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Abstract: 
 

Infectious disease outbreaks within healthcare facilities can exacerbate patient illness and, in 
some cases, can be fatal. Contaminated surfaces and medical devices can act as a reservoir 
for transmission of pathogens and have been linked to the rising incidence of healthcare-
acquired infections. Antimicrobial surfaces can reduce microbial contamination and 
transmission and have emerged as a crucial component in healthcare infection control in 
recent years. The aim of this study was to manufacture antimicrobial polymer surfaces 
containing the photosensitiser, toluidine blue O (TBO), using hot-melt extrusion (HME). 
Several concentrations of TBO were combined with a range of medically relevant polymers 
via HME. TBO-polymer extrudates displayed no significant differences in thermal properties 
and surface wettability relative to non-loaded polymers. Minimal leaching of TBO from the 
surface was confirmed through in vitro release studies. Antibacterial activity was observed to 
vary according to the polymer and concentration of incorporated TBO, with PEBAX polymers 
modified with 0.1% w/w TBO demonstrating promising reductions of >99.9% in viable 
bacterial adherence of a range of common nosocomial pathogens, including Staphylococcus 
aureus, Staphylococcus epidermidis, Acinetobacter baumannii and Escherichia coli. This study 
demonstrates the use of HME as a facile alternative method to common encapsulation 
strategies for the production of light-activated antimicrobial polymer surfaces. This method 
can be easily translated to large-scale manufacture and, in addition, the polymers constitute 
promising antimicrobial base materials for the rapidly growing additive manufacturing 
industries. 

Keywords: Hot-melt extrusion; photodynamic antimicrobial chemotherapy; toluidine blue O; 
infection control 

1. Introduction 
 

High levels of hospital hygiene are essential to prevent microbial transmission and reduce the 
incidence of healthcare-acquired infections (HAIs). Whilst infection control measures have 
vastly improved over the last few decades, HAIs remain a common and significant threat to 



patient health with a reported incidence of ~6% in acute care hospitals in the UK 1-3. One of 
the main reasons for this is the failure to eliminate microbial bioburden from within 
healthcare environments due to the constant cycling of patients, staff and visitors in and out 
of these environments, who each carry a unique microbiome. Studies have shown that the 
skin and nasal passages of healthy individuals commonly harbour pathogenic bacteria, such 
as MRSA, which can inadvertently be transmitted to patients through poor hand hygiene or 
contaminated surfaces 4, 5. 

The importance of surface cleanliness in the prevention of HAIs has recently been highlighted 
6-8. Due to the large number of high-touch surfaces within hospital wards, such as medical 
equipment interfaces, patient documents, door handles and patient beds, it is not surprising 
that many of these surfaces constitute key reservoirs of bacteria 7, 9, 10.  

The development of antimicrobial or anti-adhesive surfaces capable of preventing survival of 
pathogenic microbes has been reported as a major breakthrough in controlling HAIs 11. 
Copper and silver surfaces have been incorporated into many aspects of the hospital 
environment, such as bed rails, counter-tops and sinks, and have been shown to reduce 
microbial contamination 12. However, Muller et al. (2016) have highlighted that the majority 
of antimicrobial surfaces trialled to-date, based on copper, silver or nanoparticle 
technologies, are only suitable for metallic hospital surfaces or surfaces amenable to coating 
with metal/metal nanoparticles 13. With many hospital furnishings, such as keyboards, 
textiles, desks and floors, commonly manufactured from polymers there exists an urgent 
need for alternative antimicrobial surface technologies which can be safely incorporated into 
polymeric materials. 

Photosensitive agents constitute an attractive alternative to antimicrobial metals/metal 
oxides for the production of antimicrobial surfaces or coatings 14. Photosensitive agents, such 
as porphyrin and phenothiazinium compounds, are light-activated agents that produce 
reactive oxygen species. They have been successfully utilised as photodynamic chemotherapy 
agents for treatment of various skin, oral and gastrointestinal carcinomas 15. More recently, 
these agents have been increasingly used for antimicrobial applications in photodynamic 
antimicrobial chemotherapy (PACT), and have demonstrated clinical efficacy in eradicating 
mouth and skin infections 16. We have previously reported the incorporation of porphyrins 
into hydrogel lenses to prevent intraocular lens infections 17-19. Additionally, Perni et al. used 
similar ‘shrink-swell’ techniques to incorporate photosensitisers into silicone and 
polyurethane materials, which demonstrated resistance to Gram-positive and Gram-negative 
bacteria when irradiated with red laser light 20-25. Porphyrins have also been covalently 
attached to cellulose cotton fabrics to reduce HAIs associated with patient gowns and bed 
curtains 26. While these materials have displayed promising antimicrobial activities, most have 
been produced through surface modification processes such as ‘swell and shrink’ or covalent 
binding of photosensitisers which can compromise physical properties or complicate scale-up 
for commercial applications due to additional costs, the need for solvent recovery and poor 



reproducibility. To aid the transfer of antimicrobial surface technologies into widespread 
healthcare applications, these factors must therefore be taken into consideration.  

Hot-melt extrusion (HME) is a technology that is well established in the polymer industry for 
the production of plastic bags, pipes, food packaging, and polymer sheets and films. HME is 
an extremely simple and rapid method for the production of high volumes of uniform 
products. A schematic representation shown in Figure 1 outlines the steps of HME, beginning 
with feeding of polymer and drug components into the chamber (1), followed by melting of 
the polymer (and drug) (2) accompanied by polymer-drug mixing (3), resulting in the 
production of a homogenous drug-polymer conjugate (4), which is then extruded into a 
desired physical shape/form using a pre-selected exit die (5). Shapes can include tablets, films 
and rods which, if desired, can then be pelletised and re-melted to facilitate injection 
moulding or film-blowing to obtain the final product design. 

 

Figure 1. Schematic representation of polymer-drug mixing using counter rotating twin-screw 
hot-melt extruder. 

While use of HME has traditionally been confined to the plastics industry, there has been 
increased interest in its pharmaceutical relevance, with HME demonstrated to be a useful 
alternative for the production of dosage forms and other drug delivery systems 27-29. With 
respect to antimicrobial applications, there is a remarkable lack of research reporting on the 
combination of HME and antimicrobials for producing antimicrobial surfaces or medical 
device coatings, likely due to the low thermal stability of traditional antibiotics. Cassidy et al. 
(2011) developed a triggered release system using HME for the delivery of a photosensitiser 
to the colon 30. While this study was clinically unsuccessful due to inadequate oxygenation 
within the colon for singlet oxygen generation, it demonstrated successful extrusion of a 
photosensitiser-incorporated polymer with no thermal degradation. We have subsequently 
reported the successful incorporation of photosensitisers into high-density polyethylene 
(HDPE) using HME. The prepared polymers demonstrated reductions in adherence of MRSA 
and E. coli by >3-log10 and 1.5-log10, respectively, when irradiated with a halogen light source 
14. Similarly, Zema et al. (2010) have reported the manufacture of antimicrobial preservative 
packaging for cosmetic and pharmaceutical applications by mixing the preservative, 
dehydroacetic acid sodium salt (DHA.Na), with HDPE using HME to form a matrix which 
provided sustained release of DHA.Na upon contact with water, and released >50% of 



preservative content after 30 days 31. This study highlighted the potential of HME to produce 
scalable and tailored antimicrobial polymeric systems capable of prolonged release of 
antimicrobial agents.  

With the increasing popularity of 3D printing/additive manufacture, the use of HME to 
produce antimicrobial filaments could facilitate the large scale production of antimicrobial 
polymers. Sandler et al. (2014) coupled HME with 3D printing to allow the one-step 
manufacture of medical devices with innate antibiofilm properties 32. These initial studies on 
the incorporation of antimicrobials into polymeric products using HME highlight a promising 
approach for the production of antimicrobial medical devices and surfaces to help combat 
the risk of HAIs. 

Herein we report the successful incorporation of the photosensitiser, TBO, into a range of 
medically-relevant polymers using industrial-scale HME equipment. The thermal and surface 
wettability properties, leaching behaviour and antimicrobial performance of the TBO-
incorporated polymers when illuminated in white light against bacteria and fungi 
demonstrate that this technique can be used to produce antimicrobial surfaces to assist in 
the control of pathogen transmission within healthcare facilities. Potential applications for 
these light-activated materials are as surface coatings or bulk materials for infection-resistant 
medical devices, such as medical tubing, catheters and wearable technologies, or fomites, 
such as tubing, door handles and equipment enclosures.  

2. Results: 
 

2.1 Thermal characterisation of toluidine blue O (TBO) 
 

An important consideration when using HME is that some polymers require high melting 
temperatures and/or screw speeds or pressure to be extruded successfully. These factors can 
limit the range of active pharmaceutical ingredients (APIs) which can be incorporated into the 
polymer due to thermal degradation or polymorphism during HME. The thermal stability of 
TBO was firstly assessed to determine the maximum permittable extrusion temperature for 
incorporation into polymers using HME (Figure 2). 



 

Figure 2. Thermal characterisation of toluidine blue O upon heating to 300°C at a heating rate 
of 10°C/minute. 

The data in Figure 2 show an initial mass loss of 10% between 50-120°C, which coincided with 
an exothermic peak at 100°C and was therefore attributed to loss of residual moisture. 
Thermal degradation of dry TBO was detected at 205°C and 5% mass loss of the initial dry 
mass (T95%) was observed at 230°C. Thus, it was determined that TBO could be safely extruded 
up to a maximum temperature of ~200-220°C, accounting for the additional factors, such as 
screw rotation, chamber pressure and residence time which could lead to increased heat 
exposure 33. 

 

2.2 Hot-melt extrusion of TBO-incorporated polymers 
 

A number of medically-relevant polymer candidates, including polyether block amide (PEBA), 
acrylonitrile butadiene styrene (ABS), polyamide (Nylon), thermoplastic elastomer (TPE) and 
thermoplastic polyurethane (TPU), as listed in Table 1, were extruded with 0.05%, 0.075% and 
0.1% w/w TBO loadings using a commercial Leistritz ZSE 27 MAXX – 40 L/D twin screw 
extruder and injection moulded into thin plaques. Images of the final polymeric materials are 
shown in Figure 3. 

 



Table 1. Details of polymers used to produce TBO-incorporated extrudates 

Polymer name Polymer type 
PEBAX® 2533 PEBA 
PEBAX® 7033 PEBA 
PEBAX® 7233 PEBA 
Cycolac™ HMG 47 MD ABS 
Rilsan® BMNO Nylon 11 
Chemiton® HMB NA80 TPE 
Pellethane® 2363-90A TPU 

 

From Figure 3, it is evident that incorporation of TBO induced a blue pigmentation of each 
polymer and, as expected, the intensity of pigmentation increased with increasing TBO 
concentration. We have previously reported the incorporation of 0.4% w/w TBO into HDPE 
sheets to provide antimicrobial thin films for touch screens. Despite promising antimicrobial 
activity, the 0.4% w/w loading was found to produce TBO aggregates on film surfaces and to 
cause a dark purple pigmentation which affected usability 14. Thus, in this study reduced 
loadings of 0.05-0.1% w/w TBO were investigated. From the images in Figure 3 it was evident 
that concentrations of 0.1% w/w TBO produced a blue pigmentation in all polymers but the 
intensity of this pigmentation depended largely on the visual properties of unmodified 
polymers. For example, incorporation of TBO into PEBA polymers produced a dark purple 
pigmentation with several small aggregates visible. In contrast, TBO extrudates produced with 
Chemiton® HMB NA80 and Cycolac™ HMG 47 MD had a transparent pale blue appearance. 
All extrudates displayed evidence of small TBO aggregates within the polymer matrix (as 
highlighted by red arrows in Figure 3) which could indicate poor mixing or dissolution of TBO 
in the polymers, although the reduced incidence of aggregates in samples loaded with 0.05-
0.075% w/w TBO indicated that aggregate formation was related to TBO loading 
concentration. 



 

Figure 3. Digital surface imaging, at x200, of 0.1% w/w TBO-loaded (a) PEBAX® 2533, (b) 
PEBAX® 7033, (c) PEBAX® 7233, (d) Chemiton® NA80, (e) Cycolac™ ABS, (f) Rilsan® BMNO and 
(g) Pellethane®. Red arrows indicate presence of TBO agglomerates within the polymer. 

2.3 Characterisation of TBO extrudates 
  

The surface and bulk properties of TBO-modified polymers were assessed to establish if TBO-
incorporation would significantly affect their suitability for applications in which the base 
polymers are currently employed. Static water contact angles were determined for each 
polymer and are shown in Figure 4. 



 

Figure 4. Static water contact angles of polymers modified with 0.05%, 0.075% and 0.1% w/w 
TBO (0% w/w represents unmodified control polymer). Error bars represent ±S.D., n=5. 

The data in Figure 4 show the change in water contact angle of polymers upon incorporation 
of up to 0.1% w/w TBO. No significant difference in wetting behaviour was detected for any 
of the polymers at all TBO concentrations, with most polymers displaying an insignificant 
decrease in contact angle with increasing TBO concentration. This decrease can be attributed 
to the presence of increasing amounts of hydrophilic TBO molecules on the polymer surface, 
in accordance with previous reports 34, 35.  

Thermal analysis was also conducted using TGA and DSC to determine if the incorporation of 
TBO affected the thermal properties of the polymers. All polymers were demonstrated to be 
stable to ≥300°C, except for Chemiton® HMB NA80 and Pellethane® 2363-90A with observed 
T95% values at 252°C and 293°C, respectively (Figure S1 & S2). Furthermore, the addition of 
0.1% w/w TBO had no significant impact on the melting points or glass transition 
temperatures of any of the polymers and the similar DSC thermograms for the modified and 
unmodified polymers indicated that TBO did not chemically interact with or affect polymer 
crystallinity 36.  

To assess the potential suitability of TBO extrudates for medical and food-contacting 
applications, leaching of TBO from polymers in aqueous and 20% v/v ethanol solutions, to 
represent contact with hydrophilic and lipophilic media/food, respectively, was determined 
using UV-visible spectroscopy at 636 nm and results are shown in Figure 5. 
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Figure 5. Cumulative percentage release of TBO from 0.1% w/w TBO polymers after 
immersion in (a) aqueous and (b) 20% v/v ethanol for periods up to 14 days. Error bars 
represent ±S.D., n=5. 

The data in Figure 5 show that TBO release from Pellethane® 2363-90A, Rilsan® BMNO and 
Cycolac™ HMG 47 MD was negligible in both media over 14 days incubation. Furthermore, 
comparing TBO release in each media, no significant differences in release from 0.1% w/w 
TBO polymers was observed. In addition, increasing TBO concentration from 0.05% to 1% w/w 
caused no significant changes in TBO release in either media for all polymers except PEBAX 
2533 which displayed significantly higher TBO release at 0.1% w/w loading. PEBAX® polymers 
and Chemiton® NA80 were demonstrated to release small amounts of TBO, with the highest 
release of 1.44% and 1.51% from PEBAX® 2533 in aqueous and ethanolic conditions, 
respectively, after 14 days. This release of ~1.5% TBO from PEBAX® 2533, equated to an 
average TBO concentration of 3 mg/L (Table S1 & S2). Overall, this data suggests that leaching 
of TBO from extruded polymers was minimal in both media, which is promising for potential 
use in medical or food-contacting applications, such as plastic packaging or tubing.  

 

2.4 Antimicrobial assessment of TBO extrudates 
 

Initial antimicrobial assessment of TBO extrudates was performed by challenging samples 
with the Gram-positive S. aureus. The reduction in viable S. aureus cells on TBO extrudates 
after irradiation in white light at ambient temperature is shown in Figure 6. As shown, PEBAX® 
2533 was the most effective polymer against S. aureus, with 0.05%, 0.075% and 0.1% w/w 
TBO variants achieving respective reductions in viable bacterial adherence relative to control 
of 90.67%, 94.18% and 99.9% after 4 h irradiation. Similarly, Chemiton® NA80 loaded with 
0.05%, 0.075% and 0.1% w/w TBO reduced numbers of adherent cells by 94.73%, 78.22% and 
98.73%, respectively. Overall, PEBAX® 2533, PEBAX® 7033 and Chemiton® NA80 loaded with 
0.1% w/w TBO provided the most significant reductions in viable bacterial adherence relative 
to control and were carried forward for further antimicrobial investigation. 



 

Figure 6. Antimicrobial efficacy of TBO-incorporated polymers challenged with 106 cfu/mL S. 
aureus for 4 h under white LED irradiation at room temperature. Data is presented as (a) % 
viable bacteria after 4 h irradiation relative to unmodified polymer (0% TBO) and (b) Log10 
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reduction in viable bacteria on surfaces exposed to light for 4 h relative to surfaces incubated 
in dark conditions. 

Figure 7 shows the effect of TBO-incorporated PEBAX® 2533, PEBAX® 7033 and Chemiton® 
NA80 on the adherence of viable S. epidermidis, A. baumannii, E. coli and C. albicans when 
irradiated for 4 h with white light at ambient temperature. When challenged with S. 
epidermidis, PEBAX® 2533 and Chemiton® NA80 achieved eradication of >99.9% of viable cells 
at all TBO concentrations, whereas a loading of 0.1% w/w TBO was needed for this level of 
eradication with PEBAX® 7033. In contrast, PEBAX® 2533 was the only polymer to display 
significant antimicrobial effects against the Gram-negative bacteria, A. baumannii and E. coli, 
achieving >99% reduction in viable cells at all TBO concentrations. PEBAX® 7033 and 
Chemiton® NA80 failed to display any significant reduction in adherence of Gram-negative 
bacteria and adherence was, in contrast, promoted at lower TBO concentrations relative to 
the control polymer. 

 
Figure 7. Antimicrobial efficacy of TBO-incorporated polymers challenged with 106 cfu/mL of 
(a) S. epidermidis, (b) A. baumannii, (c) E. coli, and (d) C. albicans for 4 h under white LED 
irradiation at room temperature. 

As shown in Figure 7(d), both TBO-incorporated PEBAX® polymers failed to reduce adherence 
of C. albicans relative to control after 4 h irradiation with white light, while TBO-modified 
Chemiton® NA80 achieved an insignificant reduction in adherence of 25-30%. The relative 
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reduction in microbial viability on TBO-incorporated polymer surfaces when irradiated with 
white light compared to storage in dark conditions is shown in Figure 8. The data in Figure 8 
further highlights the potent activity of the polymers against Gram-positive bacteria, with 
PEBAX 2533 displaying broad-spectrum activity at all tested TBO concentrations. 
 

 
Figure 8. Reduction in microbial viability by TBO-incorporated polymers when irradiated with 
white light for 4 h, relative to control samples kept in darkness, when challenged with 106 
cfu/mL inoculum of (a) S. epidermidis, (b) A. baumannii, (c) E. coli, and (d) C. albicans. 

 
 

3. Discussion 
 

TBO, an antimicrobial photosensitiser, was herein incorporated into a series of polymers by 
HME with the aim of producing a contact-killing antimicrobial polymer surface. 
Photosensitiser agents can illicit an antimicrobial effect through the light-mediated 
generation of reactive oxygen species, such as singlet oxygen, which can oxidise important 
intra- and extracellular components of pathogenic cells leading to cell death and have been 
shown to effectively eradicate bacteria, bacterial spores, fungi and viruses 37-41. HME has 
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gained increasing popularity for the manufacture of pharmaceuticals due to its ease of use 
and versatility in the preparation of homogeneous polymer-drug composites which can be 
further modified with injection moulding or 3D-printing 42, 43. Previous strategies for 
immobilisation of TBO within polymeric materials for antimicrobial applications have relied 
upon the use of solvents or covalent functionalisation which can cause adverse effects on the 
polymer physical properties, such as tensile strength and wettability. The additional 
processing steps and complexity over standard polymer manufacturing processes for medical 
devices and other polymeric products are also undesirable 17-25. HME was therefore 
investigated in this study as a method for the production of antimicrobial TBO polymers of a 
desired shape or, alternatively, to be pelletised for use in injection moulding or 3D-printing 
without loss of function or detrimental effects on the polymer properties or processing, thus 
overcoming the limitations of previously reported methods for light-activated antimicrobial 
surface production. An important consideration when using HME is the heat stability of a 
compound as it must be able to tolerate the high temperatures and shear usually required to 
melt common polymers, which can be up to 100-300°C. In this study, it was found that TBO 
could withstand temperatures of up to 230°C without significant degradation and at this 
temperature TBO could be successfully incorporated into a range of different medical 
polymer classes. We have previously reported significant TBO aggregation upon incorporation 
of 0.4% w/w TBO into HDPE polymers. In this study we aimed to use a lower concentration of 
TBO to promote improved mixing. It was, however, evident that reduced TBO loadings still 
resulted in some TBO aggregation, but to a much lower extent, suggesting that concentrations 
may need to be kept <0.1% w/w to facilitate complete dissolution and homogeneous mixing 
within each polymer and reduce potential effects on optical clarity. Conversely, this could also 
indicate the need for increased mixing time to ensure complete TBO dissolution 44. The 
presence of TBO within the extruded polymers did not adversely affect their thermal stability. 
Furthermore, the intensity of endothermic peaks remained largely unchanged following 
incorporation of TBO, indicating TBO did not affect polymer crystallinity. The absence of any 
significant shifts in exothermic or endothermic peaks confirmed that TBO did not chemically 
interact with the polymers 36. Non-significant reductions in surface water contact angles upon 
incorporation of TBO, caused by the weakly hydrophilic nature of TBO molecules situated on 
the surface as previously reported, are promising with regards to use of these TBO-modified 
polymers in fluid-contacting applications, such as those in which the base polymers are 
currently employed 34, 35. 

An important consideration when producing polymeric materials with incorporated 
antibacterial agents for medical and non-medical applications, such as food packaging, is that 
the active compounds should not be released into the surrounding environment as acute or 
chronic exposure could have adverse effects on the health of users or the environment. There 
has been extensive media coverage of major incidents where leaching of dangerous 
packaging components into food or medicinal products has caused harm to, or even death of, 
users, such as the leaching of bisphenol A (BPA) from polycarbonate plastics commonly used 
to manufacture baby products including feeding bottles and spoons 45. High temperatures 
and washing in detergent were found to allow BPA to subsequently leach into the contents 
of feeding bottles, with long-term exposure to BPA linked to endocrine disruption, estrogenic 



activity and growth suppression in infants, resulting in a ban of BPA in products intended for 
infants. Leaching of polymer additives can be enhanced by exposure to heat, lipophilic and 
aqueous fluids, and mechanical pressure 46. Due to the clear risks posed by migration of 
potentially toxic chemicals into foodstuffs, the European Commission has produced 
guidelines to regulate the use of active or intelligent materials, such as antimicrobial 
packaging, in food-contacting applications and state that migration of non-authorised 
substances must be below 0.01mg/kg 47, 48. 

In this study, leaching of TBO into aqueous media and 20% v/v ethanol was used to simulate 
leaching when in contact with foods/liquids of mainly hydrophilic nature and more organic, 
lipophilic foods, respectively, and in all cases migration of TBO was below the permitted limit 
according to the EU Regulation No 450/2009 48, 49. Exposure to fluid would also be common 
upon use of these polymers in medical applications, such as medical surface furnishings. Of 
the polymers assessed, PEBAX® polymers and Chemiton® NA80 demonstrated higher TBO 
release in both media than Cycolac™, Rilsan® and Pellethane® polymers, which displayed 
negligible release after 14 days. Furthermore, the extent of TBO release was not dependent 
on concentration, with no significant difference detected between released amounts from 
polymers with 0.05%, 0.75% and 0.1% w/w TBO loadings. The absence of a concentration-
dependent release profile suggests that the extruded polymers acted as a reservoir-type 
surface which controlled the rate of release, with resultant release dependent on multiple 
factors, such as surface concentration, polymer thickness or permeability 50. As the size of the 
samples used in the experiment were kept constant, release of TBO was therefore controlled 
by polymer permeability, with Chemiton® NA80 and PEBAX® polymers more permeable, or 
swellable, in water than the other three polymers. 

TBO has been commonly used for photodynamic antimicrobial therapy and has been shown 
to be effective against bacteria when formulated in a solution or deposited onto a solid 
support 51, 52. TBO has been commonly immobilised onto polymer surfaces by solvent-casting 
methods whereby the polymer and TBO are dissolved in an aqueous solvent and then 
evaporated to dryness 53, 54. Other approaches such as swell-encapsulation or covalent 
immobilisation of photosensitisers have also been reported to provide successful light-
triggered antimicrobial surfaces, although these strategies suffer from photosensitiser 
leaching or require multiple surface modification steps 20, 21, 55.  

In this study, PEBAX® 2533, PEBAX® 7033 and Chemiton® NA80 polymers loaded with TBO 
achieved a statistically significant reduction in S. aureus viability after 4 h irradiation. Of these 
three polymers, PEBAX® 2533 produced a considerably more potent effect, reducing viability 
beyond the limit of detection (<100 cfu/mL) when loaded with 0.1% w/w TBO. These results 
correlated with the extent of TBO leaching in aqueous media, with Chemiton® NA80, PEBAX® 
2533 and PEBAX® 7033 shown to leach more TBO than the polymers which displayed limited 
efficacy against S. aureus. In addition, TBO-PEBAX® 2533 had the most hydrophilic surface of 
the tested polymers. Since the microbiological assessment involved placing a 100 µL drop of 
aqueous inoculum suspension in the centre of a 10x10 mm sample, it is possible that the more 
hydrophilic surface of PEBAX® allowed increased spreading of the inoculum over the surface 
which may have brought S. aureus cells into contact with more TBO molecules. This effect has 



previously been described by Sellenet et al. (2007) who demonstrated that hydrophilic 
modification of quaternised poly(vinylpyridine) improved its antimicrobial efficacy by 20-fold 
56. This was reported to be caused by the spreading of inoculum on high energy hydrophilic 
surfaces in contrast to the observed beading on low energy hydrophobic surfaces leading to 
increased and decreased bacterial contact with the bactericide, respectively. Upon further 
antimicrobial assessment of PEBAX® 2533, PEBAX® 7033 and Chemiton® NA80 against 
microbes commonly linked with skin colonisation and cross-contamination in hospitals, each 
polymer demonstrated activity against S. epidermidis, with 0.1% TBO w/w capable of 
achieving >99.9% reduction in adherent cells after 4 h. In contrast, when challenged with the 
Gram-negative bacteria, A. baumannii and E. coli, only PEBAX® 2533 displayed significant 
antimicrobial efficacy. This supports the finding that the efficacy of these polymers is 
governed by the extent of TBO release or diffusion to the surface through polymer swelling. 
However, TBO leaching studies showed that while PEBAX polymers exhibited the highest 
release of TBO after 14 days, this accounted for less than 1.5% of total TBO loading. Therefore, 
if slow release of TBO is a governing factor in the antimicrobial efficacy of these polymers it is 
likely the polymers can provide a long-term antimicrobial surface given the slow rate of TBO 
release in aqueous conditions.  

The reduced antimicrobial efficacy of PEBAX® 7033 and Chemiton® NA80 against A. 
baumannii and E. coli relative to the Gram-positive pathogens was also attributed to the 
additional layer of lipopolysaccharide (LPS) in Gram-negative bacterial cell membranes. The 
decreased efficacy of TBO against Gram-negative bacteria, as a result of the reduced damage 
caused by TBO-generated singlet oxygen, has been previously reported 57. Dahl et al. (1989) 
have shown that the initial susceptibility of bacteria to singlet oxygen is dependent on the cell 
wall structure, with the outer LPS layer of Gram-negative bacteria providing  protection from 
extracellular singlet oxygen. Repeated attack of the LPS by singlet oxygen, however, results in 
generation of toxic peroxy radicals which cause lethal damage to the bacteria 58. Thus, the 
absence of release of TBO from PEBAX® 7033 and NA80, coupled with the low surface 
concentration of TBO, likely resulted in insufficient singlet oxygen production to cause 
significant damage to the bacteria.  

C. albicans is a fungal species commonly associated with catheter-associated urinary tract 
infections (CAUTIs) and central-line-associated septicaemia. Candida species were also found 
to be the tenth most common cause of healthcare-associated infections in Scottish NHS 
hospitals in 2016 57, 59.  Therefore, it is important that an antimicrobial surface is also assessed 
for its antifungal abilities to ensure adequate protection against the most common microbes 
found in healthcare. Similar to Gram-negative bacteria, the lack of effect of TBO-incorporated 
polymers against C. albicans can be attributed to the fungal cell structure. The presence of a 
nuclear membrane protects against singlet oxygen damage, with higher doses of 
photosensitisers, ≥2 mg/mL, or increased light intensity, ~200 J/cm2, required to produce 
>99% killing 54, 60, 61. Furthermore, the greater cell size and reduced number of targets 
available for singlet oxygen on the nuclear membrane have also been linked to this reduced 
susceptibility 62. The antimicrobial efficacy of most of the polymers assessed in this study 
requires further optimisation to provide a significant benefit in infection control applications. 
The polymers in this study were irradiated with low-wattage white LED lights at ambient 



temperature to replicate real-world conditions and as such the lack of antimicrobial efficacy 
may be due to inefficient singlet oxygen production at the polymer surface in this 
environment. Future studies will investigate the effect of different irradiation conditions on 
antimicrobial efficacy, such as the use of portable light arrays which would still be feasible for 
real-world translation, and the addition of plasticisers to improve dissolution of TBO within 
high-melt polymers. Furthermore, there is potential for bacterial biofilm development on 
these surfaces in the absence of light, prior to PDT. Therefore, future studies will investigate 
the efficacy of these surfaces against developing biofilms to further assess their potential to 
eradicate bacterial fouling.   

Overall, this study has demonstrated that HME can be successfully used for the incorporation 
of an antimicrobial photosensitiser into a range of medically relevant polymers without 
deleterious effects on the bulk polymer properties or degradation of the antimicrobial agent. 
In particular, the incorporation of 0.1% w/w TBO into PEBAX® 2533 resulted in significant 
resistance to bacterial colonisation upon exposure to ambient light conditions, although 
further optimisation of other polymers tested in this study is required to achieve similar 
efficacy. The use of HME could provide a facile method to facilitate large-scale production of 
antimicrobial polymers for direct moulding into medical equipment or to provide 
antimicrobial filaments for the growing additive manufacturing industry. 

 

4. Experimental Section 
 

4.1 Materials 
 

Toluidine Blue O (80%) (TBO) was obtained from Sigma Aldrich (Poole, UK). PEBAX® 2533 
SA01, PEBAX® 7033 SA01, PEBAX® 7233 SA01, Chemiton® NA80, Pellethane® 2363-90A, 
Cycolac™ HMG47MD and Rilsan® BMNO were kindly supplied by IPC - Innovative Polymer 
Compounds (Kilbeggan, Ireland) in pelletised form or as 9 x 6 cm injection moulded plaques. 

Phosphate-buffered saline (PBS), Nutrient broth (NB), Sabouraud-dextrose broth (SDB), 
Mueller-Hinton broth (MHB), Nutrient agar (NA), Sabouraud-dextrose agar (SDA) and 
Mueller-Hinton Agar (MHA) were supplied by Oxoid Ltd. (Basingstoke, UK). S. aureus ATCC 
6538, S. epidermidis ATCC 35984, A. baumannii NCTC 13304, E. coli ATCC 11303, 
Pseudomonas aeruginosa PA01 and Candida albicans NCYC 610 were stored on 
cryopreservative beads at -80oC until use. 

 

4.2 Methods 
 



4.2.1 Preparation of photosensitiser-incorporated polymers using industrial extrusion and 
injection moulding machinery 
 

Polymers were pelletised and mixed with TBO at IPC - Innovative Polymer Compounds 
(Kilbeggan, Ireland) and loaded into a Leistritz ZSE 27 MAXX – 40 L/D twin screw extruder to 
produce TBO-incorporated polymer rods with 0.05%, 0.075% and 0.1% w/w TBO loadings. 
TBO-incorporated rods were then pelletised, and injection moulded to form 9 x 6 cm polymer 
plaques. 

4.2.2 Optical microscopy  

Samples were characterised using a Keyence VHX-2000E microscope (Keyence, Milton 
Keynes, UK), fitted with a VH-Z100R zoom lens. Samples were examined up to 1000x 
magnification and composite images captured using the Keyence microscopy software to 
allow accurate visualisation of surface features. 

4.2.3 Thermal analysis  

Differential scanning calorimetry (DSC) analysis of polymers and TBO was conducted using a 
Thermal Advantage Model Q100 DSC (TA Instruments, UK), equipped with a refrigerated 
cooling system. Polymer samples of 5-10 mg were crimped between an aluminium pan and 
lid and heated at 10oC/min under a nitrogen purge (50 mL/min) from 25oC to 300oC. An empty 
crimped aluminium pan and lid was used as a reference cell. 

Thermogravimetric analysis (TGA) was carried out using a Thermal Advantage Model Q500 
TGA (TA Instruments, UK). Samples were heated at a rate of 10oC/min from 25oC to 300oC, 
and mass loss subsequently plotted as a function of increasing temperature. 

4.2.4 Water contact angle analysis  

Static water contact angle measurements were determined using a Biolin Theta Tensiometer 
(Manchester, UK) and 28 images captured over a two sec period initiated upon contact of the 
water droplet with the sample surface.  Contact angle measurements were taken as the mean 
contact angle after one sec of stabilisation on the sample surface. A 4 μL droplet of deionised 
water was used as the wetting agent. 

4.2.5 Leaching of TBO from extruded TBO-polymers 

Leaching studies were conducted in either PBS or 20% v/v aqueous ethanol solutions to 
represent aqueous or lipid-rich media, respectively, based on previous literature 49. 10 mm x 
10 mm samples of each polymer were placed in clean glass McCartney bottles and submerged 
with 5 mL of either diluent.  Media was replaced on a weekly basis and samples taken from 
the spent media.  These samples were analysed using UV-spectroscopy at 610 nm and 
checked against a TBO calibration curve for each media (aqueous r2 = 0.992; 20% v/v ethanol 



r2 = 0.998) to determine overall TBO release.  A minimum of 5 replicates were tested for each 
polymer and samples were placed in a dark cupboard at ambient temperature during studies.  

4.2.6 Antimicrobial assessment  

Antimicrobial assessment was based on previously reported methods evaluating contact-kill 
ability of copper and dry surfaces 63, 64. 10 x 10 mm polymer samples were cleaned in 
deionised water for 1 minute and allowed to dry. Samples were then aseptically placed on a 
sterile petri-dish. 106 cfu/mL bacterial suspensions of S. aureus, S. epidermidis, A. baumannii, 
E. coli or C. albicans in PBS were prepared and 100 µL of suspension placed on each sample 
30 minutes before irradiation with white LED light for 4 h. The 30 minute pre-irradiation 
period was chosen to allow the droplet to settle and spread on the surface, thereby ensuring 
maximum contact with the photosensitiser-incorporated surface prior to irradiation with the 
light source. After 4 h, samples were placed in 5 mL QSRS in tin-foil wrapped McCartney 
bottles and sonicated for 10 minutes. QSRS solutions were then serially diluted and 20 µL 
plated on MHA (S. aureus, S. epidermidis, A. baumannii), NA plates (E. coli) or SDA (C. albicans) 
and incubated for 24-48 h. Viable cells were counted using the Miles and Misra technique 65. 

Irradiation was conducted at room temperature with an adjustable white LED array 
(Flolight™, Microbeam 1024 daylight spot, Markertek, UK) containing 1024 individual white 
LED lights in a square array. The LED array was held 12 cm above the irradiated samples to 
provide a power density of 6.57 mw/cm2 (450-700 nm) and fluence rate of 94.6 mJ/cm2 to an 
illuminated area of 30 x 30 cm 

4.2.7 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 8 statistical software. Release of TBO 
from polymers was analysed using two-way ANOVA with Tukey’s multiple comparisons test. 
Analysis of water contact angles and antimicrobial efficacy of individual polymers was carried 
out using one-way ANOVA with Tukey’s multiple comparisons test, while intra-polymer 
variations were analysed using a two-way ANOVA. The number of replicates (n) tested was 
five and statistical significance was denoted as p < 0.05. 
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