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Abstract

The modification of plastics to generate germ-reducing surface materials is a

promising strategy to decrease nosocomial infections in hygiene-sensitive areas.

In this paper, photocatalytically active nanoparticles were incorporated as addi-

tives, not as a coating, into silicone rubber matrix material to produce elastic

antibacterial bulk materials. Samples with 5 wt% and 10 wt% of two different

types of TiO2 and ZnO were prepared and investigated. The thermal analysis of

the developed materials showed a complete vulcanization of the developed

materials and slight modifications of mechanical properties were found. Investi-

gations of the surface of the materials indicated no changes in the wettability of

the surfaces or in their fourier transform infrared spectrometer (FT-IR) spectra,

suggesting no degradation of the developed material. The photocatalytic activity

on the surface of the test samples was investigated by microbial tests with

Escherichia coli, Pseudomonas fluorescens, and Staphylococcus aureus bacteria.

Depending on the additive type and the test germs, the samples showed different

intensities of a germ-reducing effect (up to >99,999%).
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1 | INTRODUCTION

Nosocomial infections have become a widespread prob-
lem.1,2 Contaminated surfaces, such as keyboards, water
taps, door handles, and even seat cushions contribute to
the transmission of hospital pathogens via direct contact
by hospital staff and patients.3–7 The occurrence of noso-
comial infections results in prolonged medical treatment
time, residual damage and even deaths, and as a conse-
quence, in overall rising healthcare costs.2

Compliance with strict hygiene regulations is regarded as
the most important prevention measure while new

technologies are constantly being developed to further reduce
the risk of nosocomial infections.8,9 Among these, antimicro-
bial plastics are proposed as contact surface materials10,11 to
either kill (active effect) or inhibit the growth of microorgan-
isms (passive effect).12 Controlling surface properties such as
free energy, topography, and charge result in a lower adhe-
sion of germs,13,14 while the incorporation of biocidal ele-
ments such as metal nanoparticles into plastics is a strategy
to obtain coatings with germ-reducing properties.15–19 Pho-
tocatalytically active substances have also been proposed as
biocides.20–23 Their germicidal effect due to the reactive
oxygen species (ROS) generated during the exposure to

Received: 10 March 2021 Revised: 16 June 2021 Accepted: 25 June 2021

DOI: 10.1002/app.51352

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals LLC.

J Appl Polym Sci. 2021;138:e51352. wileyonlinelibrary.com/journal/app 1 of 11

https://doi.org/10.1002/app.51352

https://orcid.org/0000-0003-3137-8287
https://orcid.org/0000-0001-6503-076X
mailto:theresa.fischer@tum.de
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/app
https://doi.org/10.1002/app.51352


radiation,24 which are responsible for the attack on organic
structures and thus for the killing of germs.25 Photo-
catalytically active substances have been mainly employed
to create antimicrobial surface coatings.26–28 Such thin
layers, however present several issues that can jeopardize
their use as mean to create germ-reducing surfaces. Specif-
ically, often not optimal adhesion to the underlying bulk
material and the loss of the antimicrobial effect in case of
surface damage are aspects to be considered.29 Further-
more, antimicrobial additives have been used in combina-
tion with thermoplastic elastomers30 and thermoplastic
polymers31,32 and little to no effort to create antimicrobial
elastomers has been reported. These materials, however,
are relevant for covers like keypads, door handles or con-
trol panels. Therefore, in this work, we aimed at the devel-
opment of an antimicrobial elastomeric compound
material to be used as bulk material so that, in case of sur-
face damage, the biocidal properties maintained. To this
end we modified a high temperature vulcanizing (HTV)
silicone rubber with photocatalytically active additives.

The compound was characterized by thermal, mechani-
cal and surface analyses and tested with different bacteria
(Escherichia coli [E. coli], Pseudomonas fluorescens
(P. fluorescens), and Staphylococcus aureus [S. aureus]) at dif-
ferent irradiation times and after surface damage by
mechanical ablation to evaluate the antimicrobial properties.

2 | EXPERIMENTAL

2.1 | Materials

HTV silicone rubber SILPURAN® 8020/40 with
SILPURAN® curing agent M (Wacker Chemie AG, Ger-
many) was used as bulk material. Three different solid pow-
ders were employed as photocatalytically active additives:
(1) AEROXIDE® TiO2 P25 (Evonik Industries AG, Ger-
many) with average particle size of 21 nm, a powder density
of 100–180 g/L, and 80:20 anatase to rutile crystal
structure,33,34 (2) KRONOClean® 7000 (Krono) (KRONOS
Inc., USA) with a particle size of 15 nm and a powder den-
sity of 350 g/L, a carbon fortified porous photocatalyst in
anatase crystal modification), and (3) zinc oxide (ZnO)
NANOTech® (Grillo Zinkoxid GmbH, Germany) with aver-
age particle size of 40 nm and a measured powder density of
290 g/L. The values of the particle size and the bulk density
(except for ZnO) correspond to the respective data sheets.

2.2 | Preparation of test samples

Suspension of the nanoparticles in acetone were prepared in
the w/w ratios indicated in Table 1 to facilitate their

incorporation in the silicone and to prevent dispersion of the
nanoparticles in the atmosphere. The amount of acetone for
the different nanoparticles was determined iteratively to obtain
a suspension that could be easily applied on the matrix as a
layer containing a defined amount of particles. These 'working'
suspensions correlated well to the powder densities, which
were either indicated by the manufacturer or measured.

The modification of the silicone rubber was carried
out using rolling process technologies.35 To obtain the
materials, 50 g of raw matrix material was rolled into a
sheet (160 cm2) with a thickness of 2 mm (Figure 1(a)).
The flat rolled silicone rubber mass was removed from
the two-roll-mill and the particles were added by spread-
ing the volume of suspension containing 0.5 g of particles
(1% w/w) to form a thin layer (Figure 1(b)), followed by a
continuous folding and rolling process (Figure 1(c)) for
30 minutes before repeating the sequence again to reach
the target particle amount (either 5% w/w or 10% w/w).
The final amount of additive was verified by weighing
the produced sample after complete acetone evaporation.

Subsequently, the cross-linker was added (1.5% w/w)
and the final mixture was rolled with a two-roll-mill into
a sheet (Figure 1(a)–(c)) which was then pressed in a
mold at 170�C and 50 bar for 25 min (figure 1(d)) and
finally tempered for 4 h at 200�C (Figure 1(e)). Seven
materials were produced with different additive amounts
as summarized in Table 2.

The unmodified silicone served as control. Disk shaped
specimens for the microbial tests were obtained by punc-
hing the foils with a 12 mm steel punch. Ring-shaped speci-
mens with an outer diameter of 58 mm and an inner
diameter of 50 mm were produced with a precision steel
punch to investigate the mechanical properties (Figure 1(f)).

2.3 | Characterization

2.3.1 | Thermal analysis

Differential scanning calorimetry (DSC) was carried out
with a DSC 204 cell NETSCH (NETSCH GmbH &
Co. KG, Germany) according to DIN EN ISO 11357-5 in
order to investigate the influences of the material modifi-
cation on the curing process. The modified materials

TABLE 1 Ratio acetone/additive (w/w) for the incorporation of

the particles into the matrix material

Additive Ratio acetone/additive

P25 3.4

Krono 1.0

ZnO 1.2
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were filled into aluminum crucibles and placed in the
DSC system. Together with an empty reference crucible,
the samples were heated to 333.15 K with a heating rate
of 5 K/min. The heat relative to the sample weight Q over
temperature T and time t was recorded and the reaction
enthalpy ΔQ was calculated.

2.3.2 | Mechanical analysis

Tensile strength σmax and elongation at break εR were
determined according to DIN 55304 with a tensile testing

machine (Zwick/Roell Z050, ZwickRoell GmbH & Co. KG,
Germany) at a constant speed of v = 500mm/min (sample
number n = 8). The ring–shaped test specimens were
placed on rotating rollers in order to avoid adhesion of the
test samples to the rollers; a preload was not necessary.

2.3.3 | Surface analysis

Contact angle of the different composites was measured
using the OCA 15EC contact angle measuring system
(DataPhysics GmbH, Germany). All materials (n = 15)
were investigated after an irradiation of 0 h, 2 h, and
100 h each at a wavelength of 365 nm with an intensity
of 0.4–0.5 mW/cm2. FT-IR (n = 1) with a scan number of
16 (Alpha II, Bruker Corporation, USA) was performed
to detect degradation caused by irradiation.36

2.3.4 | Microbial testing

The antimicrobial properties of the different materials
were determined according to ISO 27447 and DIN EN
13697 with both gram-negative E. coli (IMG 1711) and

FIGURE 1 Production process of the different compounds (a)–(e) and of the test specimens (F)

TABLE 2 Overview of the produced composites

Material Additive Weight percentage (%)

Reference — 0

ZnO_5 ZnO 5

ZnO_10 10

P25_5 P25 5

P25_10 10

Krono_5 Krono 5

Krono_10 10
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P. fluorescens (ATCC 13252) and gram-positive (S. aureus
[USA 300]) bacteria.

The basic microbial testing was carried out as follows:
The samples were cleaned in an ultrasonic bath for
20 min and steam sterilized for 20 min at 121�C
(Laboklav 25 V, SHP Steriltechnik AG, Germany). Subse-
quently, they were inoculated with 10 μl germ suspension
of 108 colony forming units (CFU) per ml and treated as
schematically shown in Figure 2(a).

The inoculated samples were positioned in a glass
petri dish placed inside a bigger plastic petri dish con-
taining a wet filter paper to preserve the moisture during
the experiment. The samples were exposed to ultraviolet
radiation at a wavelength of 365 nm with an intensity of
0.4–0.5 mW/cm2 in order to elicit the photocatalytic
effect of the nanoparticles. It was ensured that the mate-
rial of the plastic petri dish was transparent to this radia-
tion using a spectrophotometer (Agilent Technologies
Inc., USA). After the irradiation period, the test samples
were put into tubes filled with phosphate-buffered saline
with 0.1 vol% polysorbate 80 (Tween) and glass beads.
The remaining bacteria were washed off the test speci-
mens by vortexing (equivalent to dilution step 10�2, see
Figure 2(b)). Subsequently, dilution steps up to 10�7 were
prepared (Figure 2(b)). For each material, 100 μl of each
dilution step was plated on two separate agar plates. After
an incubation of 24 h, the CFU on each agar plate were
counted for numbers of CFU on the plate between
13 and 220 (Figure 2(c)), as advised by DIN EN 13697.
The value remaining germs RG in % was calculated for
each material according to formula 2.1, where
BL = average value of CFUs on reference of all countable
dilution steps and CL = average value of CFUs on com-
posites of all countable dilution steps.

RG ¼ CL

BL

� �
�100, ð2:1Þ

The error was computed according to error propagation
(formula 2.2).37

δRG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�100 �CL

BL
2

� �2

�δBL
2þ 100

BL

� �2

�δCL
2

s
, ð2:2Þ

The investigations of the germ reducing effect of the
developed composites can be divided into two parts.

Influence of the irradiation period on antimicrobial
properties
The irradiation period eliciting the antimicrobial effect
against E. coli (n = 6) and P. fluorescens (n = 4) was set
to 1 h, 2 h, and 3 h each at a wavelength of 365 nm with
an intensity of 0.4–0.5 mW/cm2 in order to investigate its
influence on the intensity of the germ-reducing effect on
all seven composites. In order to limit the number of
experiments, the investigation of the antimicrobial effect
against S. aureus, was carried out with only one percent-
age of each additive. DSC measurement, mechanical test-
ing and antimicrobial activity against E. coli and
P. fluorescens were considered in the selection of mate-
rials. The effect against S. aureus (n = 4) was investigated
at an irradiation period of 2 h at a wavelength of 365 nm
with an intensity of 0.4–0.5 mW/cm2 on the reference
material, ZnO 10 wt%, P25 10 wt% and Krono 5 wt%. The
experiments were carried out as described above.

Effect of surface damage on antimicrobial properties
The antimicrobial activity in the bulk of the material was
tested at an irradiation period of 2 h at a wavelength of
365 nm with an intensity of 0.4–0.5 mW/cm2 and com-
pared to the antimicrobial activity on the surface of the
materials. For this, 0.25 mm of the complete surface of
the composite materials with P25_10, ZnO_10 and
Krono_5 was removed by laser cutting (Speedy 400 flexx,
Trotec Laser GmbH, Austria) to expose the bulk of the
material. Analogue to the first part of the microbial test-
ing against S. aureus, only selected materials were used
in the second part to reduce the number of experiments.
The investigations were carried out as described above
against the bacteria E. coli (n = 4), P. fluorescens (n = 4)

FIGURE 2 Microbial test procedure. (a) Inoculation and irradiation; (b) washing and dilution steps; (c) plating of dilution steps on agar

plates, incubation and counting of colony forming units (CFUs) [Color figure can be viewed at wileyonlinelibrary.com]
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and S. aureus (n = 4) on the newly gained surface of the
samples.

2.3.5 | Statistical analysis

The results of the mechanical evaluation and the contact
angle measurement are presented as mean ± SD. For
comparison of mechanical strength, elongation at break
and contact angle between the different materials and
the different irradiation periods, Mann–Whitney-U-test
were performed in Origin ® with α¼ 0:05 as not all data
set were described by a normal distribution.

3 | RESULTS AND DISCUSSION

3.1 | Cross-linking reaction

The curing process of the reference material took place in
a temperature interval of 120–150�C (Figure 3).

The curves of the ZnO composites are slightly
shifted to lower temperature ranges compared to the
reference, in contrast to the curves of all other com-
posites, which are shifted to higher temperature
ranges. Zinc oxide is an important inorganic additive
used in the rubber industry as cure activator for the
sulfur vulcanization and as curing agent for some
elastomers containing specific reactive functional
groups.38 It is conceivable that the antimicrobial ZnO
nanoparticles in our study additionally acted as curing
activator and caused the vulcanization process to start
at lower temperatures, with ZnO_10 result in a 10�C
shift. The curves in Figure 3 indicate that for all the
composites 25 min at 170�C were sufficient to complete
the cross-linking. The curing process of the modified

materials compared to the reference showed a decreas-
ing cross-linking enthalpy with increasing amount of
additive, independent of the type of additive. The DSC
measurements revealed the lowest cross-linking
enthalpy for Krono_10, which corresponds to the
lowest cross-linking density. A decreased cross-linking
enthalpy was also shown in the case of a silicone
modified with calcium phosphate nanoparticles,39 as
well as ZnO nanoparticles were added as fillers to
obtain epoxy-polydimethylsiloxane composites for
anticorrosion and hydrophobic coatings.40 This can be
explained by a lower cross-linking density due to the
higher viscosity of the nanoparticle/elastomer mixture
and the nanoparticles' steric hindrance, in agreement
with Ramezanzadeh et al.,41 as it leads to a lower
reaction of the functional groups of the matrix mate-
rial. The KRONOClean® 7000 has the smallest parti-
cle size among the used additives, therefore more
particles were present in the silicone matrix in com-
parison to the other composites, causing a higher ste-
ric hindrance.

3.2 | Mechanical properties

Figure 4(a) shows the tensile strength of the modified
materials compared to the reference.

The statistical analysis of the tensile strength showed
no differences compared to the reference material in case
no irradiation was performed except for P25_10 and
Krono_10. In case of the P25 the additive lead to an
increase of the tensile strength. This statement concurs
with Kong et al. who used additives as boron nitride and
silicon nitride nanoparticles in silicone rubbers to
increase the mechanical strength.42 The decreases of the
tensile strength of Krono_10 confirmed the results of
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the DSC measurement and thus an insufficient cross-
linking at Krono_10 can be assumed.

The tensile strength of the reference material,
ZnO_10, P25_10 and Krono_5 indicates statistically
decreasing values with an increasing irradiation period.
As decreasing tensile strength can be a sign of degrada-
tion of plastics caused by UV irradiation.

Earlier studies said that nanoparticle used as additives
in liquid silicone rubbers (LSR) can increase tensile
strength as nanoparticles act as additional physical
crosslinking sites.43 Wang et al. could confirm the
enhancement of the tensile strength, but also found that
a poor distribution of the nanoparticles lead to agglomer-
ates that have a negative impact on the tensile strength of
the used silicone fluid.44 In case of this work a poor dis-
tribution of the additive can be assumed in Krono_10
taking the results of the tensile strength into account.
The investigation of the distribution of the material with
conventional methods like SEM–EDX (SEM stands for

scanning electron microscope-EDX stands for energy dis-
persive X-ray spectroscopy) was not possible as the mate-
rial was damaged during the measurements.

The measured values of elongation at break are
shown in Figure 4(b). The elongation at break showed
statistically higher values for all composites compared to
the reference at 0 h of irradiation. This enhancement of
the elongation at break agrees also with the investiga-
tions of Kong et al.42 The material with 10 wt% Krono
indicated the greatest contrast to the reference: the
median of the elongation at break increased by up to 20%
compared to the reference. The influence of 100 h irradi-
ation result in significant lower values compared to 0 h
irradiation: ZnO_10, P25_10, Krono_5 and Krono_10
show a decreasing elongation at break with higher irradi-
ation period. A faster degradation of the material because
of the emerging radicals can be assumed.

In summary, the tensile strength of the composites
showed only slight differences compared to the

5

6

7

8

9

 0 h
 2 h
 100 h

T
en

si
le

 s
tr

en
gt

h 
[M

P
a]

*
*

*
*

*
(a)

Reference ZnO_5 ZnO_10 P25_5 P25_10 Krono_5 Krono_10

Reference ZnO_5 ZnO_10 P25_5 P25_10 Krono_5 Krono_10
700

800

900

1000

 0 h
 2 h
 100 h

E
lo

ng
at

io
n 

at
 b

re
ak

 [%
]

*

*
*

*

*

*
(b)

FIGURE 4 Mechanical properties

of the reference and the modified

materials. (a) tensile strength values

(n = 8) after 0 h, 2 h, and 100 h of

irradiation; (b) elongation at break

values (n = 8) after 0 h, 2 h and 100 h

irradiation. Significant changes of the

mechanical properties of Krono 10 wt%

indicate an insufficient cross-linking.

Increasing irradiation period leads to

decreasing mechanical values and

suggest an accelerated degradation. *

indicates statistical

significance (p < 0.05)

6 of 11 FISCHER ET AL.



reference material in case no irradiation was performed
while the elongation at break increases. The irradiation
of the materials can lead to a decrease of the mechani-
cal values, but, except for the high tensile strength loss
of Krono_10, the mechanical values change within a
range that should have no influence on the application
as contact surfaces like keyboards, handle bars and
light switches.

3.3 | Surface analysis

Figure 5 visualizes the contact angles of the reference
and the different composites after 0 h, 2 h, and 100 h of
irradiation.

The means of the determined contact angles were all
measured within a range of 114–119 �. The non-
irradiated composites showed a significant increase and
thus a more hydrophobic surface compared to the refer-
ence. This increase of the contact angle by just about 2�

can be explained by a rougher surface of the test speci-
mens due to the mold used in the manufacturing pro-
cess.45 Since the nanoparticles were incorporated into the
matrix material and thus completely surrounded by
the silicone elastomer, the increase of the contact angle
of the nonirradiated composites is not due to the additive.
The unchanged contact angle of the non-irradiated com-
posite ZnO_10 thus is in accordance with the expecta-
tions. During photocatalytic activation, oxygen vacancies
occur in the structure of the photocatalyst titanium diox-
ide where water molecules can bind and lead to an
absorption of OH groups that results in a higher free

surface energy.46 Huppmann et al. could prove this by
creating hydrophilic plastic surfaces using TiO2

nanoparticles as additives in thermoplastics.47 This trend
could be confirmed in parts in our studies. A significant
reduction of the contact angle after 2 h of irradiation was
measured on the composite surfaces of P25_5, Krono_5
and Krono_10. As it would be expected that, contrary to
the results, both an increasing amount of additive and a
prolonged irradiation period should enhance this effect,
the occurrence of the phenomenon “hydrophobic recov-
ery” should be considered: the hydrophobic recovery
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FIGURE 6 FT-IR spectra of the reference and the composites

materials after 0 h, 2 h and 100 h of irradiation. The spectra within

a composite of different irradiation periods are displayed stacked on

top of each other, no differences could be detected [Color figure can

be viewed at wileyonlinelibrary.com]
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causes a change in location of the hydrophilic functional
groups from the surface into the bulk of the composites48

and thus prevents the decrease of the contact angle. A
change of the contact angles of the ZnO-composites due
to the irradiation was not expected. A possible explana-
tion for the significant increase of the contact angle of
the reference material with increasing irradiation as well
as of the composites P25_5 and Krono_10 after 100 h
could be a changed surface structure due to UV radiation
and thus a sign of degradation.49 As the results of the ten-
sile testing indicated a degradation of the composite
materials at least after an irradiation of 100 h, surface
analyses were carried out of to obtain further information
on the aging of the composites. Figure 6 shows the FT-IR
spectra of the reference material and the composites after
0 h, 2 h, and 100 h irradiation.

The spectra within a composite of different irradiation
periods are displayed stacked on top of each other. The
peak between the wavenumbers 2965 cm�1 and
2960 cm-1 indicates a C─H3 bonds and thus an organic
polymer chain end.50 The other three main bands of

the spectra (1260–1254 cm�1, 1130–960 cm�1, 810–
755 cm�1), highlighted in Figure 6, correspond to the
silicone polymer chain. In the region of 1130–960 cm�1-
Si─O─Si─ bonds show a very strong infrared band.51,52

The ─O─Si─CH3 group is recognized by a sharp band at
about 1260–1254 cm�1 together with a strong band in
the range 810–755 cm�1, whereas both regions can
refer to the molecule -O-Si-(CH3)3 as well as to
─O3─Si─CH3.

51 If the material degrades after irradia-
tion, a change in the intensity of the bands can be
expected. Since polymer chains break as a result of deg-
radation, the peak of ─C─H3 and the bands of
O─Si─CH3 as well as ─Si─O─Si─ should decrease.
Huh et al. found a decrease of these peaks after an irra-
diation period of 2000 h, however, it was observed that
the decreasing rate of C─H3 and ─Si─CH3 bond is
higher than that of ─Si─O─Si─ binding.53 No differ-
ences in our spectra could be detected. Changes of the
wettability of a surface (Figure 5) should also provide
information about the resistance and the degradation of
the materials.54 Thus, the assumption of degradation

FIGURE 7 Antibacterial surface activity of the modified materials against gram-negative Escherichia coli (n = 6) (a), gram-negative

Pseudomonas fluorescens (n = 4) (b) and gram-positive S. aureus (n = 4) (c) at different irradiation periods as well as the antibacterial

activity in the bulk of the material at an irradiation period of 2 h (n = 4) (d). The dotted line represents a reduction of two log-steps and thus

an antimicrobial effect. An increasing germ-reducing effect was observed with an increasing additive amount an higher irradiation period.

Gram-negative bacteria showed a higher reduction of colony forming units compared to gram-positive bacteria. The germ-reduction in the

bulk of the material correspond with the results measured on the surface of the composites
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could not be confirmed by examination of the wettabil-
ity and FT-IR method.

3.4 | Germ-reducing effect

Figure 7 shows the measured antibacterial surface activ-
ity E. coli (Figure 7(a)), P. fluorescens (Figure 7(c)) and
S. aureus (Figure 7(b)) at different irradiation periods as
well as the antibacterial activity in the bulk of the mate-
rial against these bacteria (Figure 7(d)).

The germ-reducing effect of all composites was tested
against E. coli and P. fluorescens on samples that were
irradiated 1 h, 2 h, and 3 h to cause the germ-reducing
effect. According to the standard JIS Z 2801 a germ-
reduction >2 log steps (99.00%) may be referred to as an
antimicrobial effect. Looking at Figure 7(a), all compos-
ites represent an antimicrobial surface at a irradiation
period of 3 h. Reducing the irradiation to 2 h result in a
reduction of the germ-killing effect, but the composites
ZnO_10, P25_10, Krono_5 and Krono_10 still work as
antimicrobial surfaces. At an irradiation period of 1 h
none of the composite surfaces appear as antimicrobial.
Pal et al. investigated the influence of irradiation period
and different loadings of P25 impregnated on membrane
filters against E. coli and found the same effect: an
increasing germ-reducing effect with an increasing irradi-
ation period as well as an increasing additive amount.55

This trend could also be confirmed against the germ
P. fluorescens, however, our investigations indicate a
higher or an equal antimicrobial activity against E. coli
than against P. fluorescens. On closer examination of the
various additives, TiO2-composites showed a higher germ
reducing effect than ZnO-composites, independent of the
germ type. ZnO and TiO2-coatings on PET/PBS blends
were tested by Threepopnatkul et al. regarding their anti-
microbial activity. The experiments delivered the same
trend: the TiO2-coating had a higher germ-reduction than
the ZnO-coating.56 The differences in the antimicrobial
effect of the TiO2-composites can be explained by the dif-
ferences in the crystal modification of P25 and Krono.
P25 is a mixture of anatase and rutile phases, as Krono
consists of C-modified Anatase. Compared to anatase or
rutile in pure phase, the mixed-phase TiO2 is said to have
a higher photocatalytic activity.57 However, investiga-
tions of Xie et al. show that C-modifying is an effective
way to improve the photocatalytic activity of TiO2 for
decomposition of organic compounds.58 In case of our
experiments C-modified Anatase (Krono) had the highest
germ-reducing effect independent of the germ type and
thus the best photocatalytic activity than the mixed-phase
TiO2 (P25). Considering the microbial investigations
against gram-negative germs, we decided to conduct

further experiments with high additive amount compos-
ites to reach a maximum of the antimicrobial effect. In
case of the additive Krono, we chose Krono_5, as the
thermal and mechanical investigations suggest insuffi-
cient curing of the 10 wt% composite. The analysis
against the gram-positive bacteria S. aureus (Figure 7(c))
showed a lower antibacterial activity compared to the
gram-negative bacteria at an irradiation period of 2 h.
The induced ROS of the photocatalyst kill germs by
attacking the cell membrane25 that is thicker in case of
gram-positive bacteria. Consequently, the germ-reducing
effect against gram-negative bacteria is higher than
against gram positive germ at the same photocatalytic
activity, as several studies confirm.55,56,59 Figure 7(d)
visualizes the second part of the microbial investigations,
the antibacterial activity in the bulk of the different com-
posites at an irradiation period of 2 h. The trend of the
values of the germ-reducing effect agrees with the trends
measured on the surface: an increasing germ-reducing
effect with an increasing additive amount as well as a
higher antimicrobial activity against gram-negative bacte-
ria than against the gram-positive S. aureus. This corre-
spondence of the results on the surface and in the bulk of
the composites proves that the antibacterial effect is
maintained even on damaged surfaces.

4 | CONCLUSION

In this paper we show the fabrication and the analysis of
an antibacterial silicone rubber. The usage of pho-
tocatalytically active fillers (TiO2 and ZnO) led to a germ-
reducing elastomer that has its effect not only on the sur-
face of the material but also in the bulk. The developed
composite Krono_5 showed the best results in our paper.
Regarding the tensile strength of this composite, no statis-
tical changes compared to the reference material could be
detected, independent of the irradiation period. A germ-
reduction >5 log steps is possible even on damaged sur-
faces. Therefore, an application of these materials as
covers for door handles, keypads or control panels in pub-
lic areas can reduce the risk of (nosocomial) infections.
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