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Background: Among patients admitted to European hospitals or intensive care units (ICUs),
5.7% and 19.5% will encounter healthcare-associated infections (HAIs), respectively, and
antimicrobial resistance is emerging. As hospital surfaces are contaminatedwith potentially
pathogenic bacteria, environmental cleanliness is an essential aspect to reduce HAIs.
Aim: To address the efficacy of a titanium dioxide coating in reducing the microbial
colonization of environmental surfaces in an ICU.
Methods: A prospective, controlled, single-centre pilot study was conducted to examine the
effect of a titanium dioxide coating on themicrobial colonization of surfaces in an ICU. During
the pre- and post-intervention periods, surfaces were cultured with agar contact plates (BBL
RODACplates). Factors thatwerepotentially influencing thebacterial colonizationof surfaces
were recorded. A repeatedmeasurements analysis within a hierarchic multi-level framework
was used to analyse the effect of the intervention, controlling for the explanatory variables.
Findings: The mean ratio for the total number of colony-forming units (cfus) in a room
between the pre- and post-intervention periods was 0.86 (standard deviation 0.57). The
optimal model included the following explanatory variables: intervention (P¼0.065), week
(P¼0.002), culture surfaces (P<0.001), ICU room (P¼0.039), and interaction between
intervention and week (P¼0.002) and between week and culture surfaces (P¼0.031). The
effect of the intervention on the number of cfus from all culture plates in Week 4 between
the pre- and post-intervention periods was -0.47 (95% confidence interval -0.24 to - 0.70).
Conclusion: This study found that a titanium dioxide coating had no effect on the mi-
crobial colonization of surfaces in an ICU.
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Introduction

It has been estimated that approximately 5.2% of patients
admitted to general wards and 19.5% of patients admitted to
intensive care units (ICUs) in European hospitals encounter at
least one healthcare-associated infection (HAI) [1]. With
81,000 patients admitted each day, this results in 37,000
deaths, 16 million additional days of hospital stay and direct
costs of at least 7 billion Euros per year [1,2].

Furthermore, antimicrobial resistance (AMR) is emerging in
Europe. Invasive bacterial isolates from hospitalized patients
show an ongoing trend of increasing resistance to key
antimicrobial groups [3]. As antibiotics are the only effective
treatment for serious infections, increasing AMR confers great
concern towards patient safety worldwide.

Despite emerging resistance, hospitals struggle to imple-
ment and comply with infection control programmes [4]. Key
healthcare-associated pathogens have the potential to persist
for weeks, months and even years in the hospital environment,
and their presence is related to increased risk of HAIs [5e16].
As hospital surfaces are contaminated with pathogens, envi-
ronmental cleanliness (i.e. the result of the process of clean-
ing, disinfecting and monitoring) seems to be an important
factor to reduce HAIs. However, in general, less than 50% of
hospital surfaces are cleaned and disinfected adequately [7].
For that reason, novel materials and cleaning technologies
have been developed, such as ultraviolet germicidal irradiation
or hydrogen peroxide vapour systems [17,18]. However, in daily
clinical practice, these techniques are laborious, expensive
and e most importantly e can only be applied for terminal
disinfection. Self-disinfecting surfaces may circumvent these
problems. Once applied, antimicrobial surfaces will reduce the
burden of nosocomial pathogens continuously, and potentially
prevent transmission, colonization and HAIs.

Titanium dioxide (TiO2) is a well-known nanotechnological
material and has many applications in daily life. Due to its high
refractive index, the principal use of TiO2 is as a whitening and
opacifying agent (e.g. paints, ink, cosmetics, toothpaste, pa-
per and food or food packaging). Furthermore, it is used in
sunscreens as a UV filter. Finally, being a photocatalyst, TiO2

has applications for self-cleaning surfaces, water and air pu-
rification, and as an antimicrobial or self-disinfecting coating.
The latter effect is due to the formation of hydroxyl radicals
(�OH), superoxide anions (�O2

- ) and hydrogen peroxide, leading
to inactivation, membrane damage and killing of micro-
organisms, and ultimately decomposition of all cell compo-
nents [19,20].

In order to address the efficacy of a mixed TiO2 coating in
reducing the microbial colonization of environmental surfaces
in an ICU, a prospective, open-label, controlled, single-centre
pilot study was performed.
Methods

Design overview

This study comprised two consecutive six-week periods: the
control period and the test period. Each period started after
thorough cleaning of the rooms with a wash-in phase of two
weeks with regular use of the specific ICU rooms. During the
next four-week phase, microbiological culturing was
performed. The intervention (i.e. coating of the rooms) took
place in the test period directly after initial cleaning of the
rooms.

After the control period, the conventional fluorescent tubes
(TL tubes) were changed to full spectrum TL tubes with an
average intensity of 278 mW/cm2 measured straight below and
at 180 cm from the light source (Fullspectrum Sunlight,
FreshlightSolutions, Utrecht, The Netherlands). Furthermore,
the spectrogram (Avaspec-ULS2048L-RS-EVO, Serial No.
1601203U1, Avantes, Apeldoorn, the Netherlands) showed peak
intensity of 1.47 mW/cm2/nm at a wavelength of 450 nm. Be-
tween the wavelengths of 490 and 680 nm, an area of higher
intensity was seen, with a maximum of 0.84 mW/cm2/nm.

The local medical ethics committee of Gelderse Vallei
Hospital approved the study, and informed consent was ob-
tained from the patients or their legal representatives. This
trial is registered at ClinicalTrials.gov (No. NCT02348346).
Setting

Gelderse Vallei Hospital is a university-affiliated teaching
hospital with a 17-bed level III ICU. Four isolation rooms with a
non-recirculating ventilation system and a constant positive
pressure inside the rooms were selected for this study.

The patient population comprises both medical and surgical
patients. All invasive ventilated patients were treated with
selective oropharyngeal decontamination [21].
Standard cleaning regimen

Standard daily cleaning is performed by mopping the floor
with water using ultra microfibre cloths (Ultra Microfiber Reflex
ProTex cloths, BioFriends Nederland B.V., Nunspeet, The
Netherlands) and wiping contact surfaces of non-medical
equipment with an alcohol-based interior cleaner (Taski
Sprint 200 NC, Diversey, Utrecht, The Netherlands). Contact
surfaces of medical equipment, beds and computers are wiped
with alcohol 70% at 08:00 am, 4:00 pm and 11:00 pm. Terminal
cleaning involves mopping the floor with water and wiping both
the medical and non-medical equipment with alcohol 70%, and
is more extensive compared with standard cleaning. The walls,
ceilings and doors are not cleaned on a regular basis.

In the case of isolation measures (e.g. patient with multi-
drug-resistant micro-organism or respiratory viruses), termi-
nal cleaning is performed using Incidin (Ecolab B.V., Nieuwe-
gein, The Netherlands) and no alcohol.

No active surveillance of the environment is performed for
any micro-organisms.
Mixed TiO2 coating

This study used a TiO2 coating containing silver supported
zeolite, peroxotitanic acid and water (Miracle Titanium MVX,
Maeda Kougyou, Kitakyushu, Japan) as provided by the Fresh-
lightSolutions company (http://www.freshlightsolutions.com,
Utrecht, The Netherlands). Laboratory studies show conflicting
results for the antibacterial activity of MVX, but with log re-
ductions up to 4 for both Staphylococcus aureus and Escher-
ichia coli (unpublished data, test methods JIS R 1702:2006 or
ISO 27447:2009).

http://ClinicalTrials.gov
http://www.freshlightsolutions.com
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Environmental cleaning and coating

Both the control and test periods started after thorough
cleaning of the four rooms involved in the study. First, cleaning
was performed by wiping all surfaces and equipment in the
room with water, using ultra microfibre cloths (Ultra Microfiber
Reflex ProTex cloths, BioFriends Nederland B.V.). Next, all
plastic and metal surfaces were cleaned and degreased by
spraying with an interior cleaner (Speedball Original, Diversey)
and wiping with a cloth. Surfaces of medical and non-medical
equipment were cleaned with 70% alcohol.

For the test period, all rooms were coated directly after the
cleaning was performed and after at least 1 h of drying. Coating
was performed using a high-pressure spraying system. First, a
primer was sprayed on all surfaces except for the windows,
computer screens and medical equipment (i.e. ventilator
screen and equipment, electronic perfusors, docking stations).
After drying, the mixed TiO2 coating was applied on exactly the
same surfaces as the primer. After at least 2 h of drying, the
rooms could be used for regular care.

Microbiology

During the pre- and post-intervention periods, culturing was
started after the wash-in phase and took place every Monday
around 8:00 pm; this continued for four weeks. Surface mi-
crobial testing was performed using sets of agar contact plates
(BBL RODAC plates, surface 24 cm2, Becton Dickinson B.V.,
Breda, The Netherlands) for S. aureus (type S), Enterobac-
teriaceae (type E) and a non-selective plate (type T). Culturing
per surface was performed with a set of plates (type S, E and T)
and with a contact time of 10 s per plate.

In each room, cultures were taken from the wall, floor, bed
rail, door and door handle, ceiling, computer keyboard,
bedside table, monitor arm, medical equipment cabinet,
footboard plateau and the sink.

The plates were incubated aerobically at 37oC, and the
number of colony-forming units (cfus) was counted manually
after 48 h of incubation as the sum of cfus per plate.

Potential confounders between the intervention and bac-
terial colonization of the ICU environment were recorded.
Patient-associated confounders were length of stay in the ICU,
duration of mechanical ventilation, number of X-ray proced-
ures, severity of illness (SOFA score, APACHE-II score), pa-
tient’s nosocomial infections according to criteria of the
Centers for Disease Control and Prevention, antibiotic defined
daily doses and type of patient (medical or surgical) [22,23].
Potential environmental-associated confounders were number
of admissions per room, strict isolation measures applied (yes/
no), number of door passages (people counter HPC001, High-
light) and the nurse:patient ratio per shift (1:1 or 1:2).

In-vitro study

After the clinical study, an in-vitro study was performed to
evaluate the effect of MVX in a controlled environment (i.e. an
empty office room with no entrance of patients, HCWs or other
visitors, using the same culture methods and agar contact
plates, indoor lighting and TiO2 coating as used in the clinical
study). E. coli (ATCC strain 25922) and S. aureus (ATCC strain
25923) were used for inoculation. After subsequent testing and
sampling with the RODAC plates, the concentration for the
inocula to result in as many cfus as possible without confluent
growth was determined for a suspension with 150 cfus/mL for
both E. coli and S. aureus.

Each morning, an overnight culture of E. coli and S. aureus
was used to make the suspension which was transported to the
test room.

Four plastic samples of 30 x 65 cm, with 18 marked squares
of 10 x 10 cm on each sample, were used. Two samples were
coated with MVX and the others were the control samples.

After sterilization of the samples (70% ethanol) and 10 min
of drying, each square was inoculated by a suspension of E. coli
or S. aureus using a sterile cotton swab. The swab was soaked in
the solution; excess fluid was pressed out until the swab was
moist. Each square on a test sample was subsequently swabbed
horizontally and vertically.

Samples were not covered, and three cultures were taken
directly after placement in the test room, followed by culture
rounds after 1, 2, 4, 6 and 8 h. S plates were used for S. aureus
and E plates were used for E. coli.

After sampling, the RODAC plates were transported directly
to the laboratory where they were incubated overnight at
37oC. A laboratory analyst counted the number of cfus the
following day.

Study endpoints

The ratio of the sum of the cfus for all types of contact
plates (type S, type E and type T) in the post-intervention
period compared with the sum of the cfus for all types of
contact plates in the pre-intervention period was the primary
endpoint. The secondary endpoints were the ratios of the sum
of the cfus for each different type of contact plate (type S,
type E or type T) in the post-intervention period compared with
the sum of the cfus for each different type of contact plate in
the pre-intervention period.

Statistical analysis

Results are described as medians with interquartile range
(IQR), means with standard deviations (SD), or as numbers and
percentages (%), as appropriate.

A repeatedmeasurements analysis within a hierarchicmulti-
level framework was used to analyse the effect of the inter-
vention, controlling for study week, ICU room and culture sur-
faces on the log10-transformed sum of the cfus of all contact
plates (type S, type E and type T) for each ICU room [24]. The
variable ‘ICU room’ reflects all the potential confounders. Only
the intercept was considered as a random effect in the model.
The analysis was started with a full model including all marginal
and two-way interaction effects. Using the likelihood ratio test,
the full model was reduced step-by-step to the optimal model
(type I error 5%). Statistical tests were performed using SPSS
Statistics for Windows Version 21 (IBM Corp., Armonk, NY, USA).

Results

In total, 24 and 29 ICU patients were admitted to the study
ICU rooms during the pre- and post-intervention periods,
respectively. Eighty-three percent of patients were medical.
For the potential confounders (both patient and environment
associated), there were no clinically relevant differences



Table II

Number of colony-forming units per room (mean) for three types of
RODAC plates and mean ratios (with standard deviation) per room
for the post-intervention period vs the pre-intervention period

RODAC plates Pre-

intervention

period

Post-

intervention

period

Mean

ratio/room

Staphylococcus
aureus

116 65 0.71 (0.38)

Enterobacteriaceae 0 0 0.25 (0.50)
Non-selective 161 121 0.94 (0.64)
Total 276 187 0.86 (0.57)
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between the two periods (Table I). There were no infectious
disease clusters or outbreaks during the study period.

In both the pre- and post-intervention periods, 192 sets of
RODAC plates were used with a total of 384 sets or 1152 culture
plates available for microbiological analysis. The sum of cfus
for all rooms in the post- vs pre-intervention period was 11,934
and 17,683 cfus with, respectively, 187 and 276 cfus per room
(mean) and a mean ratio of 0.86 � 0.57 per room. The mean
ratios for the type S, type T and type E plates were 0.71� 0.38,
0.94 � 0.64 and 0.25 �0.50 per room, respectively (Table II).

The optimal model for the effects on the log10-transformed
sum of the cfus included the following explanatory variables:
week (P¼0.002), culture surfaces (P<0.001), ICU room
(P¼0.039), and interaction between intervention and week
(P¼0.002) and between week and culture surfaces (P¼0.031).
The intervention itself had no effect on the number of cfus
(P¼0.065). However, the intervention had a significant inter-
action effect and so had to be included in the model.

The effect of the intervention on the log10 sum of all cfus of
all culture plates in Week 4 between the pre- and post-
intervention periods was -0.47 (95% confidence interval -0.24
to - 0.70). The effects of the intervention on the log10 sum of all
cfus of all culture plates in Weeks 1, 2 and 3 were 0.087, 0.086
and -0.134, respectively.

Discoloration of furniture and equipment was noted as a side
effect of the coating, as well as wall surfaces requiring painting
after the experiments. The texture of coated surfaces was not
found to change.

In-vitro study

At baseline, there were 400 cfus (mean) of S. aureus for
both the control and coated samples, and this reduced to 363
and 181 cfus after 8 h, respectively.
Table I

Patient- and environment-associated potential confounders for
both the pre- and post-intervention periodsa

Pre-intervention

period

Post-intervention

period

Patient-associated confounders
Number of patients N¼24 N¼29
Medical patients 20 (83) 24 (83)
Nosocomial infections 1 (1e2) 1 (0e1)
LOS-ICU (h) 62 (35e158) 47 (24e135)
Duration of MV (h) 42 (7e97) 24 (0e120)
X-ray procedures 3 (1e5) 2 (1e4)
APACHE-II score 22 (18e26) 20 (14e29)
SOFA score 5 (3e7) 5 (3e8)
Antibiotic DDDs 3 (0e17) 6 (2e14)
Environment-associated
confounders

Isolation measures, yes 10 (42) 9 (31)
Door passages/day 169 (55e236) 236 (134e330)
Nursing shifts 8 (5e19) 6 (2e17)
Shifts with nurse:
patient ratio 1:2

133 (44) 229 (56)

LOS-ICU, length of stay in the intensive care unit; MV, mechanical
ventilation; APACHE, Acute Physiology and Chronic Health Evaluation;
SOFA, Sequential Organ Failure Assessment; DDDs, defined daily doses.
a Data are presented as median (interquartile range) or N (%).
For E. coli, there were 400 and 31 cfus (mean) for the
control and coated samples at baseline, and this reduced to 10
and 4 cfus within 1 h, respectively (Figure 1).

As hardly any Enterobacteriaceae spp. were found in either
the control or intervention periods, this study focused on ex-
periments with S. aureus. Plastic samples were coated with
MVX with different concentrations of silver (5e20%) or a thin or
thick layer (by estimation) of TiO2. These results showed 400
cfus at baseline for all different samples, and no reduction or a
minimal reduction to 350 CFUs after 8 h.
Discussion

These data show that a mixed TiO2 coating had no effect on
the number of cfus in an ICU environment.

A previous clinical study examined the efficacy of TiO2 in
addition to terminal cleaning in preventing environmental
contamination [25]. According to the company that provided the
coating, the nanocoating could be activated by sunlight or fluo-
rescent light. In that study, a total of 698 swabs were taken at
threeesix-month intervals over a two-year period, and randomly
in the case of a patient with meticillin-resistant S. aureus being
admitted to the hospital for more than 48 h. Sampled surfaces
were the doors and door handles, bedside lockers, taps, light
switches,monitors, rulers, curtains, blood pressure cuffs or light
handles. Sampling was not performed systematically with
respect to the wards (49% ICU, 42% general ward, 9% medium
care), coated vs non-coated surfaces (19% and 81% respectively),
planned vs ad-hoc sampling (33% and 67% respectively) and the
different surfaces. Of the samples, 12.1% and 4.4%were positive
for the non-coated and coated surfaces, respectively. Adjusting
for some confounding variables, TiO2 had no effect on positive
culture results. It should be noted that this study had some
relevant limitations. First, as stated by the authors, it was not a
cross-sectional observational study. Second, subsequent mea-
surements were taken with uneven intervals. Furthermore,
mutually correlated independent variables increased the likeli-
hood of positive cultures varying between different surfaces and
measurements. For these reasons, multiple logistic regression
testing should not be used. Third, the study used a very limited
set of assumed confounders. Despite the fact that the present
study was designed in such a manner to limit these methodo-
logical limitations, no significant benefit of the coating was
observed in this study, except for the cultures from doors.

PubMed was searched for studies published before 30th April
2015 using the terms ‘antimicrobial agents’ and ‘titanium(di-
oxide)’ with all word variations and synonyms.
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Figure 1. Number of colony-forming units (mean) for Staphylococcus aureus and Escherichia coli on plastic samples without (controls) or
with MVX coating. Blue bars, control sample, S. aureus; red bars, MVX-coated sample, S. aureus; green bars, control sample, E. coli;
purple bars, MVX-coated sample, E. coli.
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Many laboratory studies have assessed the efficacy of TiO2 to
kill bacteria, viruses, fungi or yeasts. However, most of these
tests were performed in an aqueous solution with variable
concentrations of TiO2, or applied TiO2-coated surfaces were
tested in water. Despite their high efficacy, these test results
cannot be extrapolated to the application of TiO2 in a hospital
environment without these specific conditions. In-vitro studies
using methods more comparable to the hospital setting show
promising results, using activation through UV light (l<400 nm)
but with a much higher intensity than conventional indoor light
[26e33]. Studies using conventional indoor lighting show
extremely variable survival rates for E. coli and/or S. aureus
from 97% to 0%, with reaction times from 60 min to 24 h
[30,34e38].

These heterogeneous results may be due to factors that
influence the efficacy of TiO2 photocatalysis such as air hu-
midity, anatase phase quantity (one of the three mineral forms
of TiO2), shape and dose of TiO2 nanoparticles, UV light in-
tensity and wavelength, thickness of the coating, target or-
ganism, and initial concentration and composition of the
coated surface [26,31e34,38e44].

The negative results of this study and the heterogeneity of
the laboratory studies is difficult to explain. No specific infor-
mation on the characterization of the product used in the
present study limits the interpretation of product character-
istics regarding the cause of the findings. However, the non-UV
indoor lighting used during the study with a much lower in-
tensity than lighting used in most in-vitro studies might be an
important factor. Furthermore, the number of door passages
suggests a highly dynamic environment with a high risk of
continuous environmental contamination by bioaerosols, or
contact with healthcare workers (HCWs) or visitors. The effi-
cacy of a self-disinfecting coating should at least exceed the
rate of environmental contamination. During the in-vitro study,
the log reduction was less than 2 in an 8-h period, and therefore
the results have to be considered non-significant for the clinical
environment. The results for E. coli suggest early bacterial
killing of Gram-negative rods. However, as hardly any Entero-
bacteriaceae were cultured, this may have no clinical value.
Finally, studies show a higher efficacy of silver-containing TiO2

with a dose-dependent effect [29,33,37,38,43,45e52], but this
could not be demonstrated during the in-vitro study as
different silver concentrations had no effect on the cfus for
S. aureus.

The efficacy of the TiO2 coating used in the present clinical
and laboratory experiments was insufficient, possibly due to
low-intensity non-UV indoor lighting and/or a low rate of bac-
terial killing.

A limitation of this study is the absence of information about
the characteristics of the TiO2 coating (e.g. morphology,
microstructure, elemental state or quality of indoor lighting to
optimally activate the coating without posing a risk to patients,
HCWs or visitors). Furthermore, it was not possible to ascertain
the presence and/or quality of the coating during the study.
Wear and tear might have damaged or removed the coating
from some of the tested surfaces, possibly reducing its efficacy.

Further testing of the TiO2 coating in laboratory settings is
recommended, changing characteristics such as morphology,
microstructure and elemental state of the nanoparticles.
Furthermore, indoor lighting of various qualities could be
tested. Further clinical testing will only be warranted when
marked killing can be shown in laboratory tests for various
clinically relevant pathogens associated with HAIs.

In conclusion, this study showed no effect of a mixed TiO2

coating on the microbial colonization of surfaces in an ICU
environment. Additional laboratory tests have shown TiO2 to
reduce E. coli and to have a limited effect on S. aureus. This
may, at least in part, explain the limited clinical findings, as
Gram-negative colonization was rare and Gram-positive colo-
nization was common. Limited exposure to UV light may have
played a role. Further research should focus on the charac-
terization and further improvement of TiO2 coatings activated
by non-UV indoor lighting.
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