicans and A. niger). The physiology and
microbial structure determine the photocatalytic inactivation efficiency. The structure of
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microorganisms is a crucial factor in determining their resistance to photocatalytic disin-
fection. Microorganisms have varying levels of resistance to photocatalytic disinfection.
The order of disinfection susceptibility is as follows: molds, yeasts, Gram-positive bacteria,
Gram-negative bacteria, and viruses [97]. Thus, in the case of viruses, relatively few outer
structures are present, offering less resistance to inactivation by photocatalysis; for bacteria,
Gram-positive bacteria have higher peptidoglycan content than Gram-negative bacteria
and, for this reason, are more resistant [98-104]. The most widely used test for evaluation
of antimicrobial activity was plate counting [33-36,38-41,43,45,46,48-51,53-58,60-63,66—
72,74,76,77]; the other tests were: LIVE/DEAD Biofilm Viability Kit [37,52,59,64,65,69,75];
disk diffusion assay [47]; UV-induced bactericidal test [47]; qualitative Ag ion release in
bacteria inoculated agar media [47]; surface topographical examination by laserscan pro-
filometry [47]; endpoint titration method [73]; membrane integrity evaluation [71]; and cell
attachment method [42].

Thirty-two articles considered UV as light source [33,35-47,49-52,54,59-62,64-71,75],
14 visible light [33,34,41,48,53,55-58,60,63,72,74,76,77], and one study used D65 (radiation
that emulates daylight) [73]. The wavelength of the light varied from 254 [43,46,62] to
750 nm [73], and the distance of light source from the surface varied from 57 mm [46] to
30 ecm [58].

Finally, the time of light exposition varied from 120 s [46] to 24 h [43,48,57,67,70].
In particular, nine studies considered 1 h of exposition [34,42,44,49-51,61,63,72]; seven
studies 3 h [38,40,47,50,58,62,71]; five studies 2 h [52,53,55,59,69]; five studies 6 h [37,39,
47,54,74]; five studies 24 h [43,48,57,67,70]; four studies 30 min [34,50,56,76]; four studies
90 min [34,36,41,42]; three studies 4 h [35,45,68]; three studies 20 min [42,50,66]; two studies
45 min [52,65]; one study 120 s [46]; one study 15 min [34]; one study 25 min [75]; one study
234 min [73]; one study 5 h [33]; one study 12 h [47]; and one study 18 h [64].

A meta-analysis was conducted based on 17 studies selected from 45 included in the
systematic review (Table 3). In particular, 26 articles were excluded from the meta-analysis
because they did not consider TiO, and 2 articles because they did not consider bacteria.
For the meta-analysis, the bacteria considered in the included articles were grouped into
Gram-positive (L. monocytogenes; S. aureus; L. innocua; and K. rhizophila) and Gram-negative
(E. coli; P. putida; and P. aeruginosa). The surface types of the articles included in the meta-
analysis were grouped into four groups (glass, ceramics, plastic, and steel); therefore,
polypropylene [40], PVC [41], and polyethylene [62] were included in the “plastic” group.
Coating types were also grouped: FACVD, APCVD [38], and ppMOCVD [68] were included
in the “chemical process” group; smearing and impregnation [59] and sputtering deposition,
APCVD, and spray [46] were included in the “multiple coating” group. Light sources were
grouped according to nanometers into “UVA”, “UVB”, “UVC”, “Visible”, and “UV all”
when not better specified. Finally, exposition time was also grouped into four groups:
“2-30 min”; “31-90 min”; “91-180 min”; and “>180 min”.

Table 3. Characteristics of the studies included in the meta-analysis.

Type of . Time of . .
é:ltl}::r’ Year, Gram Stain g?:fa?: Coating ]é:)gllll::e Light yel;ilocl:llzi Reference
y Method Exposition
Barthomeufetal,  Gram- Sputtering . o
2019, France positive Glass deposition UVA 2-30 min 99-5% (661
Gram- 2-30 min;
Bonetta et al., 2013, positive; Ceramics Chemical UVA 31-90 min; 50 0/o; 90%; 150]
Italy Gram- process . 95%
: 91-180 min
negative
Chawengkijwanich
et al., 2008, Gram- Plastic Manual UVA 91-180 min  99.9% [40]
negative coating

Thailand
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Table 3. Cont.

Type of . Time of . .
é:ltl}::r’ Year, Gram Stain gﬁffa(c): Coating ;:)glll;tce Light I;:g;f:l‘:gi Reference
y Method Exposition

Clemente et al., Gram- . . . o
2019, UK positive Glass Dip coating UVA >180 min 100% [67]
Evansetal, 2007, Gram- Steel Chemical Uvall 91-180min  100% [38]
UK negative process
Guoetal, 2013, Gram- Glass Dip coating UV all 31-90min  100% [51]
China negative

Gram-
Jalvoetal, 2017, positive; Glass Multiple UVA;UVB  91-180min  99.9% [59]
Spain Gram- coating

negative
J alV.O etal, 2018, Gra.n} ) Glass Spray coating UV all >180 min 99% [64]
Spain positive
Krumdieck et al., Gram- Chemical . o
2019, New Zealand negative Steel process UVA >180 min 99:9% [68]
Lin etal., 2008, Gram- Plastic Dip coating ~ UVA 31-90 min 100% [41]
China negative
Muranyi et al., Gram- . . . o
2010, Germany positive Glass Dip coating UVA >180 min 99.9% [45]
Nandakumar etal.,, Gram- . Multiple UVA; . o
2017, USA positive Ceramics coating Visible >180 min 5% (601
Pezzoni et al,, 2020, Gram- Glass Spin coating  UVA 91-180 min  99.9% [71]
Argentina negative
Shiehetal, 2006, Gram- Glass; Steel ~ oputtering UVl >180min  99.9% [33]
Taiwan negative deposition Visible
Szczawinski et al.,  Gram- . Multiple . o
2011, Poland positive Ceramics coating uve 2-30 min 97% [46]
Verdier et al,, 2014, Gram.— Glass Drop coating UV all >180 min 75% [54]
France negative
Yemmireddy etal.,  Gram- Plastic Spray coating UVC 91-180 min 99.9% [62]

2017, USA negative

3.3. Antimicrobial Efficacy of Coatings

After analyzing the results of the included studies, we have concluded that nanopar-
ticle coating led to an increase in antimicrobial effectiveness. (Table 2). In the literature,
different studies have assessed the variations in antimicrobial activity bases modified with
TiO, nanoparticles. By analysis of pooled data, the TiO, coating had a strong explana-
tory force for the reduction of both Gram-positive and -negative bacteria strains (99.4%,
Figure 3), and the subgroup analysis showed variations in removal efficiency for differ-
ent surfaces (p = 0.005) and the time of exposure (p = 0.05) for Gram-positive strains. In
particular, the glass surface was found to be the best in terms of antimicrobial efficacy,
and the best time of light exposition was the one longer than 180 min (p = 0.001). Surface
glass is mainly used in healthcare as bioactive glass [105]. In medicine and dentistry, it
has several clinical applications involving hard tissue regeneration. In dentistry, photo-
catalysis has various applications, including dental restorative materials, mineralizing
agents, coatings for dental implants, pulp capping, root canal treatment, and air abrasion.
In medicine, photocatalysis has a wide range of applications, from orthopedics to soft
tissue restoration [105]. Photocatalysis can also be used to inactivate harmful microbes,
making it useful in various settings, such as medical, laboratory, industrial, and wastewater
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treatment [106,107]. UV light irradiation in the presence of a photocatalyst can be used
to sterilize medical devices and body implants, such as dental implants. Photocatalyst
coatings are commonly employed for this purpose [108]. TiO, films on chromium steel and
titanium substrates allow for disinfection of implants that may be at risk of infection by
bacteria such as S. aureus [108]. Furthermore, dressings used in medical treatment can be
coated with polymer-metal nanocomposites to make them microbe-free. Photocatalysis is
a great method also for preventing the spread of biological contaminants through the air,
with implications for anthrax and other infectious contaminants [109].

Study name Statistics for each study Rate Ratio and 95% CI
Rate
- V.
A Ratio 2 Value p-Value
Barthomeut et al., 2019, France 0.995 -1.950 0.051
Bonettaet al., 2013, Italy [a] 0.900 -1.831 0.067
Bonettaet al., 2013, Italy [b] 0.500 -13.172 0.000 ¢
Clemente etal., 2019, UK 1.000 0.000 1.000
Jalvo etal., 2017, Spain 0.999 -1.958 0.050
Jalvo et al., 2018, Spain 0.990 -1.940 0.067
Muranyi et al., 2010, Germany 0.999 1958 0.050
Nandakumar et al., 2017, USA 0.450 4.093 0.000 —
Szczawinski etal.,, 2011, Poland ~ 0.970 1.900 0.057
Overall 0994 2.078 0.038
(I-sqaured=95%, p=0.038) 0.994
01 02 05 1 2 5 10
Study name Statistics for each study Rate Ratio and 95% CI
Rate
-V -
B Rato 2V alue p-Value

Bonettaet al, 2013, Italy [c] 0950 -3.133 0.002 J)

Bonettaet al, 2013, Italy [d] 0.500 -12.894 0.000

Chawengkijwanich et al, 2008, Thailand  0.999 -1.958 0.050

Evans et al, 2007, UK 1.000 0.000 1.000

Guo et al, 2013, China 1.000 0.000 1.000

Jalvo etal, 2017, Spain 0.999 -1.958 0.050

Krumdieck et al, 2019, New Zealand 0.999 -1.958 0.050

Lin et al, 2008, China 1.000 0.000 1.000

Pezzoniet al, 2020, Argentina 0999 -1.958 0.050

Shieh et al, 2006, Taiwan 0999 -1.958 0.050

Shieh et al, 2006, Taiwan 0.990 -9.741 0.000

Verdier et al, 2014, France 0.750 -6.762 0.000

gim:l\limidy etal, 2017, USA 0999 -1.958 0.050 o

" er 408 5% o000 0.998 -2.047 0.041

(I-sqaured=25.5%, p=0.002) 0.998

01 02 05 1 2 5 10

Figure 3. Forest plot. The bacterial reduction rate of coated-TiO,, as indicated by the mean effect size
and 95% confidence interval. (A) = Gram-positive; (B) = Gram-negative [33,38,40,41,45,46,50,51,54,59,
60,62,64,66-68,71].

The meta-analysis showed that Gram-positive bacteria were more reduced than Gram-
negative ones. This result is promising because Gram-positive bacteria are among the most
widespread resistant pathogens, posing significant clinical challenges due to their immense
genetic ability to acquire and develop resistance to antimicrobials. Gram-positive bacteria
can generate spores that can survive in the environment [70,71,78,79]. These spores are
one of the most resistant forms of life known to date and can tolerate various stresses,
such as heat, chemicals, and harsh physical conditions [72,80]. The included meta-analysis
articles are plotted in the forest plot below, and the bacteria strains are divided based on
their classification (A = Gram-positive, and B = Gram-negative). The mechanism of TiO,
toxicity towards microorganisms depends on the rupture of the cytoplasmic membrane
and subsequent leakage of intracellular components [110,111]. Thus, hydroxyl radicals
produced on the coating attack the cytoplasmic membrane, and the different morphologies
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of the outer layers of different Gram-positive and -negative bacteria hinder hydroxyl
radical attack in different ways. The Gram-positive bacterium S. aureus, for example, has
little protection from radicals, having only a periplasmic space and a peptidoglycan layer
that, although thick, is composed of a rather open polymeric network of polysaccharide
chains of N-acetylmuramic acid and N-acetylglucosamine with peptide bridges. The Gram-
negative bacterium E. coli, on the other hand, has a layer of peptidoglycan in addition to an
outer membrane composed of lipids, lipopolysaccharides, and proteins. This logic would
explain the greater antimicrobial activity of Ag-TiO, against Gram-positive bacteria. Cell
death occurs when the membrane is disrupted because there are no other barriers, such as
TiO, [110,112].

The Q value for the influencing factors was very high (Q =202.8, p = 0.001), showing
that the type of the surface and process of coating can modulate bacterial removal efficiency
and are influenced by each other. The study suggests that the interactions between different
factors affecting bacterial removal in coatings should be further explored. Among the
surface types, dip coating is the most effective (R = 0.0005, and p = 0.0001) in reducing bac-
teria, especially Gram-positive. Indeed, the dip coating method is one of the most widely
used to deposit TiO, NPs. Among the principal proprieties, there are simplicity, reliability,
reproducibility, and cost-effectiveness [113]. Dip coating has several advantages, such as
being suitable to cover surfaces with different geometries, enabling coating of both sides of
a substrate at once, and deposition is suitable for application in largescale processes [114].
Furthermore, dip coating methods can be used to coat a wide range of substrates, including
metallic, ceramic, and polymeric surfaces, among others [115]. Similarly, spray coating is
a commonly used deposition technique for applying TiO, NPs-based coatings on large
surfaces due to its mild operating conditions and cost-effectiveness [113-115]. The su-
perior wear resistance of TiO, nanoparticle coating may contribute to its antimicrobial
effect [81,82]. Furthermore, even if surface defects appear after a certain number of times,
the antifouling and antimicrobial properties can be maintained as long as the surface is
surrounded by a significant coating of TiO, nanoparticles [83]. The future of this research
field is focused on developing innovative photocatalytic and photo-electrocatalytic surfaces
for microbial inactivation. These solutions should address gaps such as low utilization
efficiency of sunlight [18-20] and the need for nanostructured photoanodes that can provide
better electron transport and oxygen vacancy materials [116,117]. Additionally, synergic
connection with other processes such as fuel cells or ozonation can improve disinfection
performance [22].

3.4. Limitations of the Study

This systematic review and meta-analysis have limitations. Firstly, there is heterogene-
ity among the selected studies, with some not presenting an initial bacterial load, some
failing to clarify the dose of photocatalyst used, and others lacking details on the wave-
length, distance, and characteristics of the light source employed. Significant variations in
the coating method exist, thereby restricting comparability and potentially undermining
the consistency of the findings. This systematic review and meta-analysis mark the first
endeavor to establish the antimicrobial efficacy of various photocatalysts adhered to distinct
surfaces employing diverse coating techniques [23-26]. This initiates new possibilities for
forthcoming research that can identify the most effective coating method for disinfecting
pathogenic microorganisms that pose a danger to human health.

4. Conclusions

Microbial-based diseases and their spread remain a significant burden on the health-
care systems and economies of countries worldwide. Moreover, over the decades, mi-
croorganisms generated resistance against existing drugs due to misuse or overuse. To
address these life-threatening problems, new alternatives have been sought. Antimicro-
bial photocatalyst-based materials have emerged as a tool to fight against pathogens, as
highlighted in this review. These materials have been used as surface coatings to destroy
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SARS-CoV-2. Antibacterial activity due to photocatalysis works by disrupting the cell
envelope of bacteria. This means that the likelihood of pathogens developing resistance
against photocatalysts is low or null, unlike conventional antibiotics that target specific
areas. The goal is to develop antimicrobial coatings that are safe and can be used as an
alternative to current antibiotics or disinfectants. This systematic review and meta-analysis
work lays a promising foundation for this. Indeed, it was found that coating surfaces with
photocatalysts has excellent disinfectant properties regardless of the type of coating, and it
is effective on various microorganisms, even very resistant ones. The best surface is the
glass, and the dip coating seems to be the better technology for the deposition of TiO,. Mov-
ing forward, it is essential to include multi-drug-resistant and clinically isolated pathogens
in research and development efforts. Moreover, proposals for developing novel materials
that combine electrospinning and advanced oxidation technologies can be made. This can
include synthetic strategies that take advantage of the unique properties of polymers and
overcome the limits of current photocatalysts.
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