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We report the preparation, characterisation and antimicrobial functional testing

of various titanium dioxide and gold modified titanium dioxide nanoparticles em-

bedded into a polysiloxane polymer by a swell dip-coating procedure. We show

that the surfaces are effective in killing both Gram-positive (Staphylococcus au-

reus) and Gram-negative (Escherichia coli) bacteria under different lighting con-

ditions. The presence of the nanoparticles was of critical importance in improv-

ing the functional properties of the surface. These materials have the potential to

reduce hospital-acquired infection, by killing bacteria on the polymer surface.

1 Introduction

The prevalence of hospital-acquired infections (HAIs) has been described as ‘un-

acceptably high’ by the National Institute for Health and Care Excellence.1 Each

year, approximately 300,000 patients treated at an NHS hospital in England ac-

quire an HAI, including surgical site infections (15.7 %), urinary tract infec-

tions (17.2 %) and infections of the lower respiratory tract or pneumonia (22.8

%).1 An estimated one in 16 patients treated at a U.K. NHS hospital contracts

an HAI,1 with the highest infection rate incidence noted amongst patients in in-

tensive care units.2 Although interventions have achieved a decrease in the in-

cidence of methicillin-resistant Staphylococcus aureus and Clostridium difficile

infections, the rate of HAIs still poses a significant threat to both healthcare in-

stitutions and hospitalised patients.1

Hospital touch surfaces act as large reservoirs of bacteria, which can facilitate

the spread of infection within healthcare institutions through a surface-healthcare
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worker-patient ‘contact’ cycle.3,4 Rigorous hospital cleaning regimes may help

reduce hospital surface contamination, however, it is difficult to completely pre-

vent surface contamination or maintain low bacterial loads. One strategy to in-

hibit the cycle of the transmission of bacteria within a healthcare environment is

the utilisation of self-sterilising surfaces. Examples of such surfaces include:4

microbiocide-releasing surfaces,5,6 silver and silver doped surfaces,7,8 copper

and copper alloy surfaces,9–15 and photobactericidal surfaces.16–32 Microbioci-

dal surfaces that utilise a light-activated mechanism in which a host of reactive

oxygen species are generated are of particular interest, since the non-site specific

mode of bacterial attack deems unlikely the emergence of bacterial resistance.3

Much research has been invested into the development of photobacterici-

dal polymers activated by laser illumination for use in medical devices.16–21

Similarly, this technology has also been harnessed for use in antimicrobial sur-

faces activated by standard hospital white light sources.22–26 These surfaces were

prepared using a simple dipping method, a “swell-encapsulation-shrink” strat-

egy allowing either a uniform encapsulation of the light-activated antimicrobial

agents throughout the polymer bulk,16–20,23–26 or both incorporation throughout

the polymer bulk in addition to a high concentration at the polymer surface.21,22

Although laser photo-activated bactericidal surfaces induce the lethal photosensi-

tisation of bacteria in short time periods, laser technology is not practical for use

in the sterilisation of touch surfaces commonly found in hospital environments.

Conversely, white light-activated antimicrobial surfaces are ideal candidates for

applications in general hospital touch surfaces and can help maintain low bacte-

rial surface contamination levels. However, when microbial loads are high, the

antimicrobial activity is effective over longer illumination time periods (up to 6 h

for E. coli22). In cases where devices are frequently used and rapid surface ster-

ilisation is preferable, polymers incorporated with UV-activated photocatalytic

nanoparticles may prove more suitable.

Titania (TiO2) is used in a wide range of products including white pigment,

sunscreens and cosmetics. Inexpensive and robust, TiO2 is an efficient photo-

catalyst under UV irradiation conditions33,34 and this well established property

has been utilised in applications such as drinking water sterilisation and in self-

cleaning windows.3,35–38 TiO2 has a high band gap (3.2 eV in the case of anatase

TiO2) and therefore requires < 385 nm irradiation to activate its photocatalytic

properties. The absorption of photons of energy greater than that of the semi-

conductor band gap results in the promotion of a valance band electron to the

semiconductor conduction band. This produces electron-hole pairs, which can

interact with adsorbed water and molecular oxygen at the surface of TiO2, form-

ing highly reactive radicals (hydroxyl groups and superoxide ions). These species

participate in redox reactions for the degradation of organic pollutants and the

killing of bacteria and viruses.39–41 The mechanism followed in the inhibition of

bacterial growth is still unclear, however, it is known that the species photogener-

ated on the TiO2 surface have an active role in the destruction of the Escherichia

coli (E. coli) cell outer membrane, causing the death of the bacteria.41–43

The system formed by TiO2 modified with gold nanoparticles (henceforth
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Au/TiO2) has been widely studied for environmental applications. These Au/TiO2

systems are potentially efficient as visible-active photocatalysts due to their plas-

mon induced properties and the improved charge separation (Fermi level shift)

which has been proposed previously for similar systems.44–46 Nevertheless, Au/TiO2

materials have received little attention in antimicrobial applications. Studies in-

volving the sol-gel synthesis of gold-capped TiO2 nanoparticles have shown a

beneficial effect of Au-modified TiO2 in the destruction of Gram-negative bac-

teria (E. coli).47 On the contrary, different observations have been reported for

Gram-positive bacteria. Fu et al.47 observed similar inhibition rates in the growth

of Bacillus megaterium for both TiO2 and Au/TiO2 systems, whereas the antimi-

crobial activity of the latter was reported to be retarded with respect to pure TiO2

in the killing of Bacillus subtilis.48

In this paper, we report on the preparation of novel UV-activated photobac-

tericidal polymers by incorporating TiO2 and Au/TiO2 nanoparticles into com-

mercially available medical grade silicone, using a simple dipping technique.

The nanoparticles were characterised by Raman, XRD, XPS and TEM and the

photocatalytic activity of the TiO2 and Au/TiO2 nanoparticles was compared by

investigating the photo-destruction of stearic acid upon UV illumination. The an-

timicrobial activity of the nanoparticle incorporated polymers was tested against

both Gram-negative and Gram-positive bacteria commonly found in healthcare

environments and a UVA source (365 nm) was used to activate the photobacteri-

cidal properties of these polymers. When tested against S. aureus, unprecedented

kills were achieved with bacterial numbers reduced to below the detection limit

within 15 minutes, without the need for any UV treatment (dark conditions). Al-

though a smaller ‘dark kill’ effect was noted when tested against E. coli, exposure

to UV illumination (365 nm) for 95 minutes reduced bacterial numbers to below

the detection limit. To our knowledge, this is the first report of dark kill of bacte-

ria from a titanium dioxide modified polymer. We attribute this kill to the surface

functionalisation of the nanoparticles used.

2 Experimental

2.1 Materials Synthesis

2.1.1 Synthesis of TiO2 nanoparticles The TiO2 nanoparticles were pro-

duced using continuous hydrothermal flow synthesis (CHFS). The pilot scale

CHFS system has been described in detail elsewhere.49,50 Four industrial di-

aphragm type chemical dosing pumps (Milton Roy, Primeroyal K) carried the

precursors under controlled-flow conditions into a confined jet reactor. In the re-

actor, the precursors were mixed concurrently with supercritical water at 400 oC

and 24.1 MPa. The temperature of the system was monitored at different points

using type K thermocouples. The actual temperature at the reactor point, in the

mixing of supercritical water and the precursor solutions, was 307 oC. Supercrit-

ical conditions for the water were reached using a custom built electrical heater

arrangement (Watlow Cast X 2000, maximum thermal output 24 kW) and a back-

pressure regulator in the system (BPR, Swagelok KHB series), was adjusted us-
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2.1.4 Preparation of Antimicrobial Polymers A series of silicone sam-

ples were prepared for microbiological testing. Medical grade silicone polymer

coupons (NuSil, Polymer Systems Technology Ltd, 1.21 cm2) were immersed

in toluene, oleic acid functionalised TiO2 nanoparticles dispersed in toluene or

Au/TiO2 nanoparticles dispersed in toluene and allowed to swell for 48 h. The

samples were subsequently removed from the toluene swelling solutions, air-

dried (48 h), washed and towel-dried. Where possible, the samples were main-

tained under dark conditions. An overview of the materials synthesis is presented

in Figure 1.

2.2 Materials Characterisation

Transmission electron microscope images were recorded on a Jeol 2100 (high

resolution) transmission electron microscope with a LaB6 source operating at an

acceleration voltage of 200 kV with an Oxford Instruments XMax EDX detector

running AZTEC software. Micrographs were taken on a Gatan Orius Charge-

coupled device (CCD). Samples for TEM were prepared by drop-casting a sus-

pension of nanoparticles in hexane solvent onto a 400 Cu mesh holey carbon film

TEM grid (Agar Scientific Ltd). UV/Vis spectroscopy was performed using a

Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer and a PerkinElmer

Lambda 25 UV-Vis Spectrometer. X-ray diffraction (XRD) data collection was

performed using a Bruker-Axs D8 (GADDS) diffractometer. The instrument op-

erates with a Cu X-ray source, monochromated (Kα1 and Kα2) and a 2D area

X-ray detector with a resolution of 0.01o. Films were analysed with a glancing

incident angle (θ) of 5o. The diffraction patterns obtained were compared with

ICDD database standards. Raman spectra were obtained using a Renishaw Ra-

man System 1000 calibrated using a Silicon standard. X-Ray photoelectron spec-

troscopy (XPS) was performed using a Thermo Scientific K-alpha spectrometer

with monochromated Al Kα radiation, a dual beam charge compensation system

and constant pass energy of 50 eV (spot size 400 µm). Survey scans were col-

lected in the range 0 - 1200 eV. High-resolution scans were used for the principal

peaks of Ti (2p), O (1s), Au (4f) and C (1s), and all spectra calibrated against

adventitious carbon (C1s, 284.8 eV).

2.3 Functional Properties

2.3.1 Wetting properties Equilibrium water contact angle measurements

(∼ 5 µL) on untreated silicone, solvent treated (control) silicone, unmodified

TiO2-encapsulated silicone (TiO2) and gold modified titania-encapsulated sili-

cone (Au/TiO2). The contact angle measurement for each sample type was taken

to be the average value over ≥ 5 measurements, using a droplet of deionised

water dispensed by gravity from a gauge 27 needle and the samples were pho-

tographed side on. The data was analysed using SURFTENS software (V. 4.5).

2.3.2 Photocatalytic testing of the TiO2 and Au/TiO2 nanoparticles The

photo-activity of the nanoparticles was determined by the photo-oxidation of a
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model organic pollutant, octadecanoic (stearic) acid. In this test, films of TiO2

and Au/TiO2 nanoparticles (0.8 mg) were prepared by drop-casting a concen-

trated solution of nanoparticles onto a borosilicate glass substrates and allow-

ing to dry. A thin layer of stearic acid solution in chloroform (0.05 M) was

subsequently dip-coated onto the samples. The samples were irradiated using a

blacklight-blue (BLB) lamp (Vilber Lourmat, 365 nm) 2 x 8 W, 1.2 mW cm−2

and the photodegradation of the acid was monitored using a Perkin Elmer RX-I

Fourier transform infrared (FTIR) spectrometer.

2.4 Microbiological Testing

The following silicone elastomer samples (1.21 cm2) were used in the micro-

biology experiments: solvent treated (control), oleic acid functionalised-TiO2-

encapsulated (TiO2) and Au/TiO2-encapsulated medical grade silicone. Immedi-

ately prior to microbiological testing, all samples were pre-irradiated for 18 hours

using a 365 nm UV light source (Vilber Lourmat 365 nm BLB) emitting an av-

erage light intensity of 1.8 mW cm−2 at a distance of 10 cm from the samples,

after which they were maintained under dark conditions (24 h). The samples were

subsequently tested against Staphylococcus aureus 8325-4 and Escherichia coli

ATCC 25922. These organisms were stored at -70 oC in Brain-Heart-Infusion

broth (BHI, Oxoid) containing 20 % (v/v) glycerol and propagated on either Man-

nitol Salt agar (MSA, Oxoid) in the case of S. aureus, or MacConkey agar (MAC,

Oxoid Ltd.) in the case of E. coli, for a maximum of two sub-cultures at intervals

of two weeks.

BHI broth (10 mL) was inoculated with 1 bacterial colony and cultured in

air at 37 oC for 18 h with shaking at 200 rpm. The bacterial pellet was recov-

ered by centrifugation (21 oC, 1771 xg, 5 min), washed in phosphate buffered

saline (PBS) and centrifuged again to recover the bacteria, which were finally

re-suspended in PBS (10 mL). The washed suspension was diluted 1000-fold to

obtain the inoculum (∼106 cfu /mL). The inoculum in each experiment was con-

firmed by plating ten-fold serial dilutions on agar for viable counts. Triplicates

of each polymer sample type were inoculated with 20 µL of the inoculum and

covered with a sterile cover slip (22 x 22 mm). The samples were then irradiated

for the required time period using a 365 nm UV light source emitting an average

light intensity of 1.8 mW cm−2 at a distance of 10 cm from the samples. A fur-

ther set of samples (in triplicate) was maintained in the dark for the duration of

the irradiation time.

Post irradiation, the inoculated samples and cover slips were added to PBS

(180 µL) and vortexed. The neat suspension and ten-fold serial dilutions were

plated on the appropriate agar for viable counts. The plates were incubated aero-

bically at 37 oC for 24 h (E. coli) or 48 h (S. aureus). Each experiment contained

3 technical replicates and the experiment was reproduced three times. The Mann-

Whitney U test was used to determine the significance of the following compar-

isons: (i) the activity of each of the modified polymers compared to the control

silicone sample when both were incubated in the dark and (ii) the activity of each
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Fig. 2 UV-Vis absorbance spectra of a toluene treated silicone polymer (black line), a

TiO2-encapsulated silicone polymer (blue line) and a Au/TiO2-encapsulated silicone

polymer (red line). Inset: Tauc plot to determine band gap of TiO2 nanoparticles (blue

line) and Au/TiO2 nanoparticles (red line). The band onset of the TiO2 nanoparticles was

calculated as 3.33 eV and the band onset of Au/TiO2 nanoparticles was calculated at 3.18

eV

of the irradiated modified polymers compared to the same material incubated in

the dark.

3 Results and Discussion

3.1 Materials Synthesis and Characterisation

Titania nanoparticles were synthesised by continuous hydrothermal flow synthe-

sis (CHFS) and then gold addition was achieved through a modified Turkevich

synthesis, which relies upon the gold forming upon the surface of the added

titania nanoparticles after precipitation with salt. The titania particles provide

a lower energy surface on which gold can grow, rather than Ostwald ripen as

they are precipitated. The citrate ligands on the Turkevich gold mean that the

nanoparticles are electrostatically stabilised and as such are susceptible to salt

flocculation due to a lowering of surface charge. Nanoparticle functionalisation

was carried out according to Crick et al.,52 which adds sterically stabilising oleic

acid to the surface of the nanoparticles. A portion of the oleic acid is weakly

bound (Van der Waals interactions) and the rest is esterified with titanol groups

on the nanoparticle surfaces.

Silicone samples were embedded with titania and gold-titania nanoparticles

using a simple one-step dipping strategy. The modified surfaces were prepared

using a “swell-encapsulation-shrink” technique, in which the samples were im-

mersed in a toluene swelling solution made up to 20 mg/ mL nanoparticles for 48

h. The toluene caused significant polymer swelling, enabling the diffusion of the

nanoparticles through the polymer bulk. Removal from the swelling solution re-

sulted in polymer shrinkage as residual solvent evaporated. The incorporation of
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vs. titanium composition did not change throughout the sample, up to a depth

of 150 nm (ESI), suggesting a uniform coating. It is noteworthy that there is no

discernible shift in the binding energies and chemical environments of the Ti 2p

and O 1s in the two samples. XPS and EDX elemental composition information

is available in the supporting information.

3.2 Functional Properties

The wetting properties of a range of untreated and treated silicone samples were

measured under laboratory temperature and lighting conditions. The measure-

ments indicated that the polymer itself is highly hydrophobic (120 o and the water

contact angle is reduced upon encapsulation of the TiO2 and Au/TiO2 nanopar-

ticles (90 o). No photo-induced polymer hydrophilicity was observed upon in-

corporation of the nanoparticle. It can be speculated that this is because the

nanoparticles do not form a thin film at the polymer surface, rather they are dis-

persed throughout the polymer matrix and therefore impact on the hydrophilicity

of the polymer, rather than the UV-activated hydrophilicity.

The photoactivity of the films was evaluated during photodegradation of stearic

acid, a model organic pollutant. Stearic acid is highly stable under UV irradiation

in the absence of an underlying, effective photocatalyst film. The overall oxida-

tion reaction is given by Equation 1 and it is monitored for transparent samples

by infrared spectroscopy, following the disappearance of typical C-H bands at

2958, 2923 and 2853 cm−1 (Figure 6a).

CH3(CH2)16CO2H + 26O2
TiO2(hν) ≥ Ebg

−→ 18CO2 + 18H2O (1)

The number of acid molecules degraded are estimated using a conversion fac-

tor from the literature54 (1 cm−1 = 9.7 x 1015 molec cm−2). The photoactivity

rates are estimated from linear regression of the initial 20 - 30 % degradation

steps (zero-order kinetics regime) of the curves of integrated areas (Figure 6b).

Fig. 6 (a) IR spectra of stearic acid upon UVA illumination (1.2 mW cm−2) on a TiO2

drop-cast film. (b) Integrated areas obtained during illumination of TiO2 (full circles),

Au/TiO2 (full diamonds) and plain glass control (open circles) films. (c) Photo-activity

rates (given as rate over irradiance) of TiO2 and Au/TiO2 films obtained during UVA

irradiation (BLB 365 nm)
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Fig. 7 Proposed mechanism of photocatalytic antimicrobial activity of (a) TiO2

encapsulated silicone sample and (b) Au/TiO2 encapsulated silicone sample

Preliminary photocatalytic tests of drop-cast films of TiO2 and Au/TiO2 pow-

ders showed an enhanced activity in the case of the latter material (Figure 6c),

in agreement with the literature.54 The enhanced activity of TiO2-based systems

containing noble metal nanoparticles is typically explained in terms of an effi-

cient charge separation as shown in Figure 7.

3.3 Photobactericidal Activity

We report the light-activated antimicrobial activity of titania nanoparticle encap-

sulated silicone sample systems when tested against representative Gram-positive

and Gram-negative bacteria, S. aureus and E. coli respectively, both of which are

commonly found in healthcare environments. The samples were pre-irradiated

(18 h) with a 365 nm UV lamp prior to testing to photodegrade residual organic

precursor material, after which they were stored under dark conditions (24 h). In

each experiment the samples were irradiated with a 365 nm UV lamp emitting an

average of 1.8 mW cm−2 at a distance of 10 cm, whilst a control sample set was

maintained under dark conditions for the same duration, to determine whether

bacterial kills are attributed to a photocatalysed effect or intrinsic bactericidal

properties of the surfaces.

The antimicrobial activity of medical grade silicone encapsulated with TiO2

or Au/TiO2 nanoparticles was compared to that of a control, solvent treated sil-

icone sample. Interestingly, when tested against S. aureus, both titania incor-

porated samples demonstrated potent bactericidal activity under dark conditions,

with bacterial numbers reduced to below the detection limit (P < 0.001, Figure
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TiO2, a UV-activated photocatalyst, generates electron-hole pairs upon ab-

sorption of photons with energy greater than that of its band gap energy. The

electrons can interact with molecular oxygen in the vicinity generating super-

oxide anions, whereas the positive holes at the nanoparticle surface can interact

with adsorbed water, generating hydroxyl radicals. The photo-generated radical

species can subsequently react further, resulting in the production of a wide range

of radicals. These radicals can initiate a multi-site attack against bacteria in the

environs, oxidising organic matter and subsequently photo-destroying bacterial

cellular membranes and components. Due to the non-site specific attack mech-

anism, the emergence of bacterial resistance is highly unlikely. This is a highly

desirable property in antimicrobial surfaces developed for applications in health-

care settings.

In this study, it was not possible to determine whether the presence of Au

enhanced the photo-activity of the TiO2 nanoparticles. However, rapid kills were

achieved on both the TiO2 and Au/TiO2 samples when tested against S. aureus

and E. coli, with viable bacterial numbers reduced to below the detection limit.

Further microbial investigations involving white light activation or shorter illu-

mination times may shed light onto whether the Au shifts the nanosized TiO2

towards visible light photocatalysis or improves the antimicrobial efficacy over

that of TiO2 alone. Moreover, microbial testing on surfaces incorporated with

a range of oleic acid-capped nanoparticles may be of interest. It would also be

advantageous in further investigations to study organisms with known antibiotic

resistance or recent clinical isolates.

4 Conclusion

We report a new class of potent UV-activated antimicrobial polymers by incorpo-

rating nano-TiO2 and nano-Au/TiO2 into medical grade silicone. These surfaces

induced the lethal photosensitisation of E. coli within 95 minutes, with bacterial

numbers reduced to below the detection limit. They also exhibited efficacious

antimicrobial activity against S. aureus via a non-light-activated mechanism, re-

ducing bacterial numbers to below the detection limit within 15 minutes. The

incorporation of nanoparticles did not affect polymer colouration, a highly desir-

able property from a commercial viewpoint.
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We report the development of a UV-activated nanoparticle-encapsulated antimicrobial polymer.  

This technology has potential to disrupt the transmission of bacteria from hospital touch-surfaces 

and decrease the incidence of hospital-acquired infections. 
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