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This paper reports on a Ga,0Oz—Cu,O composite thin film that allows the destruction of both Gram negative
and Gram positive bacteria via a dual mechanism involving Ga>* ions that disrupt Fe>* metabolism pathways
in bacteria as well as through the reactive oxygen species generated by possible Fenton type reactions that
are mediated by Cu'* ions. This dual mechanism allowed the highly transparent composite thin film to

destroy both E. coli and S. aureus to below detection limits in 24 hours and limits the build up of
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extensively analysed on the surface and the bulk using X-ray photoelectron spectroscopy and
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Introduction

Hospital acquired infections (HAI) are a major and increasing
problem for hospitals and healthcare institutions globally.* The
Centers for Disease Control and Prevention (CDC) estimated
that 1 in 20 hospitalised patients contracted HAI resulting in
approximately 2 million infections contributing to 100 000
deaths a year and costing US hospitals over $30 billion.

The use of conventional antimicrobials to fight such infec-
tions is becoming less effective due to the increasing occurrence
of multidrug resistant bacteria.>® Hospital and health care
environments represent a reservoir for multidrug resistant
bacteria and therefore new methods for reducing or eliminating
microorganisms from these environs using antibacterial coat-
ings consisting of (for example) metals and metal oxides with
antibacterial properties on high contact touch surfaces, such as
keyboards and door handles, is desirable.**

One of the most well known antibacterial agents is Cu in the
metallic or oxide form. It has been used for centuries to
decontaminate water. The mode of action is complex, but is
believed to be through Fenton type reactions that involve the
production of reactive oxygen species (ROS) which go on to
cause damage to bacterial cell membranes, DNA and proteins
through oxidative stress.”® Although a potent antibacterial
agent, Cu and its oxides are expensive relative to other metals
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(and metal oxides), thus making the use of Cu costly when
application of the coatings on large areas, such as those found
in hospitals, is required. Furthermore, the use of Cu or Cu,0,
CuO causes aesthetic concerns, as the coatings are not trans-
parent but coloured.

Gallium oxide however is highly transparent in the visible
and displays antibacterial activity. Ga has demonstrated
harmful effects on microorganisms, particularly in mechanisms
involving the metabolism of iron." Gallium has been used in
biological studies despite having no known physiological
functions in the human body. The mechanism for the antimi-
crobial activity of gallium (Ga**) has been related to its ability to
mimic iron (Fe**) but not to participate in redox reactions.
Gallium is able to compete with iron and interferes with the
absorption and activity of Fe®". Gallium with a trivalent charge
(Ga®") has an ionic radius of ~0.55 A that corresponds well with
Fe** (~0.5 A). This can allow Ga®' to displace Fe** in
biochemical molecules and pathways. However, iron is redox
active but gallium is not. Therefore, the substitution of Fe**
with Ga®* will lead to the inactivation of Fe-dependent
biomolecules. Iron is important for cell division and essential
for the formation of DNA. Therefore disruptions in the
absorption of iron can cause the cells not to be able to produce
sufficient DNA for replication, which ultimately leads to its
death.*”?

Antimicrobial activity of gallium has been demonstrated
with in vitro investigation of gallium in the form of gallium
maltolate®'® and gallium nitrate.">**> Studies have shown that
gallium nitrate can inhibit the growth of biofilms. Biofilms were
grown in the presence and absence of low concentration of
gallium nitrate and it was observed that limiting the presence of
Fe in the nutrients had a positive correlation with the
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concentration of Ga and microbial reduction was observed.
However, when Fe was introduced into the medium, competi-
tion between the Ga®" and Fe*' occurred causing the antimi-
crobial activity of Ga to decrease.’>**

The antimicrobial activity of Ga®" was also investigated using
Ga,03-doped phosphate-based glasses (PBGs). PBGs are
durable materials used as wound dressings where antibacterial
ions are incorporated. This unique system would be able to
deliver Ga®" as the glass degrades. The tests demonstrated that
the PBGs had antibacterial effects on different HAI bacterial
agents. Results indicated that 1% mol Ga,0Os;-doped PBG was
sufficient to be potent against a range of organisms tested.
Investigation on Ga,0O; nanoparticles have shown that they
interfere with the adhesion mechanism of bacterial strains and
reduce the formation of biofilms.**

The use of a composite Ga,03;—-Cu,O film that contains both
Ga and Cu ions would allow a dual mode of attack against
bacteria via (1) the disruption of bacterial Fe** metabolism by
Ga®' ions as well as (2) attack through Cu and ROS. Thus
making the development of bacterial resistance unlikely. In
addition to this, the composite films rich in Ga remain highly
transparent in the visible, unlike pure Cu,O or CuO films,
therefore allowing application as coatings in hospital and
health care environments. In this paper we show the synthesis,
to the best of our knowledge, of the first (film or powder)
composite Ga,03;-Cu,O sample and subsequent tests against
both Gram-negative and Gram-positive bacteria. The films were
prepared using a novel route called aerosol assisted chemical
vapour depositon (AACVD) that is simple and easily scal-
able.** Furthermore, since the as-deposited films were X-ray
amorphous characterization was carried out using both X-ray
photoelectron spectroscopy and linear combination analysis/
X-ray absorption near edge structure to determine the nature
of Ga and Cu species on the surface and bulk respectively.

Experimental
Materials and general methods

The precursor solution for all AACVD depositions was placed in
a glass bubbler and vaporised by use of a Vicks ultrasonic
humidifier. This produced an aerosol of the precursor in the
solvent used. Nitrogen (99.99%) carrier gas was used as
supplied from BOC. Depositions were carried out on SiO,
coated float-glass that was cleaned using propan-2-ol, acetone
and dried in air prior to use. The glass substrates were ca. 90
mm x 45 mm x 4 mm in size. The heating of the glass
substrate to the desired temperature was carried out under
nitrogen gas and two-way taps were used to divert the nitrogen
carrier gas through the bubbler. The aerosol was carried into
the reactor in a stream of nitrogen gas through a brass baffle
and a top plate was suspended 0.5 cm above the glass substrate
to ensure a laminar flow. After all the precursor solution had
passed through the chamber the taps were turned to allow only
N, gas flow through the bypass tap. This was maintained until
the reaction chamber temperature fell below 100 °C. The N, gas
was stopped and the glass substrates were removed. The N, gas
flow rate was controlled by a calibrated flow meter positioned
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before the gas enters the bypass bubbler. The total deposition
time was in the region of 50-80 min.

A graphite block containing a Whatman cartridge heater was
used to heat the glass substrate. The temperature of the
substrate was monitored by a Pt-Rh thermocouple. Coated
substrates were handled and stored in air. Large pieces of glass
(ca. 4 cm x 2 cm) were used for X-ray powder diffraction but the
coated substrate was cut into ca. 1 ecm x 1 cm squares for
subsequent analysis.

GaMe; were used as supplied from SAFC HiTech. GaMe; is
pyrophoric and hence manipulations were performed under
a dry, oxygen-free dinitrogen atmosphere using standard
Schlenk techniques or in an Mbraun Unilab glovebox. All
solvents and alcohols commercially procured from Aldrich were
dried with anhydrous engineering equipment and stored in
Young's tap flasks.

Preparation of Ga,O; film

Dried methanol (30 ml) was added to trimethylgallium [GaMej,
4.35 mmol] at —78 °C. The resulting solution was mixed under
N, for 30 minutes in the AACVD bubbler. The Ga,0O; films
deposited at 450 °C were amorphous.

Preparation of Ga,0;-Cu,0 film

Copper nitrate trihydrate ([Cu(NO3),-3H,0], 2.06 mmol) was
added to dried methanol (30 ml) at room temperature and
allowed to dissolve. The copper nitrate solution was then slowly
added to GaMe; (4.35 mmol) at —78 °C. After 30 minutes of
mixing the solution was used for an AACVD experiment. An
aerosol was generated at room temperature. A graphite heating
block under the glass substrate heated the CVD reactor to
450 °C. Once deposition was complete, the substrate was cooled
to room temperature under N,. The film deposition time was
one hour and transparent films covering the glass substrate
were produced.

Both films were also deposited on quartz substrates and
annealed at 1000 °C for 12 hours under air to subsequently
determine the crystallographic phase through X-ray diffraction.

Characterisation of thin films

The resulting thin films were handled and stored in air. The
coated glass substrates were used for powder X-ray diffraction
(XRD) measured on a Bruker D8 X-ray diffractometer with
CuKay, and CuKe, radiation of wavelength 0.154056 and
0.154439 nm respectively emitted with an intensity ratioof 2 : 1,
a voltage of 40 kV and current of 40 mA. The samples were
indexed using the GSAS programme, refined via the Rietveld
method (LeBail model), and compared to database standards.
Energy dispersive X-ray analysis (EDX) was obtained on Philips
XL30ESEM instrument and Scanning electron microscopy
(SEM) on a JEOL 6301 instrument. X-ray photoelectron spec-
troscopy (XPS) was performed using a Thermo Scientific K-alpha
photoelectron spectrometer using monochromatic Aly, radia-
tion. Samples were earthed using copper tape. Higher resolu-
tion scans were recorded for the principal peaks of Cu(2p),
Ga(3d, 2p), O(1s) and C(1s) at a pass energy of 50 eV. The peaks
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were modelled using CasaXPS software with binding energies
adjusted to adventitious carbon (284.5 eV) for charge correction.

X-ray absorption spectroscopy (XAS) measurements on the
Dutch-Belgian Extended X-ray absorption fine structure (EXAFS)
beamline (BM26A) at the ESRF in Grenoble. Monochromatic
radiation was supplied by a double Si(111) crystal, and fluores-
cence was measured using a 9 element germanium solid state
detector. XAS of the film was acquired in fluorescence.
Measurements of the thin film and pelletized copper standards
were taken on the copper K-edge (8987 eV). XAS data were pro-
cessed and X-ray absorption near edge structure (XANES) analysis
was performed using Horae Athena software, and detailed EXAFS
analysis was performed on Excurve version 9.273.

Antimicrobial testing

E. coli strain (ATCC 25922) and S. aureus (8325-4) was main-
tained by weekly subculture on Brain Heart Infusion (BHI) agar
(Oxoid, Basingstoke, UK). One bacterial colony of either E. coli
or S. aureus was used to inoculate 10 ml of sterile BHI broth
(Oxoid, Basingstoke, UK) and incubated aerobically at 37 °C for
24 hours. Bacteria from the overnight culture were harvested by
centrifugation at 13 000 x g for 1 minute. Bacteria were then re-
suspended in phosphate-buffered saline (PBS) (Oxoid, Basing-
stoke, UK) and again centrifuged for 13 000 x g for 1 minute.
Finally the bacterial pellet was re-suspended in PBS before use.
The turbidity of the bacterial cell suspension was measured at
600 nm using a spectrophotometer and was adjusted to an
optical density which corresponded to approximately 10° colony
forming units (cfu) per 25 pL aliquot.

Prior to use, the gallium oxide and copper gallium oxide
samples were cut into 1 x 1 cm sections. A humidity chamber
was created to ensure that the suspensions did not dry out. For
each exposure time, triplicate samples were analysed and
uncoated barrier glass pieces were used as a control. Each
exposure time was also repeated twice. A 25 pl aliquot of the
bacterial cell suspension was spread evenly on the surface of
each slide and incubated at room temperature (21 £ 2 °C) for
the allocated exposure time. After incubation the slides were
aseptically transferred to 225 pL PBS and vortexed for 30
seconds to release the bacteria into the solution. Serial dilutions
of the resulting bacterial suspensions were prepared in PBS and
25 uL from each dilution was spread on to MacConkey Agar
(Oxoid, Basingstoke, UK) for E. coli and BHI agar (Oxoid,
Basingstoke, UK) for S. aureus. Plates were allowed to dry before
inverting and incubating aerobically at 37 °C for 24 hours. After
incubation, any bacterial colonies were counted and the viable
count calculated. The Mann-Whitney U test was used to deter-
mine the significance of the antimicrobial activity of gallium
oxide and copper gallium oxide compared to the control glass
slide. As well as, determining the significance of the activity of
gallium oxide compared to the copper—gallium oxide.

Results and discussion

Pure Ga,O; and composite Ga,0;-Cu,O thin films were
deposited on glass substrates via aerosol assisted chemical

This journal is © The Royal Society of Chemistry 2017
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vapour deposition of GaMe; (4.35 mmol) and [Cu(NO3),-3H,0]
(2.06 mmol) in dry methanol. Deposition temperature of 450 °C
was chosen as it allowed both precursors to decompose effi-
ciently, promoting surface reactions while minimizing gas
phase decomposition resulting in complete coverage of the
substrate. The films were highly transparent in the visible. Both
films passed the Scotch™ tape test and were resistant to
marking and delamination when scratched with stainless steel
and brass styluses. The films also remained unchanged after
suspension in water and organic solvents (methanol and
acetone) for 16 hours. In fact they were only damaged by
concentrated (nitric) acid (less than two hours). The highly
robust nature of the films is an important property that makes
them suitable as functional coatings on high contact touch
surfaces.

The deposited films were amorphous when probed using X-
ray diffraction spectroscopy. This is expected as Ga,O; and
related systems only exhibit crystallinity at temperatures of
700 °C and above. Annealing of the as-deposited thin films at
1000 °C (to maximize crystallinity) in air for 12 hours did indeed
produce crystalline f-Ga,O;.

The composite film, when annealed, showed the growth of
the B-Ga,03 and CuO phases (Fig. 1). There was no evidence for
the formation of the spinel phase that has previously been
isolated for AACVD synthesized Ga,0; and CuO composite films
when annealed under vacuum.?* As a result, further discussion
in this manuscript will focus solely on the amorphous as-
deposited films of pure Ga,0; and composite Ga,0;-Cu,O.

Energy dispersive X-ray spectroscopy (EDX) showed the
composite film to be rich in Ga with only 21 at% being
composed of Cu compared to 79 at% Ga. The composite film
being Cu poor allows it to remain highly transparent without
any colour thus enabling it to be applied as a coating on a wider
range of surfaces without any issues with aesthetics.

The nature of the Ga and Cu species on the surface of the
amorphous composite film was determined by X-ray

1 Ga,0,- Cuo
| (Annealed)

_- Pure Ga, 0O, film
| (Annealed)

Offset Y values

| CuO
| standard pattern

- f-Ga,0,
standard pattern

26 (°)

Fig. 1 PXRD patterns of the annealed pure and composite film. The
standard patterns for B-Ga,Oz and CuO are also shown.

RSC Adv., 2017, 7, 551-558 | 553


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra24737g

Open Access Article. Published on 03 January 2017. Downloaded on 12/6/2025 12:16:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

photoelectron spectra (XPS). The Ga 2ps, and 3ds, transitions
appear at 1117.9 and 19.9 eV, matching well with literature
reports for Ga**.>>?3 The Cu 2p spectrum shows two symmetrical
peaks separated by 19.6 eV with a low signal to noise ratio. The
Cu 2p3, peak centered at 932.6 eV can correspond to Cu® and/or
Cu'" as both peaks overlap heavily.?*?* The ratio of Ga to Cu on
the surface was 7 (86 at%) to 1 (14 at%). This is slightly different
to what was observed from EDX, which suggests that there was
more Cu present in the bulk of the films compared to the
surface. The valence band XPS spectra for both films is shown in
Fig. 2d. The valence band of pure Ga,O; is broad, with a width
of ca. 10 eV and generalized gradient approximation GGA of
density functional theory (DFT) suggests that it is primarily
composed of O 2p states.>® Other calculations (tight binding)
have however suggested that the valence band of Ga,O; may
also consist of O 2p, Ga 4p and Ga 4s states.>*”” The composite
film shows a similar spectrum to the pure film but is shifted to
lower binding energies by ca. 1 eV.

The oxidation of the Cu and Ga species in the bulk of the
pure Ga,0O; and composite Ga,0;-Cu,O films were analysed
using linear combination analysis (LCA) and X-ray absorption
near edge structure (XANES). Cu K-edge XANES data for the
sample is shown in Fig. 3 along with the corresponding data for

a

) CPS 2,
——Ga(llly2p

% i 2p112

: /\

3

2 / &

g

= \

T T T T T
1150 1140 1130 1120 1110

1160 1100
Binding energy (eV)
C) CPS
|——cu@©/cum2p i
|
Bt L
TR b

J T i T v T ¥ T T ¥ T " T ¥
965 960 955 950 945 940 935 930 925
Binding energy (eV)

View Article Online

Paper

standard powders: Cu, Cu,O and CuO. The energy scales of all
the spectra have been consistently normalised. Fig. 3 shows that
the local environment of Cu can have an effect on the line shape
of the XANES spectra, therefore making it fairly simple to
identify the nature of Cu present in the Ga,03;-Cu,O films. The
prominent feature seen in the Cu K-edge spectra (Fig. 3a) is
from the allowed 1s to 4p transition.” A low energy peak situ-
ated at ca. 8982 eV matches for Cu(0) species in the Cu standard
powder, this peak is shifted to a higher energy of ca. 8985 eV and
ca. 8987 eV for Cu(i) (Cu,O standard powder) and Cu(u) (CuO
standard powder) respectively. All these peak positions match
closely with literature reports.>*>°

In this case, the XANES spectra for the amorphous Ga,0;-
Cu,O films match that of Cu, Cu,O and CuO standards indi-
cating that copper is present in the film in all three oxidation
states. This is in contrast to the surface of the film that XPS
analysis showed to be lacking in CuO. LCA for the Ga,03;-Cu,O
(Table 1) calculated the Cu : Cu,O : CuO ratio present in the
film is 0.37 : 0.60 : 0.03. The XANES data indicates that Cu,
Cu,0 and a very small amount CuO were identified. XPS only
identified the presence of Cu,O on the surface of the material.
This could be due to CuO not being present at the surface but
can be detected in the bulk of the film. The LCA also shows that
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Fig. 2 XPS core level spectra for the composite film showing the (a) Ga 2p, (b) Ga 2d and (c) Cu 2p transitions. (d) Shows the valence band

spectra.
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Fig. 3 (a) Normalised Cu K-edge XANES spectra for Cu metal foil, Cu,O, CuO and the Ga,0O3—Cu,O composite thin film. (b) K3-weighted x (k)

spectra Ga,Os—Cu,0 and theoretical fit. (c) Fourier transform of EXAFS of the x(k).

Table 1 Linear combination analysis (LCA) of XANES fit for the
amorphous Ga,0z—-Cu,O composite film grown via AACVD at 450 °C

LCA of XANES of Ga,0;-Cu,0

Standard Ratio R-factor

Cu,O 0.60 (0.03) 2.51 x 107*

CuO 0.03 (0.02)

Cu 0.37 (0.02)

EXAFS fit of Ga,03;-Cu,O

Scatter N Rxrp (A) Rexars (A) o* (A% F

o) 2.0 1.85 (Cu,0) 1.87 (0.03) 0.010 12
1.95 (CuO)

Cu 4.6 2.54 (Cu) 2.55 (0.02) 0.010

Cu,0 has the largest amount in the ratio, which corresponds to
the identification that the composite is a Ga,0;-Cu,O material.

EXAFS were analysed and revealed the presence of two
distances (Table 1). The local structure of Cu,O with two Cu-O
distances that were found to be 1.87 A, which corresponds to
bond distances found in Cu,O (1.85 A). The Cu-Cu distances

This journal is © The Royal Society of Chemistry 2017

were identified as 2.55 A, which is comparable to Cu-Cu bond
distance found in pure copper films (2.54 A).

An important factor that determines efficiency of antibacte-
rial coatings is the surface area. A more nano- and micro-
structured morphology of an active film allows it to rapidly
destroy bacteria purely through increased contact. This is the
primary reason why nano powders show increased activity
compared to bulk powders of the same materials. Scanning
electron microscopy (SEM) was used to determine the surface
topography of both the as-deposited Ga,O; and Ga,03;-Cu,O
amorphous films and give only a qualitative indication of the
differing surface area. The Ga,O; film consists of fused particles
roughly 100 nm in diameter. This film appeared to have a larger
surface area compared to the composite film that showed much
larger particle sizes at 400 nm (Fig. 4). Cross sectional SEM
imaging showed both films to be 500 nm thick.

Optical properties of the Ga,0; and composite Ga,0;-Cu,O
were studied by transmission and reflectance measurements
between 300-2500 nm by UV-Vis spectroscopy (Fig. 5). Both of
the amorphous films showed a slight shift in the adsorption
edge towards the visible relative to plain glass substrate and
displayed minimal reflectively (10-20%). The Ga,O; films dis-
played high transmission (85-90%) whereas the composite was
slightly lower in transmission (80-85%).

RSC Adv., 2017, 7, 551-558 | 555
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Fig.4 SEM images of the (a) pure Ga,Os film and (b) composite Ga,Oz—Cu,O grown via AACVD on glass substrates from the reaction of GaMes
and Cu(NOs),-3H,0 in methanol. The cross-sectional SEM image of each film is also shown as an inset.
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Fig. 5 UV-Vis spectra for the pure Ga,Oz and the composite Ga,Oz—
Cu,0 thin films grown on glass from the AACVD reaction of GaMes
and Cu(NOz),-3H,0 in methanol at 450 °C. Inset is a photograph of
the films showing the high transparency in the visible.

The antimicrobial properties of the amorphous Ga,0; and
Ga,03;-Cu,O0 films deposited from GaMe; in methanol or
a mixture of GaMe; and [Cu(NOs3),-3H,0] via AACVD at 450 °C
were tested against E. coli and S. aureus. Samples were cutin 1 x
1 cm sample sections and were covered with 25 pL of bacterial
cell suspension containing approximately 10° cfu. Through
enumeration and plating of the bacterial suspensions and
subsequent overnight incubation (37 °C), the resultant viable
counts of bacteria for each sample section was determined. The
results for the Ga,0; and Ga,0;-Cu,O films, shown in Fig. 5,
demonstrate that the films have antimicrobial activity against E.
coli and S. aureus. Glass cut into 1 x 1 cm were used as controls.
Each point represents the log;, of the mean number of viable
bacteria from three samples and error bars represent the stan-
dard error. The results for the films show that having both Ga
and Cu in the films has an enhancing effect on the antimicro-
bial activity.

For E. coli, a 0.9 log,, reduction (P < 0.01) in viable bacteria
was observed after 24 hours, for Ga,0O; as shown in Fig. 6a. In

556 | RSC Adv., 2017, 7, 551-558

the case of Ga,03;-Cu,0, the same reduction in colony counts
was achieved after only 9 hours (P < 0.001) and 4 log;o
reduction was observed after 24 hours. This was similar for S.
aureus, a 1.2 log;, reduction (P < 0.001) for Ga,0; was
observed after 24 hours however, for the Ga,0;-Cu,O samples
a 0.8 logy, reduction was observed after 9 hours (P < 0.001)
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Fig. 6 The antibacterial properties of the pure Ga,Oz and composite
Ga03—-Cu,0 thin films as tested against (a) E. coli and (b) S. aureus.
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and 4 logy, reduction after 24 hours (P < 0.001). When the
antimicrobial activity of the Ga,O; thin films prepared in this
study are compared to previous studies where Ga,O;-doped
phosphate-based glasses were tested against Pseudomonas
aeruginosa a similar reduction in the viable count was seen
(0.86 logyo reduction).”*® Overall Ga,O; has been demon-
strated to have some antimicrobial activity. With the Ga,0;-
Cu,O film, a much greater bacterial reduction was observed.
When comparing the difference in the viable count between
Ga,0; and Ga,0;3;-Cu,0, it was seen to be highly statistically
significant (P < 0.001) demonstrating the impact of copper on
the sample. The Ga,03;—-Cu,O has a much improved antimi-
crobial efficacy over Ga,O; due to the addition of an antimi-
crobial metal, copper in a mixture of Cu,O. Copper has been
shown to produce highly significant reductions in the number
of bacteria responsible for HAI. The results herein show that
Ga,03-Cu, 0 coatings have lower antimicrobial activity
compared to Cu and Cu,O coatings.® It has been shown that
copper coatings can reduce bacterial numbers in 30 minutes
rather than 24 hours. However, the Ga,0;-Cu,O films we
developed were transparent and have the potential to be
deposited on a wide variety of surfaces.

Conclusions

In conclusion we report the first synthesis and material
characterization of a Ga,0;-Cu,O composite. The amorphous
thin films were characterized using XPS to indicate that the
surface was composed of Ga and Cu in the 3+ and 1+ oxidation
state at a ratio of 7 : 1. The bulk of the film was determined via
LCA and XANES analysis to consist of Ga®" and primarily Cu'".
A small amount of Cu® and Cu®* was also found. The presence
of both Ga** and Cu'" in the composite film allowed it to
display superior antibacterial activity against both Gram
negative (E. coli) and Gram positive (S. aureus) bacteria with
kills to below the detection limits obtained within 24 hours.
Whereas the pure Ga,O; film tested under the same condi-
tions showed only a ~1 log,, reduction over this time period.
The enhanced activity of the composite film was attributed to
the dual mechanism of attack involving both the Ga** ions
(disrupting the vital Fe** metabolic pathway of bacteria) and
Cu'" (via Fenton type reactions that produce ROS). The dual
mechanism of attack also makes it unlikely that bacterial
resistance will arise, an important quality in recent times
where the occurrence of multidrug resistant bacterial is major
concern. Furthermore, the synthesis of the highly transparent
films carried out using the facile AACVD route allows the
composite films to be easily applied to large surfaces at
limited cost and difficulty.
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