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Abstract  
 

Hospital-acquired infections are to date a major challenge in the patient safety. The 
proliferation of pathogens such as Staphylococcus aureus, Escherichia coli and 
Klebsiella pneumoniae is often reported in connection with textiles, which represent a 
significant source of transmission. This leads most often to the contamination and 
cross-contamination of the hospitalized patient and the hospital staff. A promising 
approach and the immediate objective of this research is the application of probiotics 
to a textile fabric. They provide preliminary evidence in being able to inhibit 
pathogenic bacteria growth through their competitive mechanism.  
 
During this study, screen-printing was used as a method to apply probiotics on a 
polyester fabric. The viability of probiotics on the fabric was evaluated in the agar 
plate test method. Samples that exhibited a growth of grown out colonies were further 
tested regarding their efficacy towards the abovementioned pathogens. This was 
determined in a competition test, that included the individually inoculation of the 
samples with the different bacteria strains. Contact-angle measurements and abrasion 
resistance as well as the durability were tested in order to investigate the applicability 
of the fabric and scanning electron microscope images were taken to detect probiotics 
and to evaluate the quality of the print on the fabric. 
Major findings included that probiotics were able to survive on the polyester fabric 
and that these viable probiotics are further successful in the growth inhibition of 
pathogenic bacteria. Thereby their efficacy against pathogens is related to the viability 
the probiotics. As neither the probiotics used in this study, nor the other ingredients 
are considered as hazardous, this process is environment-friendly.  
 
This work increases the understanding of probiotics mechanism and their survival and 
competition behaviour on a textile material. It opens a way in the reduction of 
hospital-acquired infections through the beneficial effects of probiotics. 
 
Key words: Probiotics, viability, efficacy against pathogens, hospital-acquired 
infections, screen-printing, eco-friendly hospital textiles 
	
 
 
	
 
 
 
 
 
 
 
 
 
 
  



	

Popular abstract 
 

Due to the increasing demand for multifunctional and environment friendly textile 
materials, the industry seeks for novel approaches. Probiotics, living microorganisms 
by definition, have been demonstrated to provide health benefits to the host. However, 
the incorporation of probiotics into textiles has not yet been evaluated, although they 
represent an effective intervention in the growth of pathogenic bacteria on a textile 
surface. 
In this study, probiotics were printed on a polyester fabric by means of screen-
printing. Afterwards the viability of the probiotics and their efficacy against common 
hospital-acquired infectious pathogens, such Staphylococcus aureus, Escherichia coli 
and Klebsiella pneumoniae was successfully determined. The applicability of the 
fabric was evaluated on the basis of contact angle measurements and abrasion 
resistance and repeated laundering showed the effect on their viability. Scanning 
electron microscopy images revealed the quality of the printing paste.  
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1 Introduction 
 

Hospital-acquired infections (HAI) are a growing problem in hospitals and a major 
cause of increased morbidity and mortality among the hospitalized patients (Peleg and 
Hooper, 2010). Following the European Centre for Disease Prevention and Control 
(2005), about 4 100 000 patients in the EU are affected annually. The infections are 
directly related to approximately 37 000 deaths and further associated with 110 000 
deaths each year. These infections are caused by pathogens, including Staphylococcus 
aureus, Escherichia coli and Klebsiella pneumoniae, that occur in the hospital and are 
transmitted via different routes (Borkow and Gabbay, 2008; Robert Koch-Institut, 
2015). The most common route after hands is via clothes, which present the most 
significant source of infection (Rajendran and Anand, 2016). Since textile materials 
are very common in different healthcare facilities and find application amongst other 
in uniforms, privacy curtains, bed linen and patient apparel, under appropriate 
conditions of temperature, humidity and nutrient, these microorganisms are likely to 
grow and spread on the fabric (Rajendran and Anand, 2016; Sehulster et al., 2004). 
This facilitates the transmission of pathogens to hospital patients or staff and by this 
contributes to the distribution of hospital-acquired infections. (Ducel et al., 2002; 
Fijan and Turk, 2012). Especially immunocompromised patients as well as a longer 
hospital stay increases the risk of getting infected (Ducel et al., 2002;  Peleg and 
Hooper, 2010).  
 
The on-going project ‘I-TEX’ (2016) funded by Vinnova, “aims to develop [an] 
innovative textile antimicrobial or probiotic (bacteria containing) material that, 
combined with knowledge about infection routes, cleaning protocolls and system- and 
behaviour knowledge about the healthcare environments, make the local patient 
environment healthier.” In order to decrease hospital-acquired infections (HAI) and to 
eliminate the harmful effects of current antimicrobial agents, the functionalization 
using biotechnology implies a promising approach. In recent years, the application of 
biotechnology in the textile industry gained a lot of attention also in the field of 
medicine, the so-called red biotechnology (Muthu, 2014b). Biological compounds like 
microorganisms and their products offer an opportunity. So-called ‘probiotics’ are 
considered to be live microorganism namely beneficial bacteria that have a positive 
effect on the health of the host (FAO and WHO, 2006). Their competitive mechanism, 
which enables an inhibition pathogens, is just one of many mechanisms leading to 
their beneficial effects (Lahtinen, 2012).	 However, their effectiveness on a textile 
substrate regarding their control of hospital-acquired infections has not been evaluated 
yet and gives rise to the question whether modified textiles with probiotics are able to 
inhibit the proliferation of bacteria and by this serve as interference in the transmission 
of pathogens in the hospital environment. 
 
Current antimicrobial agents used in the textile industry cause a particularly strong 
impact on the environment during production and end use. This gives rise to a huge 
carbon footprint and despite leads to the fact that the textile industry is a significant 
contributor to water and chemical consumption (Muthu, 2014a). In order to prevent 
the growth of pathogens and to protect the wearer from undesirable infections from 
bacteria, viruses and fungi, several antimicrobial compounds, like silver (Aramwit et 
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al., 2010), triclosan (Dhiman and Chakraborty, 2015; Windler et al., 2013), quaternary 
ammonium compounds (QACs) (Kramer et al., 2006), polyhexamethylene biguanide 
(PHMB) (Gao and Cranston, 2008; Sun, 2016) or chitosan (Lim and Hudson, 2003) 
are introduced into different textile applications. But due to their biological activity, 
the safety of some substances towards humans and the environment is seen very 
critical since their durability can affect the potential for release (Windler et al., 2013). 
An effective antimicrobial treatment requires huge quantities of the antimicrobial 
agent used since their efficiency is decreased during application and laundry (Gao and 
Cranston, 2008; Swedish Chemicals Agency, 2012). 
 
Therefore, the following study investigates the viability of probiotics on a textile 
material and further determines if this method is successful in the inhibition of 
bacteria proliferation. If it is, this may offer an alternative to the existing antimicrobial 
treatments in order to decrease hospital-acquired infections and to improve the 
patients’ environment. Besides, it is worth to look behind the applicability of this 
textile since they are subjected to frequent sweating, rubbing and washing during their 
use. In how far does the treatment affects the wettability of the fabric? Does it still 
provide a moderate abrasion resistance? And does repeated laundering has an effect 
on the viability of probiotics? Using screen-printing as a method for application, they 
are applied on specific target areas. 
 
 
1.1 Literature review 
Textile materials play a decisive role in the transmission routes of pathogens and the 
subsequent emerging of infections (Ducel et al., 2002). Particularly with regard to 
hospital-acquired infections this is a major concern. A lot of research has been carried 
out to successfully implement antimicrobial agents into textile structures in order to 
prevent the attachment and growth of pathogens on the surface of a material (Aramwit 
et al., 2010; Dhiman and Chakraborty, 2015). But instead of using antimicrobial 
agents that can have a negative influence on the human health and the environment, a 
new approach using beneficial bacteria could offer a promising opportunity. Such 
living microorganisms that achieve in a sufficient quantity positive health effects are 
called ‘probiotics’ (FAO and WHO, 2006).  
 
 
1.1.1 Hospital-acquired infections 
Hospital-acquired infections, also known as nosocomial infections, are infections that 
are acquired mainly in the hospital or in other healthcare facilities and are caused by 
microorganisms. These infections may affect both, the hospitalized patients but also 
the hospital staff and form one of the main causes for morbidity and mortality (Calfee 
et al., 2014; Mehta et al., 2014; Peleg and Hooper, 2010) Since the patient is exposed 
to a wide range of microorganisms during the period of hospital stay, infections are 
likely to develop. The transmission of microorganisms, e.g. pathogens, can happen via 
different routes but cross-infection, infections obtained from another patient or staff, 
endogenous infection, from the individuals flora, as well as environmental infection, 
infected from an contaminated object, are the most common (Ducel et al., 2002). 
Thereby microorganisms contaminate objects, devices and despite also materials that 
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in contact with patients can cause an infection. These infections mainly affect the 
urinary or lower respiratory tract and surgical wounds. Immunocompromised patients 
are also increased susceptible to infections (Ducel et al., 2002). As a result, every new 
infected person is the next source of infection for other hospital patients and the staff. 
Thereby the risk of getting infected with sometimes even more resistant pathogens 
increases with a prolonged hospital stay (Peleg and Hooper, 2010). To overcome this, 
patients require the treatment with antibiotics. But due to the large amount of 
antibiotics used in the hospital environment, this sometimes entails bacteria to develop 
a resistance to several forms of antibiotics, so-called multidrug resistant bacteria 
(Ducel et al., 2002; Peleg and Hooper, 2010; Stark, 2013). Antimicrobial agents 
become less efficient against these resistant bacteria and their control becomes 
difficult (Ducel et al., 2002).  
 
 
1.1.2 Contamination of hospital textiles by pathogens 
Different types of microorganisms can be the source of hospital-acquired infections. 
Microorganisms, such as bacteria, fungi and algae are living organisms and wide 
spread in the nature. They perfectly adapt to the environment in order to survive at 
different locations (Frauenhofer IGB, n.d.). Thereby they resident to a great amount 
the human body, whereas bacteria are the most numerous. A small amount of bacteria 
are considered to be pathogen that cause an infection upon contamination (Robert 
Koch-Institut, 2000). Particularly dangerous is the bacterial colonisation of multi-
resistant pathogens in the hospital. There suitable conditions prevail, which support 
the survival, growth and spreading of pathogens on a textile under certain temperature 
and humidity conditions (Rajendran and Anand, 2016). This is amongst others 
reported by Koca et al. (2012) who tested the persistence of pathogens on different 
textile materials used in clinical settings. The pathogens remain on the fabric ranging 
from several days up to months and by this present a continuous source of 
transmission. Whereas the recent years were characterized by the propagation of 
especially Gram-positive nosocomial infectious pathogens such as Staphylococcus 
aureus, today also the contamination of the hospital environment by Gram-negative 
bacteria species Escherichia coli and Klebsiella pneumoniae is observed (Borkow and 
Gabbay, 2008; Robert Koch-Institut, 2015).  Most of the strains of the Gram-positive 
bacterium Staphylococcus aureus (S. aureus) are considered as harmless and colonize 
the individual’s mucous membranes, as in the nose, and on the skin without causing 
diseases (Borkow and Gabbay, 2008). However, favourable conditions or a weakened 
immune system enable pathogenic strains of this species to spread out, and disease 
symptoms appear. In addition the use of antibiotics, including misuse or overuse, 
gives rise to the development of a special strain of Staphylococcus, namely the 
methicillin-resistant Staphylococcus aureus (MRSA). That bacterium is characterized 
by its resistance towards amongst others methicillin and is the cause for nosocomial 
infections in healthcare facilities (Robert Koch-Institut, 2000; Stark, 2013).  
 
Perry et al. (2001) reported the contamination of nurses’ uniforms in a hospital when 
in contact with a patient that is tested positive against S. aureus strains. Moreover, the 
transfer of contaminated materials to patients is assessed by Creamer & Humphreys 
(2008). They reviewed a number of studies and confirmed the spreading of infection 
of MRSA on cause of bed linen. Other hospital-acquired pathogens include 
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Escherichia coli, also known as E.coli, and Klebsiella pneumoniae which are both 
Gram-negative bacterial species and a member of the family Enterobacteriaceae 
(Brisse et al., 2006; Peleg and Hooper, 2010). Their strains are considered as 
opportunistic pathogen, ranging from commensal, harmless strains to pathogenic 
strains that are able to cause diseases. Hospitalized patients with a weakened immune 
system or acute infections are at risk of getting infected with bloodstream, urinary or 
respiratory infections (Jacobsen et al., 2008; Gerding et al., 1979; Peleg and Hooper, 
2010; Podschun and Ullmann, 1998). A study conducted by Wiener-Well et al. 
(2011), investigated the amount of pathogenic organisms on uniforms of nurses and 
physicians in a University hospital in Jerusalem. It revealed that about 60% of 
uniforms were contaminated with pathogenic bacteria, including E.coli, Klebsiella 
Pneumoniae and S. aureus and another 14% of the nurses’ gown and 6% of the 
physicians’ gown with multi-drug resistant bacteria such as MRSA.  
 
 
1.1.3 Antimicrobial textiles as a prevention of hospital-acquired 

infections  
The prevention of healthcare associated infections can be addressed from various 
ways and still the most important one is related to the hygiene actions taken in the 
hospital from the hospital staff and patients. Amongst others, effective hand washing 
has the strongest effect on the reduction of infections (Borkow and Gabbay, 2008). 
But these actions seem not sufficient enough and it reveals that textiles used in the 
hospital are also an important source of cross-contamination between humans due to 
microorganisms in clinical settings (Ducel et al., 2002; Prüss et al., 1999). 
 
In order to limit the proliferation of bacteria, nowadays several antimicrobial finishes 
are in use for antimicrobial textiles. The range of antimicrobial finishes for textiles is 
broad so as the requirements they have to fulfil. Gao and Cranston (2008) reviewed 
latest progresses in the antimicrobial treatment of textile materials and summarized the 
requirements they have to meet. It appeared that an ideal antimicrobial textile should 
not only be effective against one particular bacterial species but rather against a broad 
spectrum of bacterial species whilst being non-toxic to the user and by this do not 
provoke allergy, skin irritation or other side effects. Another requirement is the 
necessity that the finish stays on the fabric even after several washing steps. 
Regarding textiles used in the hospital environment this is of particular importance 
since they are exposed to repeated laundering during their lifetime (Kunders, 2007). 
Thereafter the fabric should show a comparable efficiency to before and continue to 
provide reliable protection from pathogenic microorganisms. Moreover, the applied 
finish should not negatively influence the fabric properties and appearance (Gao and 
Cranston, 2008). Another important aspect is related to the extent whether this finish 
is possible to have effects on the skins resident flora. The resident flora of the skin, 
also known as the normal flora, is colonized by commensal bacteria that contribute to 
the health of the skin. It acts as a barrier against potential pathogenic bacteria and 
creates an unfavourable ground for the growth of pathogenic bacteria, viruses and so 
forth (Elsner, 2006). The use of antimicrobial substances should not cause damage of 
the skins flora and by this may encourage the growth of pathogens. Therefore textiles 
used as a barrier against the microbial infestation should not have irritation or 
sensitizing effects (Elsner, 2006).  
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Several methods have been developed to overcome the growth of pathogenic 
microorganisms on textiles and the chosen method varies with the type of fiber, the 
agent used and the intended application (Gao and Cranston, 2008). The mechanism by 
which antimicrobial compounds control the proliferation of microorganisms varies 
and includes antimicrobial compounds that either kill microorganisms present on the 
surface, so-called biocides, or those that inhibit the growth and spread which are 
called biostatic (Simoncic and Tomsic, 2010). The former includes agents that use a 
controlled release-mechanism, which is activated in the presence of moisture, and 
mainly effective against microorganisms on the surface of the textile fiber and in the 
surrounding environment. The latter represents a bound antimicrobial agent that is 
chemically bound to the fiber surface and forms up as a bio barrier in order to control 
the microorganisms only present on the fiber surface (Schindler and Hauser, 2004; 
Simoncic and Tomsic, 2010). Common antimicrobial agents include silver and silver 
compounds (Aramwit et al., 2010), triclosan (Dhiman and Chakraborty, 2015; 
Windler et al., 2013), quaternary ammonium compounds (QACs) (Kramer et al., 
2006), polyhexamethylene biguanide (PHMB) (Gao and Cranston, 2008; Sun, 2016) 
but also environmental friendly agents based on chitosan (Lim and Hudson, 2003). To 
ensure that the effectiveness of antibacterial properties and the durability maintain 
moderate throughout the use, the application of a sufficient amount of the 
antimicrobial is required (Gao and Cranston, 2008). Besides, it is necessary to test 
their efficacy against common infection related pathogens in different relative 
humidity’s as a study conducted by Takai et al. (2002) revealed that existing 
antimicrobial-finished textiles showed a different antibacterial activity against the 
methicillin-resistant Staphylococcus aureus (MRSA) in higher and lower relative 
humidity’s.  
 
Nevertheless, there are certain concerns regarding their impact on the environment 
and the human health due to their potential for release (Swedish Chemicals Agency, 
2012; Windler et al., 2013). The continuously leakage of these antimicrobials can lead 
to a release of these substances during washing in the washing water and as a 
consequence pollute the environment when reaching the waste water (Schindler and 
Hauser, 2004; Windler et al., 2013). Triclosan, for example, is known to be persistent 
and released into the environment where it was found in the wastewater and sludge 
and thus toxic for the aquatic life (Adolfsson-Erici et al., 2002; Swedish Chemicals 
Agency, 2012). Moreover, it was detected in the breast milk of Swedish women and 
there is further evidence in a build up of resistant bacteria that additionally encourage 
allergic reaction (Adolfsson-Erici et al., 2002). Especially the build up of resistant 
bacteria of hospital-acquired pathogens is a serious concern and remain a reason for an 
increase in morbidity and mortality and thereby in the cost of health care for several 
years (Calfee et al., 2014; Mehta et al., 2014; Peleg and Hooper, 2010; Shlaes et al., 
1997). Due to the concerns over the increasing health risks of these biocides, therein 
contained active substances should only be used if really needed and have to be 
approved before entering the EU market following the new EU Biocidal Product 
Regulation (Swedish Chemicals Agency, 2012). This is further supported by a study 
from the Swedish Chemicals Agency (2012), which concerned the leakage of 
antibacterial substances, including silver, triclosan and triclocarban, in the washing 
water from different commercial articles. Summarizing the results it appeared that the 
concentration for all three biocides fell after washing and a leakage of about 60-80% 
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compared to the original measured content of triclosan was observed. Results of 
silver-treated samples showed that after three washes already more than 50% leaked 
out. 
 
 
1.1.4 Biotechnology solutions for hospital textiles 
The research and application of biotechnology in the textile industry is increased in 
recent years and unique multifunctional quality products can be achieved through 
environmental friendly processes. In this regard, the term ‘Biotechnology’ is referred 
to the implication of living organisms and their compounds to produce products and to 
improve process conditions. The prevention of unnecessary water, chemicals and 
energy use as well as the reduction of waste is the focus (Rowe, 1999).  
Current examples of biotechnology applied in the textile industry include the 
modification via enzymes (Araújo, et al., 2008). But Falagas and Makris (2009) put 
evidence on other organisms that potentially are able to decrease nosocomial 
infections, so-called ‘Probiotics’.  
 
1.1.4.1 Probiotics 
Probiotics are defined as „live microorganisms, that when administered in adequate 
amounts, confer a health benefit on the host“ (FAO and WHO, 2006). This beneficial 
action is associated with the term ‘probiotic effect’ (FAO and WHO, 2006). The 
resulting health effects are not generalizable and according to Azaïs-Braesco et al. 
(2010), even vary within the species, which requires the classification of probiotics 
beyond the genus or species but rather on strain level.  
Common types of probiotics include non-spore forming, vegetative bacteria, e.g. lactic 
acid bacteria that are normally found in the gastrointestinal tract, such as Lactobacillus 
spp. and Bifidobacterium (Klein et al., 1998). The other type of probiotics existing in 
dormant spore form like Bacillus spp. The latter, spore-forming bacteria, distinguish 
themselves above all by their thicker cell wall that makes them resistant towards high 
temperatures and other environmental conditions. As a result, every type of 
environment provides a habitat for these bacteria (Nicholson et al., 2000). The Gram-
positive bacterium Bacillus subtilis has been extensively studied and is currently in 
use as a probiotic product. However, the mechanisms of probiotic action cannot 
always be fully understood (Bermudez-Brito et al., 2012; Ouwehand et al., 2000). 
 
Mode of Action  
Although the mode of action of probiotics cannot fully be understood, it is supposed 
that their broad antimicrobial activity is related to the combination of their 
antagonistic and antimicrobial activity. Their antagonistic capability against 
pathogenic bacteria can be caused by the competitive exclusion that provides a crucial 
prerequisite for the ability to hinder the colonization of pathogens (Lahtinen, 2012; 
Ouwehand et al., 2000). Further mechanisms include the formation of organic acids, 
such as lactic acid, which lead to a reduction in the pH level and thereby provide an 
unfavourable ground for pathogens (Millette et al., 2007; Parvez et al., 2006).  
Additionally, they exhibit antimicrobial activity with the production of antimicrobial 
substances, for example bacteriocins, which is regarded as a possible cause for the 
interference of pathogen colonization (Makras et al., 2006; Servin, 2004). Referring to 
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the definition derived from the Food and Agriculture Organization of the United 
Nations (FAO) and the World Health Organization (WHO) (2006), the probiotics 
beneficial effect goes hand in hand with their viability during production and 
consumption. This led Lahtinen (2012) assess the relation of their mechanisms of 
action with their viability by reviewing several studies. It appeared that the 
effectiveness of viable probiotics is higher and the productions of antimicrobial 
substances as well as the competitive inhibition of pathogenic growth require viable 
probiotics. 
 
The spore forming Bacillus spp. bacterium, for example, divides itself within its cell 
wall in the process of sporulation. This is especially related to a survival mechanism 
of Gram-positive bacteria as a response to unfavourable conditions, e.g. reduced 
nutrients. By this the bacterium produces a resistant cell surrounded by a multi-layered 
coat that enables the bacterium to survive in harsh conditions (Nicholson et al., 2000). 
During the period of little to no nutrients, the spores put themselves in a dormant state, 
which allows them to survive over years without nutrients. As to the improvement in 
the milieu conditions, the spores reactivate and enter the vegetative state again. These 
vegetative cells are capable to reproduce (Cartman et al., 2008; Setlow, 2014a). 
Furthermore, spore-forming bacteria are particularly conspicuous for their resilience 
towards various environmental stresses. The resilience to elevated temperatures, UV-
radiation and chemicals is reviewed by Nicholson et al. (2000) and Setlow (2006). 
Spores are significantly more resistant to higher temperatures in wet and dry states 
than vegetative cells and even more resistant when dry. A higher resistance to UV 
radiation is also generated. In addition, they exhibit a high resistance towards 
chemicals, including acids, bases and oxidizing agents. However, formaldehyde 
presents an example that is able to kill spores by DNA damage (Setlow, 2006). 
 
Probiotics in textiles 
The incorporation of probiotics into textiles has been reported to some extent. As 
alluded to above, especially spore-forming bacteria allow a simpler handling during 
application since their higher heat stability and extreme resilience in different 
environments makes them more suitable during processing and storage for industrial 
applications (Setlow, 2014b). Above all, the coat of the spores plays a significant role 
in the spore resistance and acts as a natural capsule (Setlow, 2014b). In contrast, the 
administration of vegetative cells into products is rather difficult as they are in need of 
further processing steps to resist the technological process and circumstances. Their 
survival is affected by different factors including the pH as well as different storage 
temperatures, which requires the encapsulation of probiotic living cells (Favaro-
Trindade, 2011; Kailasapathy and Chin, 2000). 
 
Subsequently investigated is the encapsulation of living Bifidobacteria by (López-
Rubio et al., 2009) for the application of active and bioactive packaging. In this study 
the viability and stability of the strain B. animalis Bb12 was improved by 
encapsulating the strain into fibers of polyvinyl alcohol through electrospinning. As a 
result, the probiotic cells survived over several days in higher and lower temperatures. 
Another study conducted by the researchers Heunis et al., (2010) from the University 
of Stellenbosch in South Africa, successfully encapsulated viable Lactobacillus 
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plantarum 423 cells and their bacteriocin in nanofibers of polyethylene oxide. An 
inhibition zone of the encapsulated cells was further visible.  
 
Apart from the use of vegetative cells for textile application, several studies dealt with 
the application of spores. Amongst others, the incorporation of Bacillus 
amyloliquefaciens spores into the extrusion process of PET (Ciera et al., 2014b). In 
this process, the spores resisted the melt extrusion conditions including high 
temperatures and higher shear stresses. However, it was also observed that increased 
temperatures in general and an increasing residence time at high temperatures of 
300°C, decreased the survival of spores. In addition, these factors cause the spores to 
agglomerate during processing (Ciera et al., 2014b). A subsequent study that focused 
on the properties of these produced fibers revealed cracks in the polymer matrix as a 
consequence (Ciera et al., 2014a). This entailed a reduction in the tensile strength and 
elongation at break of the fibers especially at higher spore concentrations.  
 
Current commercial available textile products containing probiotic spores mainly 
focus on their anti-allergic benefits. The chemical company DEVAN Chemicals 
settled in Belgium, launched its product ‘Purotex’, sometimes also referred to 
‘Probiotex’. Textile fabrics receiving the treatment of encapsulated probiotic spores, 
exhibited a significant decrease in the amount of dust mite allergen of the type Der p 1 
(BMA Labor, 2012). Mainly in use for mattress ticking, these capsules broke upon 
friction between the mattress and the human body and released the spores (DEVAN 
chemicals, n.d.). This led to a reduction in humidity and since the spores used the dust 
mite as a source of nutrition, it neutralised the dust mite allergen to 89.3 % compared 
to the untreated mattress ticking (BMA Labor, 2012; DEVAN chemicals, n.d.).  
 
Although novel to textile applications, the use of probiotic containing products in 
clinical settings is not unfamiliar. As hospital-acquired infections can be addressed 
from various ways, the cleaning of surfaces in the hospital environment plays a 
significant role in the control of emerging infections. A recent study about ‘Hard 
Surface Biocontrol in Hospitals Using Microbial-Based Cleaning Products’ (Vandini 
et al., 2014) revealed that microbial cleaning with different strains of Bacillus spores 
(Bacillus subtilis, Bacillus pumilis and Bacillus megaterium) as part of cleaning 
products reduces the number of infection related pathogenic microorganisms, 
including S.aureus and E.coli. Preliminary studies, conducted to determine an 
appropriate product formulation for the present study, revealed that Bacillus strains 
were more efficient in cleaning products than non-spore formers Lactobacillus strains, 
basically on account of their ability to sporulate (Vandini et al., 2014). A subsequent 
study by Caselli et al. (2016) addressed the impact of these microbial-based cleaning 
products containing the above-mentioned Bacillus strains on the reduction of 
antibiotic resistant genes. It became evident that the cleaners were not only effective 
in inhibiting the colonisation of pathogens, they further did not cause any drug-
resistant pathogen population but rather lowered the already existing resistances 
(Caselli et al., 2016).  
 
Recent studies mainly focused on the encapsulation or incorporation of probiotics into 
the textile fiber. However, the initiative of this study is to research the possibility of 
using traditional textile printing processes in order to incorporate probiotics on fabrics. 
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Therefore screen-printing is chosen as a method, as its process conditions are a 
promising approach for the application of probiotics on the fabric. Since the 
dimensions of probiotics cells are approximately 1-2 !m in length and 0.5-1 !m in 
breadth (Carrera et al., 2007;  Lillford and Leuschner, 2000), they can be easily 
embedded in the viscous paste and during application of the printing paste, this paste 
penetrates through the areas of the defined design (Broadbent, 2001; Kinnersly-
Taylor, 2011). With regard to probiotics embedded in the printing paste, it is 
important to select a screen mesh with mesh counts per cm that enable the penetration 
of probiotics through the screen. Furthermore, this technique allows a large amount of 
printing paste to be applied to the fabric as multiple passes of the squeegee across the 
screen are possible (Kinnersly-Taylor, 2011). In addition, all paste ingredients can be 
easily mixed together and no pre-treatment of the fabric is required as it is the case 
with digital printing techniques (Kan and Yuen, 2012; Kinnersly-Taylor, 2011). Prior 
to printing, screen-printing requires limited preparatory steps, such as the mesh 
application, the coating of the screen and the exposure to a UV light source. For the 
actual printing process, no further machinery is necessary, which makes this method 
easily accessible (Kinnersly-Taylor, 2011). 
 
Although new to this research area, screen-printing found its application already in 
other biotechnological textile applications. The application of enzymes to textiles is 
studied by Savolainen et al. (2011). In their research the immobilization of enzymes is 
enabled by their encapsulation into polymeric microcapsules. These capsules are 
applied via screen-printing, rod coating or flexo printing on a paper substrate. The 
results revealed that the different chosen methods influence the quantity of 
microcapsules placed on the substrate and according to Savolainen et al. (2011), 
screen-printing provides the highest quantity. This is further accompanied by the 
highest enzyme activity observed on these samples. As mentioned above, especially 
probiotic spores are suitable for industrial processes. As a result, probiotic spores may 
be possible to use in the same manner as encapsulated materials and applied on 
textiles by means of printing. Although not related to biotechnology, the application of 
antimicrobial capsules containing triclosan is carried out by Ocepek et al. (2012) who 
investigated the antimicrobial effect of triclosan against Escherichia coli and 
Staphylococcus aureus. Despite a successful antimicrobial effect, results further 
revealed that these microcapsules exhibited a good washing fastness.  
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1.2 Problem Description 
Recently various studies have been focusing on the cause and prevention of hospital 
acquired infections. The consequences are serious and imply morbidity and mortality 
of the hospitalized patients and the staff (Calfee et al., 2014; Mehta et al., 2014; Peleg 
and Hooper, 2010). Literature has shown that textiles display a crucial part in the 
transmission of pathogens and provide a suitable environment for bacterial growth in 
the hospital environment (Creamer and Humphreys, 2008; Ducel et al.,  2002; Fijan 
and Turk, 2012; Perry et al., 2001). The development of antimicrobial finished textiles 
was to be a solution. However, there are environmental concerns regarding their 
potential for release to the environment as well as their ability to build up drug-
resistant pathogens. Especially the antimicrobials triclosan and silver are known to be 
released to the environment and toxic to the aquatic life (Adolfsson-Erici et al., 2002; 
Robert Koch-Institut, 2000; Swedish Chemicals Agency, 2012; Windler et al., 2013). 
In addition, the requirements in clinical settings, such as the efficacy towards several 
bacteria strains and an adequate durability, are found to be insufficiently achieved 
with antimicrobial finished textiles (Gao and Cranston, 2008; Takai et al., 2002).  
 
The development of alternative solutions is required and leads to the implication of 
bioactive compounds, respectively probiotics. This field of research has been explored 
to a great extent and their health effect is reported in several studies (Bermudez-Brito 
et al., 2012; Forestier et al., 2001). As ascertained in previous research the mode of 
action, mainly their competitive exclusion mechanism, leads to an inhibition of 
pathogens (Lahtinen, 2012). In this respect, literature further revealed that especially 
probiotic spores are suited for the industrial application and hence also for textile 
processing (Setlow, 2014b). Their natural capsule makes them resistant towards harsh 
conditions that normal, vegetative bacteria are not able to survive (Nicholson et al., 
2000; Setlow, 2006; Setlow, 2014b).  
 
To date, the majority of the conducted research on probiotics in textiles focused on 
their encapsulation (Heunis et al., 2010; López-Rubio et al., 2009) and incorporation 
into fibers (Ciera et al., 2014b). Thereby little is known about their beneficial effects 
on textiles, which is currently limited to their ability to reduce the number of dust mite 
allergens in mattress ticking (BMA Labor, 2012) and lately to their ability in 
microbial cleaning products, where they counteract the growth of pathogenic microbes 
present on hard surfaces in the hospital environment (Vandini et al., 2014). However, 
so far no study had been undertaken to evaluate a potential connection between the 
inhibitory effect of pathogenic microorganisms and a textile material. 
 
Along these lines, the endeavour of the present research is firstly to evaluate the 
viability of probiotics on a fabric and secondly, their efficacy against nosocomial 
pathogens such as Staphylococcus aureus, Escherichia coli and Klebsiella 
pneumoniae. Screen-printing is introduced as an application method as the probiotic 
spores can be entrapped within the paste and easily applied on the polyester fabric. For 
the fact that a paper describing such an application could not be found, screen-printing 
as a method of applying probiotic spores to a polyester fabric represents a new area of 
research.  
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1.3 Research Questions 
The following hypothesis and research questions are designed to support the purpose 
of this thesis: 
 
Hypothesis:  
 

Printing a fabric with a paste containing probiotic spores inhibits the growth of 
pathogenic bacteria 

Research Questions:  
 

1. How is the probiotic viability after application?  
2. How do viable probiotics influence the growth of bacteria species such as 

Staphylococcus aureus, Escherichia coli and Klebsiella pneumoniae on a 
polyester fabric? 

3. How do the printed parts of the fabric affect the wettability of the textile? 
4. How do the printed parts of the fabric influence the abrasion resistance?  
5. In how far does washing influences the viability of the probiotics? 
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2 Materials and Methods 
 

The following paragraphs deal with the materials and methods applied in this research.  
 
2.1 Materials 
As screen-printing was chosen as a method for application, two wooden frames and 
squeegees were produced by Norrby Trä in Borås, Sweden. Figure 1 and 2 represent 
the exact measurements of both.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
	

Figure 1: Technical drawing of the screen. 
	

 
 
 
 
 
 
 
 
 
 
 

Figure 2: Technical drawing of the manufactured squeegee. 
 
Further preparation of the wooden frames required the application of a mesh that 
enables the transfer of the printing paste onto the substrate. Therefore it was resorted 
to a 100% Polyester mesh with 43 threads per cm, supplied by Coated Screens 
Scandinavia in Sweden. The mesh was fixed on the outside of the screen using 
‘Cascol Polyurethane’ from the company Cascol, a brand of the Sika Group settled in 
Sweden.  
The pattern, in the shape of 1 x 1 cm squares, was made in Photoshop and printed on a 
foil using the HP Designjet 500 Plus printer from the HP Development company 
settled in the U.S. Bearing in mind a safety distance of 5 cm at all sides of the screen, 
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the total size of the printable area was 25 x 50 cm as visualized in the drawings (Fig. 
3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Technical drawing of the ready-made screen including the pattern. 

 
In order to print the pattern on the screen, the mesh of the screen was coated with a 
diazo emulsion ‘Norikop 6 GT’ for water and plastisol inks from the company Pröll 
KG settled in Germany. This was a two-component system and by adding the diazo 
powder sensitizer to the emulsion it became light sensitive.  
 
For the textile substrate it was chosen for Polyester (PET) multifilament woven fabric 
with carbon yarns in both warp and weft direction obtained from F.O.V. Fabrics AB in 
Borås, Sweden. A fabric characterization is given in Table 1: 
 

Table 1: Characterization of the polyester fabric. 

 
The following components were chosen to prepare the printing paste (Table 2). The 
thickening agent ‘Tubivis DL 600’, the binder ‘Tubifast AS 5087 FF’ as well as the 
crosslinking agent ‘Tubiassist Fix 157 W’ were obtained from CHT R. Beitlich GmbH 
in Germany. Lubrizol Advanced Materials Inc. settled in the U.S supplied the second 
binder ‘Permax 232’. Another cross-linker ‘SYL-Off 7682-000’ was purchased from 
Dow Corning GmbH in Germany. The ready-made pigment paste ‘Violett 5 BC’ was 
purchased from Zenit AB Konsthantverksmaterial in Sweden. Tanatex Chemicals in 

Substrate 
Weight 
(g/m2) 

Density 
Carbon yarn 

density Weave 
Picks/cm Ends/cm Picks Ends 

100% 
Polyester 

with carbon 
yarns 

146 40 55 1/23 
picks 

1/25 
ends 

2/2  
twill 
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the Netherlands supplied Tana® Biotic DC, a probiotic finishing agent with the exact 
content of this solution is unknown. However it is suitable for textile processing to 
combat pathogenic bacteria and allergens in textiles, which suggests that it consists of 
probiotic spores.  
 

Table 2: Overview of the used components. 
	

Binders Tubifast AS 5087 FF; Permax 232 

Thickener Tubivis DL 600 

Cross-linkers Tubiassist Fix 157 W; SYL-Off 7682-000 

Probiotics Tana® Biotic DC 

Pigment Violett 5 BC 

Emulsion Norikop 6 GT 

 
 
2.2 Methods 
The following paragraphs present an overview of the different test methods that were 
used for the experimental work. A description and execution of the test is given. 
Depending on the method and its availability, these were partly performed at the 
University of Borås and at the Technical Research Institute of Sweden (SP).  
 
2.2.1 Screen preparation 
Before the functionalization using screen-printing was possible, several steps were 
necessary to prepare the screens to be used. These consisted of the application of the 
preparation of a pattern and the mesh on the screen as well as the coating and the 
exposure of the screen. The following paragraphs enlighten these steps in detail and 
mainly follow the recommended procedure of Kinnersly-Taylor (2011). 
 
Mesh application 
As highlighted in section 2.1 Materials, wooden frames were produced and required 
further preparation to be able to use. The first step involved the application of the 
chosen mesh to the screen. For the mesh it was decided for a polyester mesh with 43 
threads per cm. The screen mesh size has a high influence on the results of the print 
and is dependent on the application. The finer the mesh, thus the higher the mesh 
counts per cm, the more detailed the image will be. For this purpose it was decided for 
a mesh with lower mesh counts per cm, to ensure that the pigment or probiotics which 
were applied with the paste not dried out or blocked the openings after application 
(Kinnersly-Taylor, 2011). 
To prepare the screens, the mesh was placed tightly onto the screen and fixed on 
needles. Pressure was applied from underneath, so that the mesh faced high tension. 
Then the wood glue ‘Cascol Polyurethane’ was applied on the frame of the screens 
and by this glued the mesh on the frame.  
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Coating of the screen 
The coating of the screen was carried out in a dark room. The light sensitive emulsion 
‘Norikop’ was applied using a coating though that was slightly narrower than the 
width of the mesh. This was done to ensure a homogenous spreading of the coating 
(Kinnersly-Taylor, 2011). A sufficient amount of the sensitised emulsion was poured 
into the though to cover the screen in a single movement. For the application, the 
screen was positioned in an apparatus at an angle between 25° and 30° with the inside 
of the screen facing the wall. The coating though was set at the bottom of the outside 
of the screen and was slightly tilted to ensure that the screen mesh comes into direct 
contact with the emulsion. Then the though was pushed up along the height of the 
screen (Kinnersly-Taylor, 2011). Same action was repeated again, without tilting the 
though, to remove any excess amount of emulsion. After application the screen was 
left to dry for approximately 24 hours in a cupboard located in the dark room. 
 
Exposure of the screen to light 
The exposure of the screen to a UV light source was necessary to transfer the positive, 
e.g. the pattern, to the screen mesh (Kinnersly-Taylor, 2011). Therefore the coated 
screen was placed in the middle of a vacuum exposure frame from the company 
Siebdruck-Service Eickmeyer GmbH Germany. The original print was placed 
underneath so that it was in contact with the outside of the screen. A hose was placed 
over the inside of the screen before the lid of the frame was closed and secured. The 
vacuum pump was turned on and the air inside got sucked out until the black rubber 
blanket lied smoothly against the screen holding it in position. The exposure lamp was 
turned on and the vacuum exposure frame was tilted through 90° facing the lamp 
vertically. The exposure time was set to 80 units, ensuring that no other lightning 
reaches the screen. After the exposure time, the screen was removed and immediately 
rinsed on both sides with a gentle steam of water. This washed the emulsion away and 
the pattern appeared. Afterwards the screen was left to dry before it was ready to use. 
 

2.2.2 Screen Printing  
Printing on the polyester fabric was carried out at the University of Borås using the 
defined screens and squeegees from section 2.1: Materials. Pastes components were 
mixed together at room temperature by the mechanical stirrer ‘RW 16’ with a 3-blade 
propeller obtained from IKA Werke GmbH & Co. KG in Germany, to achieve a 
homogenous paste. Table 3 represents the composition of the pastes and the different 
processing parameters. The recipes were prepared according to the recommended 
relations specified in the application sheets of the products and on advise from the 
company themselves. The acronym was formed from the binders used; TF (Tubifast 
AS 5087 FF) and PM (Permax 232), if present – cross-linker, the bacteria 
concentration and the drying time. 
In total 10 different pastes were produced that were found to be good enough to print. 
They varied in their amount of probiotics, a high concentration (25 mL) or a low 
concentration (2.5 mL) of the aqueous solution of Tana® Biotic DC. Both 
concentrations were used in order to determine in how far this influenced their 
viability and their efficacy towards pathogens. Besides, also two different binders 
were taken into consideration. Since probiotics are very sensitive towards a broad 
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range of chemicals, it was decided to prepare printing pastes containing binders on 
polyacrylic (Tubifast AS 5087 FF) and polyurethane (Permax 232) basis. 
The use of different binders entailed the use of different cross-linking agents that go 
hand in hand with the binder. As further visible in Table 3 the first experiments, i.e. 
TF-25, TF-C-25, PM-25 and PM-C-25 were dried for 60 min. to ensure that the paste 
was completely dry. This was especially important for the spores since they only 
survive further thermal curing at higher degrees if they were completely dry. For the 
experiments after, this drying time was reduced and 15 min. were found to be 
sufficient.   
 
Prior to application, the pH of the paste was measured using pH-indicator strips and 
the fabric was cut in a piece slightly larger than the printable area of the screen and 
was stretched and taped on a smooth surface to ensure that it was firmly hold in place. 
The prepared screen was placed on top of the surface of the fabric and the paste was 
applied at the top of the screen. The squeegee and paste were kept at an angle of 45° 
and both were slowly pulled across the screen (Kinnersly-Taylor, 2011; Wells, 1997) 
After application, the fabric was put into the oven for drying and curing. The oven 
‘ULM 500’ from the company Memmert GmbH & Co.KG in Germany was used. The 
optimum curing temperature and duration for a maximum fastness were recommended 
by the supplier in the given application sheet (150 °C for 4-5 min.). After curing, the 
treated fabrics were rinsed in cold and warm water (45 °C) before drying at room 
temperature over night. 
 
 
2.2.3 Viscosity Measurement  
For a good printability of the paste, its rheology was of importance. During and after 
application it was important that the paste stays in place and does not spread on the 
fabric by capillary action beyond the limit of the defined pattern (Kinnersly-Taylor, 
2011). This required the paste rheology of a non-Newtonian, shear thinning behaviour, 
where the viscosity decreased with increasing shear rate (Cowie and Arrighi, 2008). 
At the beginning of the printing process when the paste was first applied at the top of 
the screen it should not flow at all, but once the paste was printed through the screen it 
should have the lowest viscosity. Since there was no general standard found about the 
processing conditions and the viscosity the paste should provide for this kind of 
application, this general rule was taken into account and fulfilled by every paste that 
was applied. Therefore the rheological behaviour of the paste was measured before 
application. The Modular Compact Rheometer MCR 500 obtained from Anton Paar 
Physica Messtechnik GmbH in Germany was used. The temperature control system 
TEK 150P as well as the cone CP50-1 with a diameter of 50 mm was utilized. The 
ambient temperature was maintained at 25°C and the shear rate was 1/s. The results 
from the viscosity measurement are given in Table 3. First trials, paste formulations 
TF-25-60 and TF-C-25-60, were applied without measuring the viscosity. 



	 17	

 
Table 3: Ingredients for the different paste formulations. 

	

 

 TF-25-60 TF-C-25-60 PM-25-60 PM-C-25-
60 

TF-25-15 TF-C-25-15 TF-C-2.5-
15 

PM-25-15 PM-2.5-
15 

PM-C-25-
15 

Binder (g) 
 

30 6 6 6 6 6 6 6 6 6 
Tubifast 
AS 5087 
FF 

Tubifast AS 
5087 FF 

Permax 
232 

Permax 
232 

Tubifast 
AS 5087 
FF 

Tubifast AS 
5087 FF 

Tubifast AS 
5087 FF 

Permax 
232 

Permax 
232 

Permax 232 

Thickener (g) 5 1.6 1.7 1.6 1.7 1.6 1.5 1.8 1.3 1.7 
Tubivis 
DL 600 

Tubivis DL 
600 

Tubivis 
DL 600 

Tubivis 
DL 600 

Tubivis 
DL 600 

Tubivis DL 
600 

Tubivis DL 
600 

Tubivis 
DL 600 

Tubivis 
DL 600 

Tubivis DL 
600 

Cross-linker 
(g) 

- 1 - 1 - 1 1 - - 1 
 Tubiassist 

Fix 157 W 
 SYL-Off 

7682-000 
 Tubiassist 

Fix 157 W 
Tubiassist 
Fix 157 W 

  Tubiassist 
Fix 157 W 

Tana® Biotic 
DC (mL) 

25 25 25 25 25 25 2.5 25 2.5 25 

Pigment (g) 2 2 2 2 2 2 2 2 2 2 
Water (g) 438 64.4 65.3 64.4 65.3 64.4 87 65.2 88.2 64.3 
No. of passes 6 6 6 6 6 6 6 6 6 6 
Drying at 80 
°C (min.) 

60 60 60 60 15 15 15 15 15 15 

Thermal 
Curing at 
150 °C (min.) 

5 5 5 5 5 5 5 5 5 5 

pH 6-7 6-7 6-7 6-7 6-7 6-7 6-7 6-7 6-7 6-7 
Viscosity 
(Pas) 

/ / 1380 720 993 919 2270 1360 2370 1030 
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2.2.4 Agar Plate Method 
The viability of the probiotics on the fabric was evaluated in the agar plate test 
method. This method is used to monitor and culture the growth of microorganisms. 
The tests were performed by researchers from SP Food and Bioscience in Sweden. 
Sampling was performed in accordance with statistical rules and therefore five 
different samples, each with a size of 5 x 5 cm, were taken across the different 
impregnated laboratory samples from Table 3.  
Prior to the agar test, the samples were heated in an aluminium foil at 75 °C for 1 
hour, to ensure that they are free from any bacterial contamination. Afterwards the 
samples were put into TSA plates, i.e. petri dishes containing a growth medium. In 
order to fully cover the sample, it is additionally overlaid with 4.5 mL of a 1% 
Triphenyl tetrazolium chloride (TTC) solution. The agar plates were incubated for 48 
hours at 30 °C before analysis in the ‘KB 8000’ incubator (Termaks, Norway). The 
addition of TTC was necessary since this redox indicator was able to distinguish 
between active and inactive tissues. Upon contact with living tissues, this compound 
reduced to TFC and grown out colonies of probiotics in the printed pattern were 
stained red. After incubation, the growth of bacteria was evaluated following this 
classification: no growth (< log 1 CFU/surface); very weak growth (log 1 
CFU/surface); weak growth (log 1- log 2 CFU/surface); growth (log 2- log 3 
CFU/surface) and heavy growth (> log 4 CFU/surface). The term ‘CFU’ stands for 
‘colony forming units’, which indicated the amount of viable bacterial cells.  
 
 
2.2.5 Competition Test  
The efficacy of the samples towards common pathogenic microorganisms responsible 
for nosocomial infections, such as Staphylococcus aureus (CCUG 10778), 
Escherichia coli (CCUG 3274) and Klebsiella pneumoniae (CCUG 588866) strains, 
was determined by SP Food and Bioscience. The samples printed with probiotics that 
exhibited a growth of colonies after the agar test were used for the competition test. 
Samples that only showed a very weak growth or even no growth of probiotics on the 
fabric were excluded from further testing. Table 4 (see next page) represents the 
laboratory samples that were considered. Again, sampling was performed in 
accordance with statistical rules and 20 samples measuring a size of 5 x 5 cm were 
used to evaluate their effectiveness.  
The abovementioned strains were overnight cultured in nutrients broths at 30°C for 20 
hours. Afterwards, the cultures were diluted in 0.1 % peptone water to a final 
concentration of 104 organisms/mL. All samples were separately inoculated with 50 µl 
of the diluted culture (20-25 drops) and incubated at 35 °C for 24 hours in a relative 
humidity 90% using the same incubator mentioned in 2.2.4. After incubation, the 
samples were separately put into stomacher bags, containing 10 mL of peptone water, 
and homogenized for 1 min. Thereof 1 mL was dispensed into 3 TSA plates, which 
were incubated at 30°C for 48 hours, before the colonies were counted. In addition, a 
0-test was performed. These samples were directly put into stomacher bags, without 
incubating. The assessment of the results follows the same procedure as used in the 
agar plate method, but this time counting the growth of colonies from the pathogenic 
bacteria strains.  
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Table 4: Overview of the samples considered for the competition test. 

 
 
 
2.2.6 Contact Angle Measurement 
The effect of the print on the wettability of the fabric was evaluated using the ‘Theta 
Optical Tensiometer’ contact angle meter supplied by the company Scientific Biolin 
Holding AB at the University of Borås. This measurement device is used to measure 
the material’s surface properties as well as the interfacial interaction between gasses, 
liquids and solids. For this purpose, the contact angle, i.e. the wetting of a solid by a 
liquid, was measured. Since there is no general standard about the drop size, it was 
resorted to the standard settings for this device that recommended a sessile drop with a 
volume of 3 µl. Samples considered for this test are given in Table 4. The 
measurement was repeated at 5 different places across the laboratory samples and the 
reference sample to obtain reliable values. The time from drop application to 
measurement was about 2 seconds. The final contact angle resulted from the mean 
value of the different measurement points.  
 
 
2.2.7 Abrasion Resistance 
The abrasion resistance of the fabric was measured using the ‘Martindale 2000 
Abrasion Tester’ from the company Cromocol Scandinavia at the University of Borås. 
The determination of abrasion resistance was performed according to the standard EN 
ISO 12947-2/AC: 2006 - Part 2: Determination of specimen breakdown and the 
specimen is rubbed in the motion of the Lissajous figure to obtain outcomes that are 
comparable to the normal wear. As a standard abradant fabric a plain weave, 
crossbred, worsted wool fabric was used and a standard woven wool felt as the 
abradant felt substrate. A nominal pressure of 9 kPa was chosen as a suitable abrasion 
load since the intention of this fabric is to be used for hospital staff. The laboratory 
samples were conditioned 18 hours before use in a room having a standard temperate 
atmosphere of 24 °C and a relative humidity of 65 % before they were stamped out to 
a diameter of 38 mm. Sampling was performed in accordance with statistical rules and 
4 different test specimens were taken across the laboratory sample, thereby ensuring 
that each of them contained the characteristic parts of the pattern. Table 4 above 
represents the selected laboratory samples used for testing. Since the fabric used was 
unfamiliar, a preliminary test was carried out with testing intervals of 1000 rubs until 
the end point was reached. The number of rubs at which specimen breakdown 
occurred, e.g. where at least two separate threads were completely broken, was visible 
after 15.000 rubs at all four test specimens. According to the standard, the following 
samples were checked at a test interval of every 2000 rubs. The evaluation was carried 
out visually and the samples were checked with a microscopy. The change in surface 
appearance was rated from 1 to 5, where 1 represents a higher wear and the pattern 
was no longer visible and 5, no wear and the pattern was clearly visible. 
 
 

Samples Reference  
TF-25-

15 
TF-C-25-

15 
TF-C-2.5-

15 
PM-25-

60 
PM-

25-15 
PM-C-
25-15 
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2.2.8 Fastness to Washing 
In order to determine the durability of probiotics and the print, the fastness to washing 
was evaluated at the University of Borås using the reference standard washing 
machine ‘Wascator FOM 71 MP’ from the company Electrolux. This machine was in 
accordance with the machine type ‘A’ from the standard ISO 6330:2012: Textiles - 
Domestic washing and drying procedures for textile testing, that was used to perform 
the washing tests. Program 2 was selected that corresponded with the washing 
machine procedure ‘6Nh’, i.e. water temperature of 60 °C and a normal agitation 
during heating, washing and rinsing. 20 gr of the reference detergent 3, a non-
phosphate powder detergent without optical brightener from the company James Heal 
settled in England, was added. The standard further demanded a total air-dry load 
mass of 2,0 ± 0,1 kg. For this reason 2 kg of a 100 % polyester ballast, obtained from 
James Heal, was added.  
Laboratory samples that were considered for this test are given in Table 4. The 
fastness to washing was determined after 3 and 5 washes. For the analysis, the 
viability of the probiotics on the fabric was evaluated in the agar plate test method at 
SP Food and Bioscience. According to statistical rules, for each washing step, 4 
samples were cut across the laboratory sample in the size of 5 x 5 cm. In addition, the 
dry weight of the samples was measured after each wash.  
	
 
2.2.9 Scanning electron microscope (SEM) 

Scanning electron microscope images were taken from the reference polyester fabric 
and the printed parts of the laboratory samples (Table 4). The investigation of the 
quality of the print as well as the possible detection of probiotics on the fabric was the 
focus. Researchers from the Technical Research Institute of Sweden (SP) performed 
the test. The environmental scanning electron microscope (ESEM) ‘Quanta 250 FEG’ 
with variable pressure from the company FEI, settled in the U.S., was used. For this 
purpose each sample was scanned at magnifications of 100, 1000, 2500, 5000 times. 
An acceleration voltage of 10 kV was applied. 
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3 Results  
 

The results from the experimental work are presented in this chapter. The procedure of 
each method is mentioned within chapter 2: Materials and Methods.  
 
3.1 Agar Plate Method 
The agar test method is used to evaluate the viability of the probiotics on the fabric 
printed with the different paste formulations from Table 3. The pictures exhibit the 
growth of probiotics in the printed pattern.  
 
a. TF-25-60 
Below, Figure 4 reflects the viability of probiotics in the first paste formulation. It 
consisted of a polyacrylic-based binder (Tubifast AS 5087 FF), a high concentration 
of probiotics (25 mL) and a drying time of 60 min. The results provided a clear picture 
among the different test samples and a very weak growth (log 1 CFU/surface) of 
probiotics was observed. Only at some parts at the edges, the viability of red stained 
colonies was visible.  
 
 

 

 
Figure 4: Viable probiotic cells on the polyester fabric containing the paste formulation TF-25-60. 

 
 
b. TF-C-25-60 
The viability results from the paste formulation TF-C-25-60 are presented in the 
following images of Figure 5 (see next page). The ingredients were the same as in the 
previous paste, except that here a polyisocyanate-based cross linker (Tubiassist Fix 
157 W) was added. The results turned out significantly better and the grown out 
colonies of probiotics became clearly visible and a heavy growth (> log 4 
CFU/surface) was observed. Due to the high concentration (25 mL) the colonisation 
did not only take place in the pattern where the paste was applied, but appeared also in 
the in-between spaces.  
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Figure 5: Viable probiotic cells on the polyester fabric containing the paste formulation TF-C-25-60. 

 
 
c. PM-25-60  
The subsequent images (Fig. 6) show the results from the paste prepared from the 
polyurethane-based binder (Permax 232). The amount of probiotics as well as the 
drying time stayed the same. Obtained results show that the viability of the probiotics 
was not influenced by the change of the binder. A heavy growth (> log 4 
CFU/surface) in the printed parts of the fabric was visible in all test samples. What 
became evident too, was the manner how they colonized the fabric. Whereas it was 
more or less punctual in the outcomes of the previous paste (TF-C-25-60) presented in 
Figure 5, these images show a very even and dense colonisation.  
 
 

 

 
Figure 6: Viable probiotic cells on the polyester fabric containing the paste formulation PM-25-60. 
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d. PM-C-25-60 
The images in Figure 7 present the viability results from probiotics in the formulation 
containing the same ingredients as in the paste PM-25-60 plus a silicone-based cross-
linker (SYL-Off 7682-000). The results provided a clear picture and showed that the 
viability is very less and only a weak growth (log 1- log 2 CFU/surface) on the fabric 
was obtained. Besides, it became obvious that there was almost no growth in the 
printed parts of the fabric but rather in the in-between spaces that hence should not 
reveal any growth.  
 
 

 

 
Figure 7: Viable probiotic cells on the polyester fabric containing the paste formulation PM-C-25-60. 

 
 
e. TF-25-15 
The paste formulation TF-25-15 contained the same ingredients as the formulation 
TF-25-60, but in this case prepared in a quantity of 100 g and a drying time of 15 min. 
Whereas the paste before did not show a sufficient viability of probiotics, the 
following images (Fig. 8 on next page) exhibited a heavy growth (> log 4 
CFU/surface) of grown out colonies, also in the in-between spaces of the samples. 
What needs to be mentioned here is that the viability was not consistent among the 
five test samples and only three of them showed a heavy growth and the other two 
only very weak growth.  
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Figure 8: Viable probiotic cells on the polyester fabric containing the paste formulation TF-25-15. 

 
 
f. TF-C-25-15 
The viability results from probiotics in the paste formulation TF-C-25-15 is shown in 
Figure 9. Again here the paste was similar to TF-C-25-60, except the drying time, 
which was reduced to 15 min. The results were very clear and a heavy growth (> log 4 
CFU/surface) of grown out probiotic colonies was visible on all five test samples. The 
colonisation appeared very even and dense and also in this case was the colonisation 
not only limited to the printed parts of the fabric. Grown out colonies were found in 
the in-between spaces.  
 
 

 

 
Figure 9: Viable probiotic cells on the polyester fabric containing the paste formulation TF-C-25-15. 
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g. TF-C-2.5-15 
Below, Figure 10 represents the viability results from the paste containing the same 
ingredients as TF-C-25-15 but with a low amount of probiotics, respectively 2.5 mL. 
The amount was reduced to see whether this concentration was already efficient 
enough. The results were very clear and all test samples showed a heavy growth (> log 
4 CFU/surface) of probiotics on the fabric. Nevertheless, there was a distinct 
difference compared to the results from the samples containing a higher probiotic 
amount (25 mL). The colonisation did not appear that even and dense as before and 
also the colonisation of the in-between spaces stayed out.  
 
 

 

 
Figure 10: Viable probiotic cells on the polyester fabric containing the paste formulation TF-C-2.5-15. 

 
 
h. PM-25-15 
The images in Figure 11 (see next page) reflect the viability results from the grown 
out probiotic colonies in the paste PM-25-15. The paste was similar to PM-25-60 but 
with a reduced drying time. On all five test samples a viability of probiotics was 
observed and a heavy growth (> log 4 CFU/surface) was visible. Only the manner of 
colonisation differed from the other samples. Whereas the paste formulation PM-25-
60 and also other samples that showed a heavy growth were covered in a way that the 
punctual colonies were still visible, these results exhibited a colonisation that 
resembles to a coating layer.  
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Figure 11: Viable probiotic cells on the polyester fabric containing the paste formulation PM-25-15. 

 
 
i. PM-2.5-15 
The viability results from the paste formulation PM-2.5-15 containing a low amount 
of probiotics is presented in Figure 12. The images revealed a worse survival and a 
very weak growth (log 1 CFU/surface) of colonies was observed.  
 
 

 

 
Figure 12: Viable probiotic cells on the polyester fabric containing the paste formulation PM-2.5-15. 

 
 
j. PM-C-25-15 
Figure 13 (see next page) shows the results from the grown out probiotic colonies of 
the paste formulation PM-C-25-15. This formulation was comparable to the paste PM-
C-25-60 but this time the silicon-based cross-linker was replaced with a 
polyisocyanate cross-linker. This cross-linker was also used for paste formulations 
prepared using the polyacrylic-based binder (Tubifast AS 5087 FF) where a good 
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viability was observed. Also in this case, the results were much better than before. All 
images exhibited a viability of probiotics and a weak growth (log 1- log 2 
CFU/surface) was observed on all five test samples.  
 
 

 

 
Figure 13: Viable probiotic cells on the polyester fabric containing the paste formulation PM-C-25-15. 

 
 
Below, Table 5 summarizes the results from the agar plate method. As it became 
apparent from the paragraphs above, all samples exhibited a certain growth. However, 
this was particularly low for the samples TF-25-60, PM-C-25-60 and PM-2.5-15 that 
were consequently excluded from further testing. Same applied for the sample TF-C-
25-60. Although a heavy growth was observed, it was replaced with the same paste 
formulation but a lower drying temperature (TF-C-25-15). Same could have been 
applied to PM-25-60 and PM-25-15 that varied in their drying temperature too. 
However, in this case the viability results differed and the colonisation appeared very 
even and dense for PM-25-60 but rather punctual for PM-25-15. To possibly correlate 
the viability of probiotics to their competitive mechanisms, the sample PM-C-25-15, 
that exhibited a weak growth, was chosen for further evaluation in the competition 
test.  
 

Table 5: Overview of the results from the agar plate method. 
	

Drying time 
(min.) Sample 

Bacteria 
amount (CFU) Bacteria growth Further testing 

60 

TF-25-60 > 10 Very weak growth No 
TF-C-25-60 > 10000 Heavy growth No 
PM-25-60 > 10000 Heavy growth Yes 
PM-C-25-60 > 10 Very weak growth No 

15 

TF-25-15 > 10000 Heavy growth Yes 

TF-C-25-15 > 10000 Heavy growth Yes 
TF-C-2.5-15 > 10000 Heavy growth Yes 
PM-25-15 > 10000 Heavy growth Yes 
PM-2.5-15 > 10 Very weak growth No 
PM-C-25-15 > 100 Weak growth Yes 
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3.2 Competition Test 
Obtained results from the competition tests are summarized in the following Table 6. 
The individual results for the three tested samples are to find in Appendix I. For a 
direct comparison also the reference, respectively the untreated polyester fabric was 
inoculated with the three bacteria solutions. Received data for this test, < 10 CFU 
counted on the surface (< log 1 CFU/surface), are insufficiently for further statistical 
analysis.  
 

Table 6: Results from the competition test of samples. 
	

Sample Bacteria type Bacteria amount 
after 24h 

incubation at 35 °C 
and RH 90% 

(CFU) 

Bacterial growth 

Reference  E. coli > 30000 Heavy growth 
S. aureus > 30000 Heavy growth 
K. pneumoniae > 10000 Heavy growth 

TF-25-15 E. coli < 10 No growth 
S. aureus < 10 No growth 
K. pneumoniae < 10 No growth 

TF-C-25-15 E. coli > 10 Weak growth 
S. aureus < 10 No growth 
K. pneumoniae < 10 No growth 

TF-C-2.5-15 E. coli < 10 No growth 
S. aureus < 10 No growth 
K. pneumoniae < 10 No growth 

PM-25-60 E. coli > 10 Weak growth 
S. aureus < 10 No growth 
K. pneumoniae < 10 No growth 

PM-25-15 E. coli < 10 No growth 
S. aureus < 10 No growth 
K. pneumoniae < 10 No growth 

PM-C-25-15 E. coli > 10 Growth 
S. aureus > 10 Very weak growth 
K. pneumoniae < 10 No growth 

 
The results of the untreated polyester fabric showed a heavy growth of all three 
bacteria on the samples. With regard to the first sample printed with the formulation 
TF-25-15 that showed a heavy growth of probiotic colonies in the agar plate method, 
also reached good competition results. After incubation, no growth, respectively < 10 
CFU/surface, of E.coli, S. aureus and K. pneumoniae was visible. The same 
formulation plus a cross-linker revealed almost the same results and no growth of S. 
aureus and K. pneumoniae was found on the samples printed with TF-C-25-15. Only, 
a weak growth of E.coli (> 10 CFU/surface) was found. In addition, a heavy growth of 
grown out probiotic colonies was ascertained at the sample TF-C-2.5-15. In this 
respect again, no growth of either E.coli, S.aureus and K. pneumoniae was visible 
after incubation in the competition test.  
Samples containing a binder on polyurethane basis (Permax 232) demonstrated similar 
results. The formulation PM-25-60 exhibited a weak growth of E.coli but no growth of 
S.aureus and K. pneumoniae. The same paste formulation but a reduced drying time, 
respectively PM-25-15, performed even better and less than log 1 CFU/surface was 
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counted on the samples. The samples printed with the formulation PM-C-25-15 that 
only exhibited a weak growth of grown out colonies of probiotics in the agar plate 
method, gave the worst results in the competition test. A growth, respectively log 2- 
log 3 CFU/surface of E.coli and a very weak growth of K. pneumoniae, log 1 
CFU/surface, was found on the surface. However, good competition results were 
achieved against S. aureus. 
 
 
3.3 Contact Angle Measurement 
In the following Table 7 the results of the contact angle measurement are shown. The 
contact angle given for each measurement point derived from the mean of six angles 
that were considered. The mean of all measurement points was given in the right 
column. Mean values (∅) and standard deviations (σ) are expressed in the Table 7. The 
results of all measurements are to find in Appendix II.  
 

Table 7: Contact angle measurements and standard deviation of the different test samples. 
	

 Contact angle  

Sample 1 2 3 4 5 ∅ σ 

Reference  44.1° 46.5° 38.0° 47.6° 37.2° 42.7° 4.3° 
TF-25-15 121.3° 119.6° 117° 127° 123.9° 121.8° 3.5° 
TF-C-25-15 112.0° 122.5° 119.6° 123.1° 114.4° 118.3° 4.4° 
TF-C-2.5-15 138.7° 138.9° 133.5° 137.5° 137.2° 137.2° 2.0° 
PM-25-60 131.9° 130.9° 135.9° 131.2° 127.4° 131.5° 2.7° 
PM-25-15 119.1° 122.2° 119.7° 121.4° 123.5° 121.2° 1.6° 
PM-C-25-15 127.1° 116.2° 117.9° 120.5° 125.5° 121.5° 4.2° 

 
The contact angle results of the reference polyester fabric exhibited a high wettability 
and an average contact angle of 42.7° was observed. Regarding the results of the 
printed parts of the treated fabrics, they revealed high angles indicating a low 
wettability. Especially the sample TF-C-2.5-15 showed the lowest wettability with an 
average contact angle of 137.2°. The same applied for sample PM-25-60 that 
exhibited 131.5°. The contact angles measured at the other samples, TF-25-25, TF-C-
25-15, PM-25-15 and PM-C-25-15 were very close to each other and ranged between 
118° and 121°. 
The results revealed that the printed pattern had a negatively effect on the wettability 
of the fabric. All samples showed an increased hydrophobicity, where no correlation 
was recognisable between the different paste ingredients or probiotic amounts. 
However, the droplet did not last for a long time and wetting occurred within at least 
20 seconds for all samples. Nevertheless, the results of the untreated polyester sample 
and the samples TF-25-15, TF-C-25-15 and PM-C-25-15 go hand in hand with a 
relatively high standard deviation, which makes their results doubtful.  
 
 
3.4 Abrasion Resistance  
The resistance to abrasion is evaluated in Table 8 (see next page) including the mean 
value of the four samples that were taken from across each laboratory sample and the 
standard deviation within the measurements. As mentioned within chapter 2.2.7 the 
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abrasion resistance was checked after every 2000 rubs. The results of all 
measurements are to find in Appendix III. 
 

Table 8: Abrasion resistance and standard deviation of the different test samples. 
	

Sample  
Rubs 

2000 4000 6000 8000 10000 12000 14000 15000 

Reference  5 4 4 4 2 2 2 1 
! 0 0 0 0 0 0 0 0 

TF-25-15  5 4 4 4 3 3 2 2 

! 0 0 0 0 0 0.5 0.8 0.8 

TF-C-25-15  5 5 5 4 4 3 2 2 

! 0.4 0.5 0.5 0 0.5 0.5 0.5 0.5 

TF-C-2.5-15  5 4 4 4 4 4 3 3 

! 0.5 0.4 0 0 0 0 0 0 

PM-25-60  4 3 2 1 1 1 1 1 
! 0 0.4 0 0 0 0 0 0 

PM-25-15  2 2 2 2 1 1 1 1 
! 0.4 0.4 0.4 0 0 0 0 0 

PM-C-25-15  5 3 3 2 2 1 1 1 
! 0 0 0 0.4 0 0.4 0 0 

 
Obtained results showed that the abrasion resistance of the reference polyester fabric 
gave the worst result and specimen breakdown occurred after 15000 rubs with broken 
fibers in warp and weft direction on all samples. However, the printed fabrics did not 
reveal broken fibers in both directions after 15000 rubs but a significant decrease in 
the intensity of the print. Thereby was especially at the samples treated with the 
polyurethane-based binder (PM-25-60, PM-25-15, PM-C-25-15) the pattern no longer 
visible after 8000 rubs. Samples printed on polyacrylic basis indicated a slightly better 
outcome. In particular, TF-C-2.5-15 gave the best result and the pattern was clearly 
visible after 15000 rubs. The samples TF-25-15 and TF-C-25-15 slightly indicated the 
pattern at the end of 15000 rubs. What all samples had in common were protruding 
fibers after 4000 rubs and a greyish change of colour, which can be attributed to the 
abrasion. The standard deviation for all samples was very low.  
 
 
3.5 Fastness to Washing 
The fastness to washing of the printed parts of the fabric and the viability of the 
probiotics after three and five washes is shown in the images below. Due to a limited 
availability at the research institute, it was only possible to evaluate two samples out 
of four. For this reason it was further not possible to determine the significance of the 
results. The results of the samples dry weight are to find in Appendix IV.   
The viability results of probiotics after three washes are presented in Table 9 (see next 
page). All samples exhibited certain viability, whereas polyurethane-based (Permax 
232) paste formulation gave better outcomes. Very weak growth of probiotics was 
obtained by the samples TF-25-15 and TF-C-25-15 whereas a higher degree of grown 
out colonies was visible at the sample TF-C-2.5-15 that revealed a weak growth of 
probiotics. Considering the formulation PM-25-60 and PM-C-25-15 they exceeded by 
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far the best results and a growth was observed on both samples. The sample PM-25-15 
indicated a weak growth. However, the intensity of the pattern on the fabric was not 
considerably influenced and still clearly visible.  
 

Table 9: Viability results after 3 washes. 
 

Sample Wash 
cycles  

Bacteria 
growth 

Images 
 

TF-25-15 3 Very 
weak 
growth 

 
TF-C-25-
15 

3 Very 
weak 
growth 

 
TF-C-2.5-
15 

3 Weak 
growth 

 
PM-25-60 3 Growth 

 
PM-25-15 3 Weak 

growth 

 
PM-C-25-
15 

3 Growth 
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Table 10 (on page 33) presents laboratory samples washed for five cycles. Obtained 
results showed that there is little to no viability. Especially samples treated with the 
polyacrylic-based binder (Tubifast AS 5087 FF) did not exhibit any growth. Although 
the samples printed with a paste containing a cross-linker, TF-C-25-15 and TF-C-
2.5.15, still indicated the pattern after washing, no growth was observed. The same 
applied for the sample TF-25-15 where no growth was visible. Nevertheless, in this 
case it seemed that also the paste almost completely washed away. The findings for 
samples printed with a polyurethane-based binder revealed different. The sample PM-
25-15 showed a very weak growth of probiotics and the samples PM-25-60 and PM-
C-25-15 indicated a weak growth of grown out probiotic colonies on the fabric. Also 
in these cases, the intensity of the pattern decreased but was still visible.  
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Table 10: Viability results after 5 washes. 
 

Sample Wash 
cycles  

Bacteria 
growth 

Images 
 

TF-25-15 5 No 
growth 

 
TF-C-25-
15 

5 No 
growth 

 
TF-C-2.5-
15 

5 No 
growth 

 
PM-25-60 5 Weak 

growth 

 
PM-25-15 5 Very 

weak 
growth 

 
PM-C-25-
15 

5 Weak 
growth 
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3.6 Scanning electron microscope (SEM) images 
The images of the SEM are shown below (Fig. 14 and Fig. 15) and on the following 
pages (Fig. 16 to Fig. 18). Structures that can be related to spores should show 
dimensions of approximately 1-2 µm in length and 0.5-1 µm in breadth (Carrera et al., 
2007; Lillford and Leuschner, 2000). Below, Figure 14 gives an example of a spore on 
the polyester fabric. In this respect, only the probiotic solution (Tana® Biotic DC) was 
applied on the polyester fabric.  
However, none of the printed samples showed a similar spore-like structure and for 
this reason only those of relevance are displayed. Some pictures give an impression of 
the quality of the print. It becomes apparent that especially for the samples TF-25-15 
(Fig. 15), PM-25-60 (Fig. 17) and PM-C-25-15 (Fig. 18), the appearance of the print 
occurred very uneven. Although the paste was spread evenly during application, the 
images clarified spots of completely unaffected fibers. With regard to the sample TF-
C-2.5-15 with a magnification of 100 times (Fig. 16 (a)), it seems that no paste spread 
over the fabric. This can be attributed to an evaluation mistake since the printed parts 
of the fabric were in some cases difficult to see. With an increasing magnification of 
1000 times (b), all samples indicated closed capillary pores where the paste settled 
around and between the fibers.  
 
 

 
 
	

 

 

	
 

Figure 14: SEM images of a spore on the polyester fabric. 

 

                              
Figure 15: SEM images of the sample TF-25-15 with a 100x magnification (a) and a 1000x 

magnification (b). 

(a)	 (b)	
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Figure 16: SEM images of the sample TF-C-2.5-15 with a 100x magnification (a) and a 1000x 

magnification (b). 

	

             
Figure 17: SEM images of the sample PM-25-60 with a 100x magnification (a) and a 1000x 

magnification (b). 

	

										 	
Figure 18: SEM images of the sample PM-C-25-15 with a 100x magnification (a) and a 1000x 

magnification (b). 

	
	
	
	 	

(a)	

(a)	

(b)	

(b)	
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4 Discussion  
 

Screen-printing of probiotics on a polyester fabric enabled the characterization of their 
viability and efficacy against common nosocomial pathogens including 
Staphylococcus aureus, Escherichia coli and Klebsiella pneumoniae. Obtained data 
from the agar plate method revealed that probiotics were able to survive on the fabric 
and an inhibition against the abovementioned pathogens was achieved. Thereby a 
higher amount of viable probiotics tended to have a more comprehensive competition 
mechanism. This suggests that the inhibition is correlated to the viability and that non-
viable probiotics do not essentially contribute to this mechanism. 
 
Recently, experiments have shown that probiotics, either non-spore formers such as 
vegetative cells or spore-formers such as Bacillus sp., have an inhibition effect against 
pathogens, which can be related to their competitive exclusion of pathogens 
(Bermudez-Brito et al., 2012; Casula and Cutting, 2002; Forestier et al., 2001) or to 
their production of antimicrobial substances (Makras et al., 2006; Servin, 2004). 
Thereby spores have shown to be the most suitable option for industrial applications 
as their natural capsule makes them resistant towards environmental conditions 
(Setlow, 2014b). Especially their higher resistance towards process parameters 
including higher temperatures and shear stresses, which is reported in a study by Ciera 
et al. (2014b), leads to a detection of viable spores after processing. The results of this 
work support and augment these findings by showing that the majority of the viability 
results exhibited a growth of probiotics on the polyester fabric (Table 5). The spores 
survived the printing parameters, such as higher shear stresses during paste application 
and the subsequent drying and curing of the fabric at temperatures of 80°C and 150°C. 
Contrary to the outcomes of the study by Ciera et al. (2014b), where a correlation 
between a higher temperature (300°C) and an increasing residence time (10 min.) is 
detected, this study showed no significant differences in the viability results of a fabric 
dried for 15 minutes or 60 minutes. However, in this study the temperature was 
limited to 80°C. Since also the other paste ingredients could influence the spores 
viability, all ingredients were formaldehyde-free because this chemical is known to 
kill the spores (Setlow, 2006). As a result, the polyurethane and polyacrylic based 
binder, the polyisocyanate cross-linker and the carboxylic acid based thickening agent, 
did not affect the viability of probiotics. However, this did not apply for the silicone-
based cross linker, which is suggested to influence their viability negatively (Fig. 7).  
 
Even though the factors above did not significantly influence the survival of spores, 
the amount to which the fabric was colonised with grown out colonies varied for the 
samples. And for some samples this growth was particularly low. The paste 
formulation TF-25-60, for example, showed a very worse survival of probiotics (see 
Fig. 4). Since a certain growth was visible, it is not expected that the paste ingredients 
had an influence on the survival but rather the fact that the paste is not mixed 
homogenously. Moreover, inconsistent viability results were observed among the test 
samples from TF-25-15 (Fig. 8). This can be attributed to the fact that the quality in 
screen-printing is dependent on various factors such as squeegee pressure and 
squeegee angle, which vary due to the manual application (Kinnersly-Taylor, 2011).  
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Furthermore, it was found that the concentration of probiotics applied to the fabric, 
either 25 mL or 2.5 mL, affects the viability results. With regard to the pictures of Fig. 
9 and Fig. 10, it appeared that a higher application of probiotics (25 mL) led to a 
denser colonisation. The probiotics did not only colonise the printed parts but also the 
in-between spaces.  
 
Probiotic spores already find application in mattress ticking for the decrease of dust 
mite allergens (BMA Labor, 2012; DEVAN chemicals, n.d.) and their inhibition of 
pathogens is further revealed in the microbial cleaning of hard surfaces in the hospital 
environment where they decrease the number of pathogenic microorganisms, 
including S.aureus and E.coli (Vandini et al., 2014). 
So far, the results of this study confirm the inhibition of pathogenic growth due to the 
presence of probiotics. Samples that exhibited an appropriate viability, e.g. higher than 
104 CFU, showed an almost complete inhibition of the nosocomial pathogens 
Staphylococcus aureus, Escherichia coli and Klebsiella pneumoniae (see Table 6). A 
growth of less than 10 CFU was visible in a humidity of 90% on the samples. 
Compared to the reference polyester fabric, that showed a growth of 30000 CFU on 
the surface, this implicated a 99% reduction (see Table 6).  
 
Based on the current valid definition of FAO and WHO (2006), probiotics have to be 
viable during application to achieve a beneficial effect. This seems to agree with the 
results of this study, considering the sample PM-C-25-15 (Fig. 13). This sample 
showed a weak growth of grown out probiotic colonies (between 101-102 CFU) in the 
viability results. As a result, a growth of Staphylococcus aureus and Escherichia coli 
was observed on the sample (see Table 6), which indicates a relation between their 
viability and inhibitory effect. With regard to the probiotic amount that was applied to 
the fabric, e.g. a high concentration (25 mL) and a low concentration (2.5 mL) for the 
samples TF-C-25-15 and TF-C-2.5-15, no differences in the inhibition were detected. 
Both concentrations revealed an efficacy towards the pathogens.  
 
However, it further needs to be assessed if this inhibiting effect is also feasible in a 
normal humidity since some of the existing antimicrobial-finished textiles fail in their 
antibacterial activity in lower relative humidity’s (Takai et al., 2002). In addition, one 
cannot be sure if the inhibition is attributed to the presence of probiotics or to other 
ingredients in the paste formulation, which needs to be further evaluated. Besides, the 
other paste ingredients, including, binder, thickener and if used – cross linker, are not 
assumed to have an influence on the inhibition results. Otherwise this may also have 
affected the viability of the probiotics. Moreover, the lower viability and the 
associated lower inhibition of pathogens suggest a correlation between the amount of 
viable probiotics on the surface and the resulting inhibition of pathogens.  
 
Since textiles in clinical settings are exposed to repeated laundry (Kunders, 2007), the 
influence of washing on the viability of the probiotics was evaluated after three and 
five washes. Although only samples were considered that exhibited a high growth of 
grown out colonies prior in the agar plate test, all samples showed a limited durability 
and a weak survival was obtained (see Table 9 and 10). Better results were achieved 
with the polyurethane-based binder, where viability was observed even after five 
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washes. Samples printed with the polyacrylic-based binder did not exhibit any growth 
after that.  
Nevertheless, a distinction is necessary between the viability of probiotics and the 
appearance of the print after washing. In this study, it was observed that the print after 
three and five washes was still visible on the fabric, whereas the viability decreased 
(see Table 9 and 10). The better appearance of the print after washing was especially 
related to samples prepared with a paste containing a cross linker. To confidently say, 
that the cross linker maintains a higher occurrence of the print, SEM images after 
washing could provide further conclusions. However, the weak durability can also be 
attributed to the fact that every paste was prepared with the lowest amount of binder 
concentrations. Since the viability of probiotics was of prime importance and the 
influence of the binders on their survival unknown, during this study the experiments 
were performed with the lowest amount of binder concentration that was advised from 
the companies. In this regard, further pastes with higher amounts can provide 
clarification. Moreover, the weak durability can be attributed to the fact that the spores 
are not sufficiently bound in the paste. It is assumed that they released from the paste 
during washing and therefore a decreased viability was observed. This would agree 
with the fact that the intensity of the printed pattern was not considerably influenced 
and still clearly visible after five washes.  
 
Obtained scanning electron microscope image (Fig. 14) from SP showed a structure of 
a spore, which confirms the assumption that the solution consists of probiotic spores. 
However, resulting SEM images of the printed fabrics did not reveal structures that 
could be attributed to the presence of probiotics. This is suggested to the thickness of 
the print and to the fact that scanning electron microscope images from the surface of 
the samples are not sufficient enough for the detection. At some samples the quality of 
the print appeared not very even and irregularities existed (Fig. 15, 17, 18). This can 
be attributed to air bubbles that occurred either during paste formulation or during 
printing.  
Besides, contact angle measurements of the printed parts revealed a low wettability 
and very high contact angles were detected compared to the highly wettable reference 
polyester fabric (see Table 7). This results from the fact that the printing paste leads to 
a closure of the capillary pores between the fibers, which is visible in the SEM 
images. The results of abrasion resistance exhibited that all printed samples exceeded 
the maximum amount of rubs of the reference polyester fabric, indicating that the 
application of the print increases the abrasion resistance of the fabric. Whereas for the 
reference fabric already after 15000 rubs broken fibers in warp and weft direction 
were visible, no broken fibers were observed for printed samples after the same 
amount of rubs (Table 8). However, they indicated a loss of pattern intensity and 
especially the print of the samples printed with a polyurethane binder were almost 
completely abraded.  
 
Since one of the major problems associated with the textile industry is the issue of 
sustainability and the environmental impact of textile production, the following 
section considers the obtained results from an environmental perspective.  
Traditionally, antimicrobial textiles are functionalized using different kinds of 
chemical agents such as heavy metals including silver and silver compounds (Aramwit 
et al., 2010) or other compounds including, triclosan (Dhiman and Chakraborty, 2015; 
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Windler et al., 2013), quaternary ammonium compounds (QACs) (Kramer et al., 
2006) and PHMB (Gao and Cranston, 2008; Sun, 2016). In order to counteract the 
growth of pathogenic microorganisms on a textile, these antimicrobials generally 
function in a way of leaching, i.e. releasing the antimicrobial in order to kill the 
microorganisms present on the surface of the textile fiber and in the surrounding 
environment (Simoncic and Tomsic, 2010). Especially the continuous release of the 
antimicrobial makes the situation very critical (Windler et la., 2013) and leads to the 
fact that huge quantities of the antimicrobial agents are required in order to achieve a 
long-lasting effect (Gao and Cranston, 2008). However, with the use of probiotics, 
improvements regarding this chemical pollution can be accomplished. During textile 
processing and during usage in the hospital afterwards, where the fabric is subjected to 
frequent washing (Kunders, 2007), toxic substances may end up in the wastewater 
where they affect the aquatic life (Adolfsson-Erici et al., 2002; Swedish Chemicals 
Agency, 2012; Windler et al., 2013). Besides, also allergic reactions are provoked by 
some antimicrobials, for example triclosan (Adolfsson-Erici et al., 2002). But for 
textiles and especially medical textiles it is important that they do not contain any 
harmful substances that negatively affect the skin (Elsner, 2006). Therefore the 
application of probiotics as an alternative for traditional antimicrobial agents 
eliminates the consequences caused by their continuous release, which provides a 
healthier alternative compared to traditional treatments. In addition, the resulting costs 
for the purification, for example of the wastewater, that come along with these 
pollutions can be minimized, which in addition entails lower energy consumption.  
 
But also the application technique chosen for this study, i.e. screen-printing, provides 
advantages regarding the environmental impact. All chosen components, including the 
binder, thickening agent and cross linker, are free from formaldehyde and other 
harmful pollutant volatile-organic compounds (VOC). Following the safety data 
sheets, none of the components is toxic, bioaccumulative or persistent according to the 
REACH legislation. Both binders, Tubifast AS 5087 FF and Permax 232, are water 
based and therefore do not hazardously affect the aquatic life or land when they reach 
the wastewater. This also facilitates the cleaning of the screen after printing, as there is 
no need for toxic agents and water is sufficient enough to clean the screen. On the one 
hand this decreases the costs and on the other hand presents an environmental safer 
application technique that improves the labour conditions and the health of the people 
who work with these products.  
Moreover, the process of screen-printing does not require any fabric pre-treatment or 
additional machinery (Kan and Yuen, 2012; Kinnersly-Taylor, 2011). This leads to 
lower energy consumption since only for fabric drying and curing a couple of minutes 
are necessary. Due to the possibility of multiple passes across the screen (Kinnersly-
Taylor, 2011), the paste is almost completely applied to the fabric. Less paste remains 
on the screen and as a result generates less waste compared to other finishing 
processes, such as padding. 
 
In addition, there is an increase in the public health. Since less antimicrobial agents 
are in use that provoke skin irritations, healthcare costs related to the recovery are 
reduced. Moreover, this study showed that probiotics printed on a polyester fabric are 
successful in the inhibition of hospital-acquired pathogens. Although current results 
are achieved under laboratory conditions, there is evidence in a decrease of hospital-



	40	

acquired infections in clinical trials. In addition, they do not induce but rather reduce 
already existing antibiotic resistant genes that are currently occurring on cause of the 
increasing use of antimicrobials in the hospital (Caselli et al., 2016; Robert Koch-
Institut, 2000). This improves the public health as less people, including the hospital 
staff and the hospitalized patient, are affected and thereby also cost savings are 
achieved. 
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5 Conclusion 
 

The viability and efficacy of probiotics printed on a textile material was achieved by 
printing a paste containing probiotic spores on a polyester substrate. In the first stage 
of the study, the viability on the fabric was analysed. It was shown that almost all 
samples exhibited viability and about 104 CFU of probiotics were counted on each 
sample.   
Research then continued by evaluating their competitive mechanism. This study 
revealed that the samples showed an efficacy against common nosocomial pathogens 
such as Staphylococcus aureus (CCUG 10778), Escherichia coli (CCUG 3274) and 
Klebsiella pneumoniae (CCUG 58866). Whereas the untreated polyester sample 
exhibited a heavy growth of these pathogens, sample containing probiotic spores 
showed a significant reduction in the proliferation and the colonies found on these 
samples amounted to less than 101 CFU. In view of this, the probiotic viability is 
suggested to have an influence on the competitive exclusion, given that a sample that 
exhibited a lower viability did not contribute to the growth inhibition of the pathogens 
to the extent as samples that showed a higher viability. A growth of Escherichia coli 
(102 CFU) and a very weak growth of Staphylococcus aureus (101 CFU) were 
observed on the samples. The probiotic viability thus seems of importance during 
application. In this work the effect of a paste without probiotics was not studied, but 
based on the outcomes it can be presumed that the probiotics on themselves and not 
the paste are responsible for the competitive exclusion and the prevention of 
pathogenic growth. Moreover, the competition test in a normal humidity was not 
examined. But for both, the viability and competition test, the probiotics remained 
viable until analysis.  
In order to investigate the applicability of the fabric, the effect of the print on the 
wettability and abrasion resistance of the fabric was explored. Printed parts of the 
polyester samples were found to exhibit higher contact angles and thus a lower 
wettability than the reference polyester samples. The abrasion resistance of the printed 
samples exceeded the amount of rubs were specimen breakdown occurred for the 
untreated polyester sample. In the majority of the samples, the print was almost gone 
after 15000 rubs. In addition, the durability of the print and the probiotic viability is 
evaluated after three and five washes. Both of them, the appearance of the print and 
the viability of probiotics, decreased with increasing washes. Additionally, the 
occurrence of probiotic spores in the print was evaluated. SEM images did not exhibit 
structures in the printed parts of the fabric that could be assigned to probiotic spores. 
However, it gave an impression of the print quality that appeared partly uneven 
including air bubbles. 
As a final remark it was feasible to produce screen-printed polyester fabrics with 
viable probiotics, where the spores were successful in the survival and in the 
inhibition of nosocomial pathogens on the polyester fabric.  
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6 Future Research 
 

In recent years, topics related to antimicrobial textiles have been covered extensively 
and received an increased attention. The growing need for more efficient and 
multifunctional materials gives rise to the use of biological compounds. The benefits 
of this new area of research have not been fully explored yet and therefore provide 
possibilities for future research.  
 
For the paste preparation, emphasis was placed on the use of different binders and 
different probiotic concentrations to discuss their effects. However, due to the worse 
durability obtained after washing, further research should be conducted regarding 
different binder concentrations since this is a vital factor to considerate for textiles 
used in the hospital environment. Thereby the effect on the durability of the print but 
also on the viability of the probiotics should be studied.  
 
Due to a limited availability at the research institute, during the competition test, only 
one sample that exhibited a weak viability of probiotics was chosen as a negative 
control to detect differences in the competitive behaviour against the pathogens. To 
further put evidence on the correlation between the viability of probiotics and their 
competitive mechanism, for future studies one could evaluate more negative controls.  
Considering the applicability of the textile, contact angle measurements as well as 
abrasion measurements were conducted. The results from the contact angle 
measurement revealed that the printed parts of the fabric gave a low wettability and a 
high contact angle was measured. But due to the fact that the print is arranged in a 
pattern with non-printed interspaces in between, this does not necessarily mean that 
the fabric is not efficient in the removal of perspiration from the skin. This entails the 
performance of another test, for example a breathability test, to see in how far the 
pattern influences the breathability of the fabric and hence the physiological comfort. 
 
Scanning electron microscope images should reveal the presence of probiotics in the 
paste. However, none of the samples evaluated a clear structure that could be 
attributed to them and the reason for that may be related to the thickness of the print. 
Therefore it is suggested to make cross-sectional SEM images of the print that 
potentially discerns probiotics.  
 
Moreover, the intention of this textile is to be used in the hospital environment. This 
makes it necessary to repeat the competition test in a relative humidity of 40% to 
better display the circumstances in clinical settings. Amongst others, the fabric should 
be used in for example nurse’s uniforms and bed linen. As it was evaluated in the 
literature part, antimicrobial textiles should not provoke any skin irritation or affect 
the resident flora of the human skin. Therefore it is suggested to perform tests to 
determine, if the textile can cause any allergic reaction of the skin. Coming back to the 
intention of the textile, that is to be used in the hospital environment, it is further of 
importance to assess the benefits of probiotics in clinical trials. Although these 
properties were observed in the competition test performed in laboratory conditions, 
which illustrate the normal conditions, it is not confidently to say that the fabric 
displays the same. 
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Another point to consider are the probiotics used in this research. As it was evaluated 
in the theoretical background, it is necessary to know the exact strain of the probiotics 
since their characteristics differ extremely. However, during this research it was 
worked with a probiotic solution, supplied by the company Tanatex Chemicals, with 
the precise strain of the probiotics unknown. In future research, it could be interesting 
to test specific probiotic strains and their viability and efficacy against pathogenic 
bacteria on a textile material.  
 
Screen-printing was chosen as a method for application. Although this method 
allowed a very easy application of the paste, the quality is dependent on various 
factors, including squeegee pressure that controls the paste deposit, squeegee angle, 
mesh opening, paste characteristics and so forth. Due to the manual application, it is 
possible that these factors slightly differed during application of the different paste 
formulations. Further it needs to be noted that the paste during a single movement was 
pressed outwards, which could lead to less application in the middle of the pattern. For 
a conducted future research it is therefore suggested to rely on automatic screen-
printing machines, giving minor variations. In addition, it could be interesting to 
perform the application of probiotics by use of other application methods like ink-jet 
printing for example.  
 
Furthermore this study focused on polyester as a textile material as this was already 
defined within the project. But since probiotics provide a promising approach in the 
competition of pathogenic bacteria, their viability and efficacy can be evaluated 
against other synthetic or natural materials. In addition, it would be interesting to see 
if the print shows the same effect on other materials used in the hospital surrounding, 
like wipes. 
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Appendix I 
 

Results: Competition Test 
 
Escherichia coli: 
 

Table 11: Competition results of samples inoculated with E.coli and incubated for 24 hours, 35°C in a 
high humidity (90%). 

 Inoculum/surface 0-test CFU/surface 24 h 35°C 
Reference  1700 480 > 30000 
TF-25-15 1 

2 
3 

1700 
1700 
1700 

420 
330 
330 

< 10 
< 10 
< 10 

TF-C-25-15 1 
2 
3 

1700 
1700 
1700 

240 
420 
450 

30 
< 10 
12 

TF-C-2.5-15 1 
2 
3 

1700 
1700 
1700 

540 
540 
390 

< 10 
< 10 
< 10 

PM-25-60 1 
2 
3 

1700 
1700 
1700 

390 
480 
270 

30 
< 10 
60 

PM-25-15 1 
2 
3 

1700 
1700 
1700 

200 
230 
240 

< 10 
< 10 
< 10 

PM-C-25-15 1 
2 
3 

1700 
1700 
1700 

300 
330 
390 

450 
120 
30 

 
 
Staphylococcus aureus: 
 
Table 12: Competition results of samples inoculated with S.aureus and incubated for 24 hours, 35°C in a 

high humidity (90%). 
 Inoculum/surface 0-test CFU/surface 24 h 35°C 
Reference  950 350 > 30000 
TF-25-15 1 

2 
3 

950 
950 
950 

270 
90 
270 

< 10 
< 10 
< 10 

TF-C-25-15 1 
2 
3 

950 
950 
950 

360 
150 
150 

< 10 
< 10 
< 10 

TF-C-2.5-15 1 
2 
3 

950 
950 
950 

240 
180 
210 

< 10 
< 10 
< 10 

PM-25-60 1 
2 
3 

950 
950 
950 

220 
180 
210 

< 10 
< 10 
< 10 

PM-25-15 1 
2 
3 

950 
950 
950 

200 
210 
330 

< 10 
< 10 
< 10 

PM-C-25-15 1 
2 
3 

950 
950 
950 

90 
270 
520 

< 10 
< 10 
30 
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Klebsiella pneumoniae:  
Note: The competition tests with Klebsiella pneumoniae were performed on two 
different days (14. /15.06.2016).  
 
14.06.2016 
 

Table 13: Competition results of samples inoculated with K.pneumoniae and incubated for 24 hours, 
35°C in a high humidity (90%). 

 Inoculum/surface 0-test CFU/surface 24 h 35°C 
Reference  2300 1580 > 10000 
TF-C-25-15 1 

2 
3 

2300 
2300 
2300 

970 
1180 
1570 

< 10 
< 10 
< 10 

TF-C-2.5-15 1 
2 
3 

2300 
2300 
2300 

1400 
900 
1250 

< 10 
< 10 
< 10 

PM-25-60 1 
2 
3 

2300 
2300 
2300 

640 
1550 
1260 

< 10 
< 10 
< 10 

 
15.06.2016 
 

Table 14: Competition results of samples inoculated with K.pneumoniae and incubated for 24 hours, 
35°C in a high humidity (90%). 

 Inoculum/surface 0-test CFU/surface 24 h 35°C 
Reference  6000 4500 > 30000 
TF-25-15 1 

2 
3 

6000 
6000 
6000 

2850 
3510 
3550 

< 10 
< 10 
< 10 

PM-25-15 1 
2 
3 

6000 
6000 
6000 

3540 
3830 
4650 

< 10 
< 10 
< 10 

PM-C-25-15 1 
2 
3 

6000 
6000 
6000 

2520 
4470 
300 

< 10 
< 10 
< 10 
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Appendix II 
 

Results: Contact angle  
 
Reference, untreated polyester: 

Table 15: Contact angle measurements and the standard deviation for the untreated polyester fabric. 
 1 2 3 4 5 

0 56.3° 56.96° 55.24° 59.99° 54.31° 
1 57.47° 51.95° 38.15° 53.98° 45.18° 
2 50.36° 51.81° 41.33° 51.97° 42.08° 
3 41.57° 48.36° 37.5° 48.57° 34.25° 
4 37.32° 45.52° 35° 45.26° 31.63° 
5 34.37° 37.13° 30.81° 38.28° 28.23° 
6 31.65° 33.57° 28.08° 34.98° 24.84° 
∅ 44.15° 46.47° 38.02° 47.58° 37.22° ∅ 42.68° 

! 4.3° ! 10.56° 8.43° 8.83° 8.81° 10.43° 
 
TF-25-15: 

Table 16: Contact angle measurements and the standard deviation for TF-25-15. 
 1 2 3 4 5 

0 121.15° 120.22° 116.88° 127.18° 123.75° 
1 121.46° 119.33° 117.33° 127.03° 123.87° 
2 121.41° 119.06° 117.56° 127.05° 124.06° 
3 121.32° 119.75° 116.75° 126.98° 123.94° 
4 121.32° 119.65° 116.87° 126.87° 123.88° 
5 121.17° 119.8° 116.72° 126.87° 123.92° 
6 121.19° 119.71° 116.73° 126.95° 123.93° 
∅ 121.29° 119.65° 116.98° 126.99° 123.91° ∅ 121.76° 

! 3.5° ! 0.12° 0.37° 0.33° 0.11° 0.09° 
 
TF-C-25-15: 

Table 17: Contact angle measurements and the standard deviation for TF-C-25-15. 
 1 2 3 4 5 

0 111.66° 122.73° 119.22° 123.44° 114.37° 
1 111.8° 122.82° 119.76° 123.16° 114.42° 
2 111.94° 122.47° 119.67° 123.04° 114.61° 
3 112.07° 122.25° 119.61° 123° 114.48° 
4 112.2° 122.2° 119.73° 122.91° 114.29° 
5 112.21° 122.33° 119.66° 122.93° 114.42° 
6 112.2° 122.4° 119.69° 122.94° 114.14° 
∅ 112.01° 122.46° 119.62° 123.06° 114.39° ∅ 118.13° 

! 4.4° ! 0.22° 0.24° 0.19° 0.19° 0.15° 
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TF-C-2.5-15:  
Table 18: Contact angle measurements and the standard deviation for TF-C-2.5-15. 

 1 2 3 4 5 
0 138.97° 139.59° 133.42° 137.69° 137.07° 
1 138.52° 138.53° 134.25° 137.49° 137.55° 
2 138.45° 138.66° 133.6° 137.64° 137.33° 
3 138.88° 138.86° 132.95° 137.34° 137.07° 
4 138.7° 138.97° 133.23° 137.68° 137.26° 
5 138.89° 138.63° 133.34° 137.28° 137.13° 
6 138.81° 139.04° 133.37° 137.61° 137.2° 
∅ 138.75° 138.9° 133.45° 137.53° 137.23° ∅ 137.17° 

! 2.0° ! 0.2° 0.36° 0.4° 0.17° 0.17° 
 
PM-25-60: 

Table 19: Contact angle measurements and the standard deviation for PM-25-60. 
 1 2 3 4 5 

0 132.44° 132.24° 137.81° 131.64° 127.09° 
1 132.36° 131.21° 136.86° 131.61° 127.69° 
2 131.93° 131.0° 135.84° 131.47° 127.51° 
3 132.01° 130.65° 135.41° 131.09° 127.85° 
4 131.73° 130.54° 135.21° 130.99° 127.54° 
5 131.63° 130.45° 135.14° 130.8° 126.94° 
6 131.57° 130.1° 135.12° 130.76° 127.46° 
∅ 131.95° 130.88° 135.91° 131.19° 127.44° ∅ 131.48° 

! 2.7° ! 0.34° 0.7° 1.04° 0.38° 0.32° 
 
PM-25-15: 

Table 20: Contact angle measurements and the standard deviation for PM-25-15. 
 1 2 3 4 5 

0 118.93° 121.69° 119.21° 121.45° 124.88° 
1 118.85° 123.1° 119.53° 120.84° 123.85° 
2 119.39° 122.55° 119.7° 121.07° 123.1° 
3 119.66° 122.34° 119.86° 121.29° 123.46° 
4 119.05° 121.76° 119.97° 121.71° 122.99° 
5 119.03° 121.53° 119.96° 121.9° 123.0° 
6 119.01° 122.09° 119.92° 121.8° 122.95° 
∅ 119.13° 122.15° 119.74° 121.44° 123.46° ∅ 121.18° 

! 1.6° ! 0.29° 0.55° 0.28° 0.4° 0.71° 
 
PM-C-25-15: 

Table 21: Contact angle measurements and the standard deviation for PM-C-25-15. 
 1 2 3 4 5 

0 127.15° 115.53° 117.9° 120.46° 125.31° 
1 126.68° 115.7° 117.85° 120.59° 125.84° 
2 127.38° 115.82° 117.86° 120.63° 125.19° 
3 127.09° 116.1° 118.05° 120.73° 125.7° 
4 126.98° 116.53° 118.0° 120.5° 125.3° 
5 127.15° 116.82° 118.0° 120.41° 125.65° 
6 126.96° 117.03° 117.98° 120.44° 125.7° 
∅ 127.1° 116.22° 117.95° 120.54° 125.53° ∅ 121.46° 

! 4.2° ! 0.22° 0.58° 0.08° 0.12° 0.25° 
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Appendix III 
 

Results: Abrasion resistance 
 
Reference, untreated polyester: 

Table 22: Abrasion measurements of the untreated polyester samples. 
Sample 

Rubs 1 2 3 4 ∅ ! 
2000 5 5 5 5 5 0 
4000 4 4 4 4 4 0 
6000 4 4 4 4 4 0 
8000 4 4 4 4 4 0 
10000 2 2 2 2 2 0 
12000 2 2 2 2 2 0 
14000 2 2 2 2 2 0 
15000 1 1 1 1 1 0 

 
TF-25-15:  

Table 23: Abrasion measurements of TF-25-15 treated samples. 
Sample 

Rubs 1 2 3 4 ∅ ! 
2000 5 5 5 5 5 0 
4000 4 4 4 4 4 0 
6000 4 4 4 4 4 0 
8000 4 4 4 4 4 0 
10000 3 3 3 3 3 0 
12000 3 3 2 2 2.5 0.5 
14000 3 2 1 1 1.8 0.8 
15000 3 2 1 1 1.8 0.8 

 
TF-C-25-15: 

Table 24: Abrasion measurements of TF-C-25-15 treated samples. 
Sample 

Rubs 1 2 3 4 ∅ ! 
2000 5 5 4 5 4.8 0.4 
4000 5 5 4 4 4.5 0.5 
6000 5 5 4 4 4.5 0.5 
8000 4 4 4 4 4 0 
10000 4 4 3 3 3.5 0.5 
12000 3 3 2 2 2.5 0.5 
14000 2 2 1 1 1.5 0.5 
15000 2 2 1 1 1.5 0.5 
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TF-C-2.5-15: 

Table 25: Abrasion measurements of TF-C-2.5-15 treated samples. 
Sample 

Rubs 1 2 3 4 ∅ ! 
2000 5 4 4 5 4.5 0.5 
4000 5 4 4 4 4.3 0.4 
6000 4 4 4 4 4 0 
8000 4 4 4 4 4 0 
10000 4 4 4 4 4 0 
12000 4 4 4 4 4 0 
14000 3 3 3 3 3 0 
15000 3 3 3 3 3 0 

 
PM-25-60: 

Table 26: Abrasion measurements of PM-25-60 treated samples. 
Sample 

Rubs 1 2 3 4 ∅ ! 
2000 4 4 4 4 4 0 
4000 2 3 3 3 2.8 0.4 
6000 2 2 2 2 2 0 
8000 1 1 1 1 1 0 
10000 1 1 1 1 1 0 
12000 1 1 1 1 1 0 
14000 1 1 1 1 1 0 
15000 1 1 1 1 1 0 

 
PM-25-15: 

Table 27: Abrasion measurements of PM-25-15 treated samples. 
Sample 

Rubs 1 2 3 4 ∅ ! 
2000 2 3 2 2 2.3 0.4 
4000 2 3 2 2 2.3 0.4 
6000 2 3 2 2 2.3 0.4 
8000 2 2 2 2 2 0 
10000 1 1 1 1 1 0 
12000 1 1 1 1 1 0 
14000 1 1 1 1 1 0 
15000 1 1 1 1 1 0 

 
PM-C-25-15: 

Table 28: Abrasion measurements of PM-C-25-15 treated samples. 
Sample 

Rubs 1 2 3 4 ∅ ! 
2000 5 5 5 5 5 0 
4000 3 3 3 3 3 0 
6000 3 3 3 3 3 0 
8000 2 3 2 2 2.3 0.4 
10000 2 2 2 2 2 0 
12000 1 2 1 1 1.3 0.4 
14000 1 1 1 1 1 0 
15000 1 1 1 1 1 0 
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Appendix IV 
 

Results: Fastness to washing  
 
TF-25-15: 

Table 29: Weight change of the sample TF-25-15 after washing. 
 Initial 1st wash 2nd wash 3rd wash 4th wash 5th wash 
1 0.756 0.752 - - - - 

2 0.832 0.820 - - - - 

3 0.743 0.734 0.731 0.729 - - 

4 0.813 0.801 0.800 0.799 - - 

5 0.756 0.743 0.742 0.739 0.739 0.738 

6 0.749 0.742 0.740 0.739 0.738 0.737 

 
TF-C-25-15: 

Table 30: Weight change of the sample TF-C-25-15 after washing. 
 Initial 1st wash 2nd wash 3rd wash 4th wash 5th wash 
1 0.737 0.733 - - - - 

2 0.829 0.825 - - - - 

3 0.783 0.776 0.774 0.770 - - 

4 0.794 0.789 0.786 0.784 - - 

5 0.774 0.771 0.769 0.765 0.765 0.740 

6 0.785 0.779 0.778 0.775 0.774 0.773 

	

TF-C-2.5-15: 
Table 31: Weight change of the sample TF-C-2.5-15 after washing. 

 Initial 1st wash 2nd wash 3rd wash 4th wash 5th wash 
1 0.803 0.804 - - - - 

2 0.791 0.787 - - - - 

3 0.753 0.746 0.744 0.743 - - 

4 0.750 0.745 0.741 0.740 - - 

5 0.812 0.806 0.805 0.802 0.801 0.801 

6 0.789 0.786 0.782 0.780 0.777 0.777 

 
PM-25-60: 

Table 32: Weight change of the sample PM-25-60 after washing. 
 Initial 1st wash 2nd wash 3rd wash 4th wash 5th wash 
1 0.796 0.788 - - - - 

2 0.755 0.741 - - - - 

3 0.747 0.734 0.731 0.730 - - 

4 0.794 0.780 0.776 0.773 - - 

5 0.771 0.760 0.753 0.751 0.750 0.749 

6 0.790 0.772 0.767 0.764 0.762 0.761 
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PM-25-15: 
Table 33: Weight change of the sample PM-25-15 after washing. 

 Initial 1st wash 2nd wash 3rd wash 4th wash 5th wash 
1 0.811 0.799 - - - - 

2 0.791 0.779 - - - - 

3 0.789 0.783 0.779 0.776 - - 

4 0.787 0.783 0.778 0.774 - - 

5 0.783 0.773 0.769 0.767 0.764 0.764 

6 0.801 0.790 0.785 0.778 0.777 0.777 

 
PM-C-25-15: 

Table 34: Weight change of the sample PM-C-25-15 after washing. 
 Initial 1st wash 2nd wash 3rd wash 4th wash 5th wash 
1 0.812 0.812 - - - - 

2 0.785 0.781 - - - - 

3 0.787 0.783 0.780 0.778 - - 

4 0.785 0.780 0.775 0.773 - - 

5 0.784 0.781 0.776 0.774 0.773 0.771 

6 0.823 0.818 0.814 0.812 0.812 0.811 
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