
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



 1

The use of zinc oxide nanoparticles to enhance the 

antibacterial properties of light-activated 

polydimethylsiloxane containing crystal violet 
 

Ekrem Ozkana,  Feyza Tunali Ozkana, Elaine Allanb and Ivan P. Parkin*a 

 

aMaterials Chemistry Research Centre, Department of Chemistry, University College London, 20 

Gordon Street, London WC1H 0AJ, UK. E-mail: i.p.parkin@ucl.ac.uk 
bDivision of Microbial Diseases, UCL Eastman Dental Institute, University College London, 256 Gray’s 

Inn Road, London, WC1X 8LD, UK 

Abstract 

Crystal violet-zinc oxide  mixtures were incorporated into polydimethylsiloxane (PDMS) 

by a simple two-step method. The antibacterial activity of the polymer was tested 

against Escherichia coli and Staphylococcus aureus under white light conditions 

comparable to that found in a UK healthcare environment. The modified polymer 

demonstrated significant antibacterial activity against both bacteria (>4 log reduction in 

bacterial numbers). To the best of our knowledge, this is the most potent light-induced 

antibacterial polymer reported to date.  

Introduction 

Hospital-acquired infections (HAIs) cost NHS hospitals over £1 billion per annum.1 HAIs 

are caused by a range of microorganisms including methicillin resistant Staphylococcus 

aureus (MRSA), Clostridium difficile and Escherichia coli. In fact, more than four million 

people in the EU acquire a HAI per year, of whom approximately 37,000 die because of 

the infection.2  

Surfaces are potential reservoirs of bacteria correlating with the incidence of 

nosocomial infection.3 Around 80 % of all nosocomial infections are thought to be 

transmitted through person-person contact and may not result in dangerous health 

complications outside a healthcare environment, however in a healthcare setting this 

simple transmission may lead to morbidity in patients with susceptible immune 

systems.4,5 The spread of pathogens in healthcare settings may be related to inadequate 

hygiene regimes adopted by healthcare workers in contact with infected patients.3,5,6 

Although a rigorous hygiene regime may be advantageous, it is unlikely to completely 

eradicate the problem of nosocomial infection in healthcare environments where 

heavily contaminated surfaces are common.3 Therefore, in order to reduce hospital 

contamination, new strategies need to be developed. One strategy is the utilization of 

bioactive surfaces that reduce transmission of infection by destroying adherent 

microorganisms.   
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There have been many investigations into self-sterilising surfaces such as TiO2-based 

and copper coated materials. 7–12 In addition, the use of light-activated antimicrobial 

agents has emerged as a promising candidate that has arisen out of photodynamic 

therapy (PDT). The technique is based on using light of energy of an appropriate 

wavelength in combination with photosensitive dyes.13 In this process, radical species 

are generated and can be regarded as non-selective microbicides14,15 because they show 

a non-site specific attack mechanism against microorganisms. This strategy is unlikely 

to induce bacterial resistance because resistance normally develops when a microbicide 

targets a specific site.14  

Photosensitive dyes such as crystal violet (CV), methylene blue (MB) and toluidine blue 

(TBO) have been successfully encapsulated into polymeric materials using a simple 

“swell-encapsulation-shrink” technique and shown to possess antibacterial activity 

against a wide variety of pathogenic bacteria.16–21 The “swell-encapsulation-shrink” 

technique involves dipping the polymer in an organic solution of the photosensitizer 

which is capable of swelling the silicone polymer and allowing the photosensitizer to 

penetrate. After the polymer is removed from the solution, the solvent evaporates and 

the polymer shrinks to its original size leaving the photosensitizer incorporated in the 

polymer.16,18  

Polydimethylsiloxane (PDMS) has been extensively used in a wide range of applications 

because of its favourable properties such as high flexibility, ease of preparation, low cost 

and chemical inertness.22 Moreover, PDMS has a low glass transition temperature (Tg), 

high thermal and oxidative stability and good hemo- and biocompatibility.23 These 

properties make it a suitable polymer host to fabricate nanocomposites.24  

Metal nanoparticle doped polymer matrixes have attracted enormous attention due to 

their wide applications in optical devices,25 microelectromechanical devices26 and 

biosensors.27,28 Much research has focused on employing a range of preparation 

techniques to synthesis polymer nanocomposites. Examples include: physical and 

chemical vapour deposition,29 ion-implantation30 and sol-gel process31, in addition to the 

incorporation of metal nanoparticles into polymers32,33 

Inorganic metal oxides (TiO2, MgO, CaO and ZnO) have gained attention as antimicrobial 

agents because they show strong antibacterial behaviour at low concentrations.34 

Moreover, they are stable under harsh process conditions,35,36 are normally regarded as 

non-toxic and some of them even include mineral elements necessary for the human 

body.37,38 Among these, zinc oxide nanostructures have attracted interest because of 

their unique features and widespread applications. ZnO exhibits significant growth 

inhibition of a wide range of bacteria.39,40 The proposed mechanism for the antibacterial 

behaviour of ZnO is based mainly upon catalysis of the production of reactive oxygen 

species (ROS) from water and oxygen,35,41,42 that destroy the integrity of the bacterial 

membrane, even though additional mechanisms have also been proposed.34,39,43–45  

The objective of this work was to study the bactericidal activity of PDMS coated with 

crystal violet in the presence of ZnO nanoparticles compared to the polymer containing 

crystal violet alone. We demonstrate a simple two-step method to prepare a potent 

Page 2 of 16RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 3

antimicrobial polymer-nanocomposite. The first stage involved making a homogenous 

mixture of zinc oxide nanopowder and PDMS followed by curing. Then, crystal violet, a 

photosensitizer, was incorporated into this nanocomposite using a “swell-

encapsulation-shrink” process. The antibacterial activity of the modified polymers was 

evaluated against the Gram-negative bacterium Escherichia coli and the Gram-positive 

bacterium Staphylococcus aureus using a white light source comparable to those found 

in UK hospitals.  

 

 
 

 

 
Figure 1:  Chemical structures of (left) the photosensitizer dye, crystal violet, and the silicone elastomer 

polydimethylsiloxane46,47 

Materials and Methods 

 

Elastomer preparation 

Blank silicone elastomers were prepared using viscous liquid Polydimethylsiloxane 

(Dow Corning Corporation Ltd.) as a starting material; this was mixed with the 

crosslinking agent in a 10:1 ratio, and spread uniformly on to a glass petri dish. The 

polymer was then cured at 120 °C for 60 min. After the cooling, the sheet was cut into 

smaller pieces (squares 1.0 x 1.0 cm).  

Elastomer preparation with zinc oxide nanoparticles 

4.2 g PDMS (10:1 ratio) was spread uniformly on to a glass beaker (50 cm3). The 

polymer was then de-gased under vacuum until no bubbles appear (25-30 min). 

Afterwards, it was mixed with 0.0155 g zinc oxide nanopowder (ZnO) (< 100 nm,  Sigma 

Aldrich and ca. 60 nm ± 17 measured by TEM, see ESI, Fig. S1) suspended in chloroform 

(3 ml). The resultant milky mixture was sonicated for 15 min to homogenise and left 

under vacuum for 2 days to solidify. After solidification, the resultant rigid sheet was cut 

into smaller pieces (squares 1.0 x 1.0 cm).  

 

Preparation of polymers with embedded crystal violet   

Crystal violet solutions (CV) were prepared at a concentration of 1000 ppm in 

chloroform (Sigma Aldrich). 1.0 cm2 samples of the ZnO-containing polymer were 
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placed into the CV solutions and left to swell in the dark for 2 h. The samples were 

removed, washed and left to dry in the dark at room temperature for 24 h.  

 
Figure 2: Schematic diagram of the synthesis procedure of derivatised PDMS polymers 

Materials Characterization 

A Perkin-Elmer Lambda 950 UV-vis Spectrometer was used to measure the UV-vis 

absorption spectra of the polymers within the range 400-800 nm. IR analysis of the 

polymers was performed within the range of 400-4000 cm-1 with an accumulation of 16 

scans per sample using a Bruker Platinum ATR. Water droplet contact angles were 

measured using a First Ten angstroms 1000 device with a side mounted rapid fire 

camera fire casting 3 µL water droplet on the surface of each sample and 5 replicates on 

fresh samples were performed. The data was analyzed using FTA32 software. 

Fluoromax 4.0 Jobin Yvon Horiba spectrofluorophotometer was used to record the 

photoluminescence spectra of ZnO incorporated silicone at room temperature using a 

xenon lamp as the excitation source. The emission spectra were scanned from 350 nm to 

700 nm. The excitation and emission slit width were set at 1 and 3 nm, respectively. 

Transmission electron microscopy (TEM) images were recorded using a JEOL JEM 

1200EX with a 4 megapixel Gatan Orius SC200 charge-coupled device (CCD) camera at 

an acceleration voltage of 120 kV. X-ray diffraction pattern was carried out using a Stoe 

diffractometer with monochromated Mo Kα1 radiation (λ = 0.7093 Å) in transmission 

mode over the angle range 2-40°/2θ°. 

Leaching test 

The stability of the CV coated elastomers in solution was determined: crystal violet 

coated sections (1 cm2) were immersed in phosphate buffered saline (PBS) (2.5 ml, 37 

°C) for an extended period of time. The UV-Vis absorbance of the PBS (596 nm, 

Pharmacia Biotech Ultrospec 2000) was measured periodically to monitor leaching of 

the crystal violet from the polymer into the surrounding solution. The concentration of 

the CV in solution was determined on the basis of its absorbance at 596 nm, comparing 

it with a calibration curve.  

Bactericidal assay 

A range of elastomer samples (1 cm x 1 cm) was used in the antibacterial experiments: 

pure PDMS polymer (control), zinc oxide-incorporated (ZnO), crystal violet coated (CV), 
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and crystal violet and zinc oxide encapsulated silicone (CV-ZnO). These samples were 

evaluated against Escherichia coli ATCC 25922 and Staphylococcus aureus 8324-5. The 

bacteria were stored at -70 °C in Brain-Heart-Infusion broth (BHI, Oxoid) containing 

20% (v/v) glycerol and propagated on either MacConkey agar (MAC, Oxoid Ltd.) in the 

case of E. coli or Mannitol Salt agar (MSA, Oxoid Ltd.) in the case of S. aureus, for a 

maximum of 2 subcultures at intervals of 2 weeks.  

 

BHI broth (10 ml) was inoculated with 1 bacterial colony and cultured in air at 37 °C for 

17 h with shaking, at 200 rpm. The bacterial pellet was recovered by centrifugation (20 

°C, 4000 x g, 5 min), washed in PBS (10 ml) and centrifuged again (20 °C, 4000 x g, 5 

min) to recover the bacteria, which were finally re-suspended in PBS (10 ml).  The 

washed bacterial suspension was then diluted 1 in 1000 in PBS to give an inoculum of 

approximately 106 cfu ml-1.   

 

Duplicates of each polymer sample were inoculated with 25 µl of the inoculum and 

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

for up to ∼4 hour in the case of E. coli and ∼1 hour in the case of S. aureus utilizing a 

white light source (General Electric 28 W Watt MiserTM T5 2D compact fluorescent 

lamp). The light intensity was arranged to emit an average light intensity of 10500 ± 250 

lux at a distance of 16 cm from the samples. A further set of samples (in duplicate) was 

maintained in the dark for the duration of the irradiation time. Post irradiation, the 

inoculated samples and cover slips were placed into PBS in a 50 ml plastic tube and 

vortexed for 20 seconds.  The neat suspension and ten-fold serial dilutions were plated 

on the appropriate agar incubated aerobically overnight at 37 °C and the colonies 

enumerated to determine the number of surviving bacteria. The bacterial numbers in 

the inocula were also determined in each experiment by viable colony counting. Each 

experiment included two technical replicates and the experiment was reproduced three 

times. The data was analyzed using the Mann-Whitney U test. 

 

Results and discussion 

Synthesis 

Nanoparticle embedded PDMS was prepared by dispersing zinc oxide nanoparticles 

using chloroform and mixing with the silicone elastomer and the crosslinking agent 

followed by curing. While PDMS is transparent, the zinc oxide-impregnated polymer is 

white. Afterwards, dye-embedded polymer was prepared with a swell-encapsulation-

shrink method with 1000 ppm of CV. The polymer squares (1 cm x 1 cm) were put in a 

chloroform solution saturated with CV for 2 h in the dark. They were subsequently 

removed from the solution, washed and air-dried (24 h) so that the solvent evaporated. 

This method generated a purple-colored silicone that had shrunk to its original size and 

contained encapsulated CV (Fig. 3). Chloroform was utilized as a solvent since it not only 

solubilizes the dye and PDMS, but it also swells the samples to a large extent to enable 

CV incorporation into the polymer matrix. Furthermore, the presence of ZnO in the 

polymer was calculated at 0.36%. 

Page 5 of 16 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 6

 

Figure 3: Images of silicone samples; bare PDMS (left), ZnO-PDMS (middle) and CV-ZnO-PDMS (right) 

 

 

Characterization 

The IR spectrum of the samples was obtained by ATR. The spectra (data not shown) 

detected no significant change across the sample range after embedding either zinc 

oxide nanoparticle or CV in the polymer matrix. The results showed that embedded 

compounds had no influence on the physical and chemical structure of the silicones. IR 

spectra only gave peaks related to the host polymer matrix.  

 

The UV-vis absorbance spectra of silicone samples were measured within the range 

400-800 nm (Fig. 4). While pure PDMS does not show any absorbance in the visible 

region, when immobilized in 100 ppm CV solution for 2 h, the main absorption peak of 

CV-encapsulated silicone is at λ ≈ 590 nm, with a shoulder peak of weaker intensity at λ 

≈ 533 nm. The sample prepared with 1000 ppm crystal violet reached the saturation of 

the signal resulting in absorption with more intense peaks. 

 

 

 
Figure 4: UV-vis absorbance spectra of CV-coated silicon polymer at a concentration of 100 ppm for 2h 

Page 6 of 16RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 7

Photosensitizers generate the greatest amount of ROS when illuminated at the 

appropriate wavelength correlated with their absorbance maximum. The light source 

employed in this work was a General Electric 28 W Watt MiserTM T5 2D compact 

fluorescent lamp with a color temperature of 3500 K, which emits light across the 

visible spectrum (see ESI, Fig. S2). This light source was chosen since it possesses the 

same characteristics as fluorescent lights utilized in hospitals in the UK. It is clear that 

the wavelength of the light has good overlap with CV. On the other hand, there is no 

emission below 410 nm wavelength and hence, the photocatalytic activity of ZnO is 

blocked for UV induced bacterial kill. It is well known that ZnO semiconductor possess a 

wide band gap of about 3.2 eV and only is able to absorb UV light wavelengths below 

387 nm.48 Hence, the bacterial kills due to light sensitivity are likely to be due only to the 

CV photosensitizer.  

Hydrophobicity may play a crucial role in preventing bacterial adhesion. Previous 

studies have shown that hydrophobic surfaces were more efficient at reducing the 

attachment of different bacteria.49,50 The contact angles of the polymer samples are 

displayed in Table 1. It is clear that the surface of bare PDMS was hydrophobic itself 

with a water contact angle of 106.6°. Incorporation of CV into the polymer did not cause 

any significant effect on the wetting property of the pure polymer while that of ZnO 

resulted in a more hydrophobic surface with a water contact angle greater than 120°. 

This might be because of the higher roughness or densely packed ZnO nanoparticles on 

the polymer. The CV-ZnO surface was found to be more hydrophilic compared to the 

ZnO polymer.  

 

Table 1: Contact angle (°°°°) ±±±±SD of a range of silicone polymers: untreated (control), ZnO nanoparticle 

encapsulated (ZnO), crystal violet- coated (CV), crystal violet coated and zinc oxide nanoparticle encapsulated 

(CV-ZnO) 

 

Samples Water contact angle (0) 

Control  106.6   ± 1.7 

CV 109.1   ± 2.2 

ZNO 120.2   ± 2.2 

CV-ZnO 111.9   ± 2.2 
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Figure 5: Room temperature PL spectra of ZnO polymer 

Figure 5 depicts the photoluminescence spectra of the ZnO embedded silicone. Almost 

all ZnO morphologies possess two emission bands at room temperature: a near band-

edge (UV) light emission (UE) and a broad, deep-level (visible) emission (VE).51,52The UE 

and VE peaks were seen at 382 and around 440 nm, respectively. The strong UE peak 

resulted from excitonic recombination correlated with the near band edge emission53 

while the VE peak occurred owing to defects such as oxygen vacancies that is 

responsible for broad-band emission.54  

 
 

Figure 6: Leaching of crystal violet (mol dm-3) from the polymers into PBS solution at   37 oC, was measured as a 

function of time (hours). 

The leakage of CV from the CV-containing samples in aqueous solution was measured 

spectroscopically as a function of time (Fig. 6). The figure shows that CV-ZnO leached 
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some CV into the buffer upon initial immersion, whereas the polymer with only CV did 

not leach any dye for 1 h (the first measurement of the solutions was taken after 30 min 

from the samples immersion). Over a period of more than 24 h, for both samples the 

leaching of dye plateaued at about ≈ 0.0008 mol dm-3 (within experimental error). It 

should be noted that the leaching is due to weak surface bound CV and does not increase 

over time. In addition, any leaching of Zn from the polymer was not observed from 

either UV-vis measurements or by chemical assay indicating that ZnO is much more 

fixed in the polymer matrix compared to CV. In addition, the concentration of CV in the 

polymers was determined by UV spectroscopy using a calibration curve. The estimated 

CV concentration for both CV and CV-ZnO polymers were at 2 x 10-3 mol dm-3, which 

demonstrates that only 2.5% of CV leached from the polymers.  

 

Determination of the bactericidal activity of the modified polymer  

The photo-induced antibacterial activity of the following samples were assessed against 

S. aureus, and E. coli: a control polymer sample (untreated), a zinc oxide-coated polymer 

sample (ZnO), a crystal violet-coated polymer sample (CV) and a crystal violet zinc oxide 

nanoparticle coated polymer sample (CV-ZnO). A General Electric 28 W Watt MiserTM 

T5 2D compact fluorescent lamp was used to activate the antibacterial activity.  Also, a 

control set of polymers was stored under dark conditions for the duration of white light 

illumination.  

 

 

 

 

Figure 7: Numbers of S. aureus on the surfaces of the polymers after 1 h exposure. The asterisk indicates where 

the bacterial numbers are below the detection limit of 100 cfu/mL.  

Fig. 7 demonstrates that under dark conditions (1 h), the ZnO encapsulated sample did 

not display statistically significant bactericidal activity against S. aureus. However, a 

small but statistically significant reduction in bacteria numbers compared to the control 

sample was achieved with all CV-coated samples (P < 0.05), ranging from 0.3 log kill 

with CV alone to a 0.5 log kill with CV-ZnO. Upon irradiation with light, neither the 

control nor ZnO embedded polymers showed any statistically significant kill compared 
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to the same samples stored under dark conditions. On the other hand, the incorporation 

of CV resulted in a 1.50 log reduction in the numbers of S. aureus compared to the ZnO 

sample that showed no significant activity. The effect of ZnO-CV on S. aureus was even 

more pronounced. The ZnO-CV incorporated sample showed the most potent lethal 

photosensitization with bacterial levels reduced below the detection limit after 1 h (>4 

log reduction; P = 0.002). 

 

Figure 8: Numbers of E. coli on the surfaces of the polymers after 4 h exposure. The asterisk indicates where the 

bacterial numbers are below the detection limit of 100 cfu/mL. 

In the case of E. coli, the CV and ZnO samples exhibited no statistically significant kill 

under dark conditions over a 4 h exposure period compared to the untreated silicone 

sample (Fig. 8). When zinc oxide nanoparticles and crystal violet were impregnated 

together, a small but statistically significant increase in bactericidal activity was 

observed compared to the samples containing either CV or ZnO alone (P < 0.01 and P < 

0.05, respectively). Upon irradiation with white light, the polymer containing CV showed 

no antibacterial activity against E. coli while PDMS containing ZnO alone resulted in a 

statistically significant reduction in the number of E. coli (P < 0.01). The most significant 

antibacterial activity was observed with the polymer including both CV and zinc oxide 

NPs which showed a >4 log reduction in the numbers of E. coli (P = 0.002).  

 

 

The difference in susceptibility between Gram-positive and Gram-negative bacteria can 

be attributed to their different cell wall structure. The cell wall of Gram-positive bacteria 

contains a thick layer of peptidoglycan as part of the cytoplasmic membrane whereas 

Gram-negative bacteria possess both inner and outer membranes.34,55 Therefore, Gram-

negative bacteria is thought to impede the uptake of photosensitizer which leads this 

organism to show less susceptibility against photodynamic inactivation compared to 

Gram-positive bacteria.  

 

The exact mechanism of antibacterial activity of ZnO is under debate but there are 

several mechanisms proposed in the literature.  Applerot et al. suggested the following 

mechanism to explain the generation of hydroxyl radicals by the reaction between water 

and (dissolved) oxygen over basic metals and lanthanide oxides.42,56 
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H2O + Os

- ↔ ∙OH + OHs
-                     (1)                      

2OHs
- ↔ H2O + ∆ + Os

2-                             (2)  

O2↔ 2Os        (3) 

Os + ∆ + Os
2- ↔ 2Os

-       (4) 

 

O2 + 2H2O ↔ 4∙OH (the net reaction)                                                       (5) 

 

Where ∆	refers to an oxygen vacancy and the subscript ‘’s’’ refers to surface species.  

In addition, another possible mechanism may be the release of some Zn2+ from the ZnO 

NPs that can interact with the bacterial surface. This interaction can cause cell death as a 

result of the destabilization of the bacterial charge balance.44,57,58 Another study 

proposed that ZnO nanoparticles attach to the outer membrane of bacterial cells 

generating pits in the cell wall that destroy the cell membrane. This leads to leakage of 

cell contents and cell death.59  

On the other hand, unlike ZnO, the killing mechanism of CV is well established. Upon 

illumination, the photosensitizer dye undergoes a transition from a low energy ground 

state to a higher energy triplet state, where can react with biomolecules to generate free 

radicals (type I reaction), or with molecular oxygen to generate highly reactive singlet 

oxygen (type II reaction).60 Singlet oxygen generated through type II reactions may 

oxidize many biological structures including proteins, nucleic acids and lipids.61 Type I 

reactions result in membrane damage via the formation of lipid hydroperoxides and 

hydroxyl radicals that may react or combine with biomolecules to generate cytotoxic 

hydrogen peroxide in situ; however, the singlet oxygen produced by type II reactions 

generally is regarded as the major pathways in photodynamic inactivation process.62  

 

Overall, we propose that ZnO nanoparticles disrupt bacterial membrane cell and 

increase penetration of photosensitizer into the cell, which rendered bacteria more 

vulnerable to photosensitization. However, to support this hypothesis, more 

experimental investigation should be carried out. 

 

The crystal violet-containing samples showed stability under aqueous solutions at body 

temperature and therefore, transmission of the dye upon touching is improbable, 

reducing the possibility of subsequent adverse effects.  Additionally, previous studies 

revealed that dye incorporated samples induce the lethal photosensitization of bacteria 

cells, whereas they do not cause damage to mammalian cells.63–65 Since ROS are short 

lived (<1 µs)19 with a diffusion distance of 10-100 nm in a physical environment, there is 

a reduced likelihood of significant long-term damage to host cells because the size of 

human skin cell is approximately 30 µm.66 Notwithstanding this, more comprehensive 

testing of their safety in vivo is required before they can be used in different applications 

ranging from electronic devices to hospital surfaces. Regarding the colour of this new 

photo-activated polymer composite, key uses would be keyboards, phones, bed rails all 

of which a purple/black colour would be acceptable.  
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The intensity of the white light source used to activate the photo-antibacterial 

properties of the polymers including CV was 10500 ± 250 lux that can be compared with 

the brightness of various locations in UK hospitals, as recommended by the Department 

of Health.67–69 Hence, it is anticipated that the antibacterial coating should show more 

efficacy in areas with higher light intensity such as examination rooms and operating 

theaters. Also, significant bacterial kills can be achieved in areas of lower light intensity 

if the illumination time is prolonged. In addition, it should be emphasised that in this 

study very high bacterial loads (∼44 210 cfu cm-2 E. coli, ∼43 973 cfu cm-2 S. aureus) 

were employed in order to investigate the antibacterial activity of the polymers, much 

higher than the level reported on contaminated hospital surfaces (up to an equivalent of 

3060 cfu cm-2 with average values of <100 cfu cm-2).16 

 

Table 2: Recommended light intensities for different locations in the UK healthcare environments68-70 

Environment Light intensity /lx 

Operating theatre 10 000-100 000 

Pathology lab 8000 

Ward corridors ≥ 200 

A & E examination room 1000 

Conclusion 

In this work we have successfully embedded zinc oxide nanoparticles in PDMS followed 

by encapsulating CV using a ‘’swell-encapsulation-shrink’’ method. Using standard 

hospital lighting conditions, the CV-ZnO polymer exhibited remarkable 

photobactericidal activity against S. aureus in just 1 h (>4 log reduction) and E. coli in 

just 4 h (>4 log reduction). Moreover, the presence of ZnO NPs improved the 

antibacterial activity of the polymer as well as its hydrophobicity.  It is anticipated that 

this light-induced antibacterial dye/ ZnO nanoparticle combinations can be used in a 

range of applications.  
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