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Abstract. A liquid flame spray (LFS) nanoparticle deposition process was
used to generate glass surfaces with silver (Ag) and titania (TiO2)
nanoparticles for antibacterial activity against two common pathogenic
bacteria causing community-associated and hospital-acquired infections,
gram positive Staphylococcus aureus (S. aureus) and gram negative
Escherichia coli (E. coli). All nanoparticle coatings increased antibacterial
activity compared to a reference glass surface. The silver nanoparticle
coatings showed the highest antibacterial activity with E. coli. On
contrary, TiO2 nanoparticle coatings were found to have a higher
antibacterial activity against S. aureus than E. coli.

No significant

differences in antibacterial activity were observed between the two used
nanoparticle deposition amounts.

Keywords: nanoparticle, antibacterial, glass, E. coli, S. aureus
Classification numbers: 2.00, 2.05, 4.00, 4.02, 5.08
1. Introduction
Hospital acquired infections (HAIs) are a quickly growing global problem with
approximately 5 % of the hospitalized patients contracting HAI with the
percentage raising up to 25–50 % for intensive care and severe cancer patients. In
the United States only, the HAIs result in more than 2 million infections annually
with significant morbidity and approximately 5 % mortality (up to 25 % at the
intensive care units) [1]. This makes HAIs the fourth leading cause of deaths in
the US killing more people than HIV and breast cancer combined. The annual
direct costs of HAIs were estimated up to 35 billion USD in 2009 [1]. However,

the current estimate is significantly higher due to both increased treatment cost
and existence of multiple drug resistant HAIs.
Antibacterial resistance is a worldwide concern as the conventional infection
prevention and treatment methods against the common health-care associated and
community acquired infections are becoming ineffective [2,3]. While new
treatments are being developed, greater effort has been given to the prevention of
infections by improved hygiene, infection control, and other prevention measures
[4]. Such programs in hospitals were observed to decrease morbidity, improve
survival rate, and shorten hospital stays while being cost-effective [5]. Recently,
antibacterial surfaces were studied for infection control programs to passively
stopping and slowing down the bacterial growth and transmission in hospital
environment [6].
These examples reveal an urgent demand for effective tools to prevent bacterial
infections especially in hospitals where surface hygiene is paramount. Metallic
silver is well-known for its low toxicity to human cells but high toxicity to bacteria
[7]. Alternatively, metallic copper alloys and copper surfaces were shown to
reduce bacterial growth by 90 – 100 % compared to stainless steel surfaces [8].
Recent advances in nanoscale manufacturing tools have resulted in a wide use
of nanoparticles and nanostructures in commercial applications including
medicine. Surface modification of nanostructures can improve stability,

compatibility, and cell-selectivity of nanostructures [9]. Various metal (Ag) and
metal oxide (ZnO, CuO, CeO2, MgO, Fe2O3, AgO) nanoparticles have been
studied for their antibacterial properties, and the mechanisms behind the
antibacterial activity have been investigated [10-14]. Nanoparticles can be
incorporated into bacteria by surface or intracellular uptake. In addition, metal ion
leaching from nanoparticles can contribute to the nanoparticle antibacterial
activity. Copper surfaces, for example, are highly reactive and toxic to bacteria as
they can generate reactive oxygen species (ROS) such as superoxides on the
intracellular level [15]. Antibacterial surfaces can be either bactericidal
inactivating bacteria by chemical mechanisms [16] or bacteriostatic inhibiting the
growth of bacteria [17].
In this paper we use a liquid flame spray (LFS) nanoparticle deposition on glass
to induce effective and controllable antibacterial activity. LFS is a powerful tool
for large-area deposition of nanoparticle functionalized surfaces that operates in
atmospheric conditions with high material yield producing grams of nanomaterial
per minute [18]. It is believed that nanoparticle surfaces with antibacterial activity
will find many applications in the hospital environment in the future.

2. Experimental
2.1. Liquid flame spray (LFS) nanoparticle synthesis and deposition
An organometallic liquid precursor is injected directly into a turbulent H2-O2 flame in which the precursor evaporates followed by nanoparticle formation via
physical and thermochemical reactions [19]. The combustion gases produce a
high temperature (max ~2 500°C) flame that can evaporate a wide variety of liquid
precursors allowing also a generation of multi-component nanoparticle coatings
[20]. LFS process is a high throughput and cost-effective method for nanoparticle
deposition in the range of tens of mg/m2 on surfaces. The LFS can be applied for
coating large-area surfaces on various substrates either in a roll-to-roll process
flow [21] or in a batch process depending on the application. Additionally, the
LFS technology can easily be upscaled to the industrial level with roll-to-roll line
speeds exceeding 300 m/min.
Silver (Ag) and titania (TiO2) nanoparticles were deposited using LFS on glass
surface. The LFS produced nanoparticles were deposited on the substrate surface
through a tailor-made flow tube. A residual tube LFS deposition method was used
i.e. the flame was pointed towards one end of a flow tube and the deposition was
made from the other end of the tube onto the surface. Such an indirect procedure
from the flame decreases the heat effects on the surface and enables a more
uniformly distributed nanoparticle coating on a large area. Nanoparticles were

deposited on commercial microscope glasses (Menzel Gläser, Germany) with the
following parameters: for Ag nanoparticles AgNO3 (250 mg/ml, Alfa Aesar, 99.9
%) in deionized water was injected with a rate of 2 ml/min and for TiO 2
nanoparticles Ti(IV)isopropoxide (50 mg/ml, TTIP, Alfa Aesar, 97+ %) in 2propanol (VWR, HPLC grade) was injected with a rate of 6 ml/min. The flame
was formed mixing H2 (40 standard liters per minute (slpm)) with O2 (20 slpm).
Two different nanoparticle amounts were utilized that were controlled by the
deposition time i.e. 10 s and 60 s for low and high deposition amount,
respectively. The effect of the heat from the flame on the glass surfaces was
studied using a similar H2-O2 -flame but without the feed of precursor i.e. no
nanoparticles were formed.
2.2. Physico-chemical characterization of the nanoparticle glass surfaces
The size and shape distribution of nanoparticles deposited by the indirect LFS
were characterized using a scanning electron microscope (SEM, Jeol JSM6335F). The samples were coated using a platinum sputtering for 15 s for
conductivity. Energy-dispersive X-ray spectroscopy (EDS/EDX) was used
together with the SEM to qualitatively determine particle compositions of the
surfaces.
A contact angle (CA) goniometer KSV CAM 200 (KSV Instruments Ltd., FI).
with a digital CCD camera having a 55 mm zoom microscope lens and a blue

LED light source was used to determine the water contact angle. A purified water
drop (Milli-Q filtration, Millipore, US) with a volume of 4 μl was placed onto the
surface from which static contact angles were measured at room temperature after
2 seconds from placing the drop. The mean contact angle was calculated from
three to five parallel measurements on the sample surface with standard deviation.
Elemental composition of all the samples and oxidation stages of the
nanostructures were analyzed by using an X-ray photoelectron spectroscopy
(XPS, PHI Quantum 2000, Physical Electronics Instruments, US) with a
monochromatic Al Kα X-ray source operated at 50 W with a take-off angle of
45°. Three measurements were used performed from each sample surface. Survey
and high resolution spectra were acquired using an electron pass energy of 117.4
eV and 23.5 eV, respectively. The primary binding energy peaks of carbon and
oxygen were collected for all samples. The corresponding metal (Ag and Ti)
primary binding energy peaks and Auger peaks for Ag were acquired for
nanoparticle coated samples. The pressure inside the main chamber was below
1.0 × 10-6 Torr during the spectra acquisition. Spectra were analysed with
MultiPak V9.0.0 software (Ulvac-phi, Inc).
2.3. Antibacterial activity testing
Antibacterial activity of nanostructured surfaces was tested using a modified
procedure developed by Pallavicini et al. [22] for Staphylococcus aureus (S.

aureus, Gram positive) ATCC 29213 and Escherichia coli (E. coli, Gram
negative) ATCC 25922. Micro-organisms were grown overnight in a LuriaBertani medium at 37°C. Cells were suspended to a phosphate buffered saline
media until optical density at 600 nm (OD600) was approximately 0.1
corresponding to approximately 1 × 108 colony-forming units (CFU/ml). Bacterial
suspension (10 µl) was then deposited onto the nanostructured microscope glass
and a standard cover glass (24 × 24 mm2) was set on top. Bacteria suspension
formed a thin film between the nanostructured media and the cover glass.
Subsequently glasses were transferred into a 50 ml Falcon test tube in which 1 ml
of phosphate buffered saline (PBS) was pipetted to maintain damp environment.
Two glass compilations were prepared for each bacteria strain, which were kept
at a room temperature for 5 and 24 hours. After the determined contact period, 9
ml of PBS was added to the Falcon tube and shaken gently to detach the glass
slides from each other. Sample suspension (10 µl) from Falcon tube was placed
on an agar plate. The CFUs were counted after an overnight incubation from the
agar plates.

3. Results

Figure 1. Nanoparticle coatings deposited by the indirect LFS on the microscope
glass surfaces.

Figure 1 displays the SEM images of deposited Ag and TiO2 nanoparticles that
are rather evenly distributed on the glass surface. Nanoparticles in the sample
Ag_low NPs were primarily individual particles whereas the Ag_high had more
agglomerates. Individual silver nanoparticles had an average diameter of 35 nm.

TiO2 nanoparticles were smaller in size and they were aggregated creating a
porous structure.

Figure 2. Water CAs of the nanostructured surfaces. The error bars are +/standard deviations.

Surface hydrophilicity was verified using water CA measurement with
deionized water at a room temperature. Figure 2 presents the average contact
angles on the nanostructured sample surfaces together with a plain microscope
glass surface. The water CA was increased for Ag nanoparticles whereas smaller
water CA was observed for TiO2 nanoparticles compared to the unmodified glass.

Table 1. Elemental composition of the used microscope slides and
nanostructured surfaces with standard deviation (SD).
Ag/Ti

SD

C

SD

O

SD

Si

SD

Na

SD

Ref

-

-

27.6

0.9

48.4

0.7

16.2

1.1

6.5

1.4

Flame

-

-

28.0

1.3

46.8

1.2

15.6

0.6

8.4

0.6

Ag_low

0.7

0.02

24.0

0.1

50.5

0.5

18.5

0.8

5.1

0.5

Ag_high

3.0

0.5

20.4

1.5

49.0

1.0

18.9

0.2

6.4

0.5

TiO2_low

5.5

0.2

23.3

1.0

52.2

0.9

13.1

0.3

4.8

0.3

TiO2_high

13.6

0.3

23.8

0.2

51.2

0.1

5.7

0.3

5.7

0.1

Table 1 presents the relative elemental composition of the sample surfaces
analyzed using XPS. The components of glass, i.e., silicon, oxygen, sodium, and
small amounts of magnesium and calcium (in the range of 1% to 2%) were
identified on all samples. The arbitrary carbon peak was used as a charge reference
(284.8 eV) that is common for samples exposed to air due to contamination such
as hydrocarbons. The results show that increasing the surface coating coverage
decreases the atomic percentage of glass components that is due to the low XPS
detection depth of 10 nm. Relative amounts of Ag or Ti increase with longer LFS
deposition times as expected with a larger number of nanoparticles deposited on
the surface.

Table 2. Primary binding energy, modified Auger parameter and spin-splitting
of metal and metal oxide surfaces from XPS curves.
Ag_low

Ag_high

TiO2_low

TiO2_high

Binding energy (eV)

367.9

367.9

457.9

458.0

Modified Auger parameter (eV)

725.9

725.9

-

-

-

-

5.7

5.7

Spin-splitting (eV)

Spin splitting and modified Auger parameter were used to determine metal
oxidation primary binding energy state as presented in Table 2. Spin splitting of
the primary titanium peaks was determined at 5.7 eV for both TiO 2_low and
TiO2_high, which corresponds to the characteristic value of 5.7 eV of TiO 2 in
comparison to 6.1 eV of metallic Ti [23,24]. In literature, modified Auger
parameters (A’) of silver are 726.1 eV for metallic Ag, 724.5 eV for AgO, and
724.4 eV for Ag2O [25]. For both Ag_low and Ag_high A’ was 725.9 eV that is
in agreement with metallic silver. Deconvolution of LFS deposited silver
nanoparticles into Ag, AgO, and Ag2O was presented in our previous study [26]
that confirms the findings from the modified Auger parameter: more than 90% of
silver was in metallic form Ag whereas Ag2O and AgO contributed to less than
7% and 1%, respectively.

Table 3. Results of the antibacterial activity testing using semi-quantitative
colony forming unit counting and untreated Menzel microscope glass as a
reference.
E. coli

S. aureus

5h

24 h

5h

24 h

Ref

+ / ++

+ / ++

+ / ++

+

Ag_low

-

-

-/+

1 CFU*

Ag_high

-

-

-/+

2 CFU*

TiO2_low

+

+

+

-/+

TiO2_high

+

+

+

-/+

*CFU = colony forming unit with + = 103 – 104, ++ = 104 – 105, and +++ > 105

A quantitative antibacterial activity test against E. coli and S. aureus was used
to characterize the antibacterial properties of the nanostructured surfaces [22] with
bacterial contact times of 5 and 24 hours. All nanostructured surfaces exhibited a
lower bacterial growth at all time points compared to the reference microscope
glass surface as shown in Table 3. Both silver coatings completely inhibited the
growth of E. coli and decreased significantly the amount of viable S. aureus. It
should also be noted that viable amount of S. aureus decreased on the reference
glass surface from 5 h and 24 h contact time. Both TiO2 surfaces exhibited a
slightly lower growth of both bacteria. Additionally, enhanced antimicrobial

activity can be achieved by photocatalytic activation of TiO2 nanoparticles with
ultraviolet A (UVA, 315–400 nm) radiation. UVA radiation can generate
electron-hole pairs, which can induce ROS on TiO2 nanoparticle surface. These
highly active ROS can interfere with the bacterial cell membrane in various ways
depending on the experimental set-up, and photocatalytically activated TiO2
surfaces have been demonstrated with improved antibacterial response [27,28].
We plan to return to this issue in a future communication.
4. Discussion
The indirect LFS nanoparticle deposition resulted in a relatively uniform
nanoparticle coating with a simple control of the coating amounts by the
deposition time. The adhesion of nanoparticles onto the surface takes place via
van der Waals forces.
Elemental composition of the modified surface was dominant for the
antibacterial activity of nanostructured glass surfaces. Variation on the amount of
coatings did not have a significant effect on the antibacterial activity. All studied
surfaces were hydrophilic, and the observed differences in surface wetting do not
have a significant role in antibacterial activity. We have recently shown that even
a change of surface wetting from hydrophilic to hydrophobic did not alter the
antimicrobial activity against E. coli on plasma coated LFS deposited
nanoparticles [29]. Toxicity mechanisms of nanoparticles are not completely

understood but reactive oxidative species and metal ions are the most commonly
reported factors [30]. In literature Ag+ ion release has been suggested to be the
only toxicity mechanism of Ag nanoparticles [31], which may be affected by the
amount, size, and shape of the silver nanoparticles. It has also been proposed [32]
that antibacterial activity of Ag nanoparticle coatings is mainly dependent on the
total surface area of Ag nanoparticles that correlates to their potential for silver
ion leaching.
5. Conclusions
In this study, silver and titania nanoparticle coated glasses were investigated for
antibacterial activity against E. coli and S. aureus bacteria. It was shown that both
Ag and TiO2 nanoparticles can reduce bacterial growth on glass surface. Our
results showed variations in the antibacterial activity of nanostructured surfaces
depending on their chemical composition. In our study, the elemental composition
of the nanostructured media was observed to be the most important factor for the
antibacterial activity. The amount of metal and metal oxide together with the
wettability of the coating did not have is significant effect on bacterial viability,
even though they may have effect on bacteria adhesion to the substrate.
We believe that nanostructured antibacterial surfaces will find many
applications in the future. Furthermore, development of bacterial resistance is less
probable with nanostructured media compared to the conventional antibiotics

because such nanomaterials can attack a broad range of targets in the bacteria, for
example, membrane proteins, lipid bilayer, and DNA damage by nanoparticle
uptake.
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