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Resumo 

Com o aparecimento da pandemia Covid-19, ficou ainda mais visível a necessidade da 
existência de superfícies antimicrobianas, especialmente em contextos hospitalares. Os 
têxteis médicos são das superfícies mais complicadas de modificar, uma vez que o seu 
uso típico envolve contacto direto com o corpo humano, e consequentemente, existem 
vários aspetos a serem melhorados, tais como o tempo de utilização, capacidade 
antibacteriana e antivírica ou hidrofobicidade. Com esta finalidade, várias técnicas têm 
sido usadas na modificação superficial de têxteis, sendo a Pulverização Catódica uma 
das técnicas em crescimento nos últimos anos de modo a conseguir dar capacidades 
hidrofóbicas e antibacterianas aos têxteis. Neste projeto foi analisado e discutido como 
a utilização da pulverização catódica para a aplicação de um filme de Diamond-like 
Carbon (DLC) dopado com nanopartículas de prata (AgNPs) em têxteis comuns 
(algodão, formato jersey e TNT) se comporta, tendo sido concluído que não só os 
revestimentos têm uma boa adesão a este tipo de tecidos, mas também é possível 
conferir propriedades hidrofóbicas e antibacterianas a estes tecidos, com o algodão a 
ter resultados especialmente positivos. 
 

Palavras-Chave: Têxteis Médicos, Superfícies Antibacterianas, Hidrofóbico, 

Pulverização Catódica, Filmes de DLC/Ag 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Abstract 
 

The Covid-19 pandemic has, even more, highlighted the need for antimicrobial surfaces, 
especially those used in a healthcare environment. Medical textiles are one of the most 
difficult surfaces to modify since their typical use is in direct human body contact, and, 
consequently, some aspects need to be improved, such as wear time, antibacterial and 
anti-viral capacity, or hydrophobicity. To this end, several techniques have been used for 
the surface modification of textiles, being Magnetron Sputtering (MS) one of those that 
have been growing in the last years to meet the antimicrobial and hydrophobic 
objectives. In this work it was analysed and discussed how the utilization of the MS 
technique to apply a Diamond-like Carbon (DLC) doped with silver nanoparticles 
(AgNPs) coating on common textiles (cotton, jersey format and TNT) performs, being 
concluded that not only the coating had a good adhesion to this type of textiles, but also 
that it is possible to provide antibacterial and hydrophobic properties to these textiles, 
with especially positive results for the cotton fabric. 
 

Keywords: Medical Textiles, Antibacterial, Hydrophobic, Magnetron Sputtering, 

DLC/Ag films 
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1.Introduction 
 

Infections have been a major source of concern for human health in recent decades, and 

as the globe becomes increasingly connected, this threat is no longer speculative but 

very real. Pathogens that may spread from person to person are more likely to produce 

a global epidemic, and the Covid-19 Pandemic is a great illustration of this problem[1]. 

The best way to prevent an infectious disease spread via the respiratory way, when 

social distancing is not possible, is the use of personal protective equipment (PPE). 

PPEs, like masks, aprons, gowns, coveralls, goggles, and respirators, are considered 

critical components that can be used to protect not only healthcare workers but also the 

general population [1,2]. In addition, numerous pathogens, such as fungus, bacteria, and 

viruses, can be present in hospital facilities, pathogens that can be transported by any 

person that frequent this kind of facility [1–3]. It is expected that by 2030 the healthcare 

industry worldwide will employ around 80 million people, putting a huge amount of 

healthcare workers at constant exposure to fungi/bacteria/viruses and getting infections 

while treating infected people with highly infectious diseases [2]. PPEs like surgical 

masks and medical clothing are crucial to offering a barrier between the users and the 

environment surrounding them [2,3]. Moreover, the emergence of drug-resistant 

microorganisms is another issue that has been seen in hospital settings. 

Microorganisms, for instance bacteria, play an important role in the global cycling of 

elements, having a profound impact on the environment in which they live. However, 

they are also susceptible to the environment, which means that when they come into 

contact with antimicrobial elements, some microorganisms may develop resistance to 

them, resulting in the emergence of "multi-drug-resistant" bacteria [4]. 

When considering masks, several options are available, such as homemade face masks, 

surgical face masks, and respirators [4]. A few properties have to be taken in 

consideration when evaluating masks' performance: comfort, breathability, 

biocompatibility, fluid resistance, flammability, and filtration efficiency [1,2]. And it is with 

those properties in mind that masks are manufactured.  

The PPEs available, particularly facial masks have shown a few problems. When 

studying patients infected with the influenza virus, surgical masks were showed to be 

highly effective in blocking virus-containing particles with bigger sizes (≥ 5µm) but less 

effective for smaller particles [1,2]. Some masks and respirators are made of materials 

like cotton and synthetic fabric, which have larger pore sizes and, therefore, will not be 

very effective in filtering tiny virus-laden droplets, pathogens, and nanosized 

contaminants [1,2]. Another concern is the negative impact that non-reusable PPEs 

brings to the environment. Recent research studies shown that healthcare workers 

worldwide used more than 44 million non-reusable PPEs every day during the COVID-

19 pandemic. Most of these PPEs have their composition polypropylene, which is a 

cheap material and has good performance characteristics; however, these kinds of PPEs 

are of single-use and are normally incinerated or sent to a landfill aggravating the 

environmental impact [2,4]. 

 To improve the efficiency of facial masks and other medical textiles, several 

studies have been performed, like employing modified filter layers, for instance, 

nanofibers, or by modifying the filter surfaces by adding materials with antimicrobial 

capabilities to improve their efficiency [3]. It is proven that adding antimicrobial agents to 

these products is a highly effective way to prevent infections caused by various 

pathogens through the inhibition of viruses, fungi, and bacteria [2]. There are different 
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chemical and physical methods to promote superficial changes in fabrics. Although the 

most used ones are solution-based processing, other methods have been attracted a lot 

of attention in the last years, like physical vapor deposition (PVD) methods [5–7]. The 

PVD technology has been implemented to modify various material surfaces, with 

particular attention to textiles. Several kinds of coatings can be obtained to modify the 

textile surface, but to introduce the hydrophobic character without toxicity, diamond-like 

carbon (DLC) is the most appropriate [8]. The antimicrobial feature is expected to be 

gained by doping the DLC with silver nanoparticles (AgNPs) in a non-toxic amount [9,10]. 

In this thesis, it will be analysed how DLC doped with AgNPs coatings can be an efficient 

approach to transform textiles commonly used in biomedical applications, a coating that 

will be deposited by using a Magnetron Sputtering process. The main focus will be to 

test if it is possible to give antibacterial and hydrophobic properties to the chosen textiles. 

Also, as a result of this thesis, a scientific article named “Carbon-based coatings in 

medical textiles surface functionalisation: the overview” was produced, an article focused 

on the current state of the art available on textile functionalisation techniques. The article 

is displayed in the annex section of this thesis. 
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2.State of the Art 
 
 

2.1 Infectious Diseases 
 
In the past few decades, infections have become a point of concern to human health 
(see Figure 1), and as the world is getting more interconnected by the day, this threat is 
no longer theoretical, but a very real one. Pathogens with the ability of human-to-human 
transmission can more easily cause a worldwide outbreak, and the Covid-19 Pandemic 
is the perfect example of this problem [1]. By October of 2021, more than 
200 million confirmed cases and more than 4.5 million confirmed deaths have been 
caused by the Covid-19 pandemic, as reported by the World Health Organization. 
 
 
 
 
 

 
 
 

Figure 1 - History of viruses. (a) Threat of viral diseases to humanity at various years with number of 
human deaths. (b) Timeline of recent highly infectious viruses such as SARS, Swine Flu, MERS, and 

COVID-19 (Modified from source) [2]. 

 
But it is not only viral diseases that are a concern for human health. Healthcare 
associated infections (HAIs), which are infections acquired while receiving treatment in 
a hospital or other health care facility, also present a threat [11]. Infections like urinary 
tract infections, pneumonia, bloodstream infections and gastrointestinal infections are 

- SARS-CoV-2 virus 
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the most common type of HAIs, and there are several sources for their occurrence: 
person-to-person transmission, medical equipment or devices, healthcare personnel, 
contaminated drugs and food. Medical textiles, which are very relevant for this project, 
are considered one of the possible vehicles of transmission [11,12]. 
 
 
 
 

2.1.1 Transmission Routes 
 
A virus can spread via aerosols generated by coughing and sneezing in the air, by 
vectors such as insects, or by the transmission of body fluids such as saliva, blood, or 
semen [2]. In particular, for respiratory pathogens, they can be transmitted via droplets. 
When an infected person talks, sneezes, cough or exhales, viruses are released, and 
they can be found in particles of varied sizes that can contaminate mucosalivary droplets 
[2]. These droplets can spread the viruses through three different methods; airborne, 
contact and fomites, as shown in Figure 2 [3]. 
 
 
 
 

 
 
 

Figure 2 - Image illustrating common transmission pathways of respiratory diseases (Modified from source) 
[13]. 

 
 
Airborne transmission results in direct infection due to the inhalation of droplets in the air 
[3]. Contact transmission may be direct, as for example through a handshake, or may be 
indirect through fomites. Fomites are an indirect method whereby the droplets land on a 
surface and are then transmitted to an individual. For example a door handle or a 
escalator [2,3,13]. 
 

2.1.2 Viruses Mechanisms 
 
Viruses are extremely small infectious agents (∼20−400 nm), and are dependent on 

“host cells” of other living organisms to survive, thrive, and reproduce and cannot function 
or replicate on their own outside of a host cell [2]. Physical adsorption and electrostatic 
interactions are the two main mechanisms for viral adsorption on surfaces, and the more 
time a virus stays in a surface, higher is the amount of virus adsorbed. To reduce viral 

Pathogens 
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infection the amount of time the virus interacts with a material should be decreased, or 
another way is to have materials with surface properties which are unfavourable for 
viruses, like having antibacterial agents present on the surface [2,14,15]. Figure 3 
demonstrates how a virus is structured and how it interacts with a surface. 
 
 
 

 
 
 

Figure 3 - Structure of virus and mechanistic action. (a) Structure of a coronavirus. (b) Relative size of 
various pathogens. (c) Mechanism to invade a cell via a virus. (d) Surface addition of viruses via 

electrostatic interaction (Modified from source) [2]. 

 
 
 
 

2.2 Medical Textiles 
 
Medical textiles are considered as technical textiles, a textile material and product 
manufactured mainly for its technical and performance characteristics rather than its 
artistic or ornamental features [16]. Depending on the final product, there are many 
different types of fibers used in technical textiles. For example, natural fibers that are 
characterized by high modulus/strength, moisture intake, low elasticity and elongation, 
or synthetic fibers, like nylon, polyester, and PP, which possess high modulus/strength 
and elongation with an acceptable elasticity and comparatively low moisture intake [16]. 
By combining different kinds of fibers with functional finishing processes, it is possible to 
create tailor-made textiles with an improved performance when compared with 
conventional textiles. This is the case for many medical textiles [17]. 
 
Medical textiles are used in the manufacturing of PPEs and other medical applications, 
with the main purpose of mitigate the risks of exposure to hazardous and contagious 
substances. There are several different types of medical clothing products, including 

Virus structure and mechanistic action schematic 
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coveralls, footwear covers, full body suits, gloves, independent sleeves, scrubs, surgical 
gowns, surgical masks, and scrub hats. Moreover, medical textiles can also be used in 
the manufacture of bedding textiles and drapes present in healthcare facilities [2]. 
Depending on their functionality and purpose, a huge variety of textiles can be used in 
the production of the examples mentioned above. In the case of disposable medical 
textiles like surgical masks or surgical gowns, they are usually made of synthetic fibers 
because of their better liquid barrier properties. In the case of scrubs, woven fabrics 
typically made from cotton or polyester/ cotton blends are commonly used [2,18]. 
 
In this project, the three textiles focused on were TNT, cotton, and jersey format. TNT is 
a type of textile created by connecting a mass of fibers using heat, chemical, or 
mechanical methods, rather than intertwining fibers like in traditional textiles. TNTs are 
very popular for medical clothing, in particular for disposable medical clothing, because 
of its comparatively low cost and speed of production, as well as its excellent levels of 
sterility and infection control, which are critical in such applications. Such nonwoven 
fabrics are typically made from PP [1,2,18]. 
 
Woven textiles made from pure cotton or polyester-cotton blends, such as jersey textiles, 
when compared with TNTs have worst barrier properties against liquids and bacteria, 
although they normally provide a better wearer comfort to the user and are able of 
sustaining several washing/cleaning processes, giving them a reusability property that 
TNTs usually fail to have. Moreover, nowadays sustainability and environmental factors 
must be considered, and more eco-friendly alternatives like natural fibers, are a good 
alternative to synthetic fabrics like TNT. Cotton is an excellent example of natural fibers 
that may be utilized to make medical clothing, not only because it is a sustainable 
material, but also because it is biodegradable, renewable, and lightweight [2,16,19]. 
 
 
 

2.2.1 Textiles problematic 
 
Microbial contamination is of great concern, especially for textiles used in hospitals. Due 
to their large surface area and ability to retain moisture, textiles promote the growth of 
microorganisms such as bacteria and fungi, which can be found almost everywhere and 
are able to quickly multiply under certain circumstances. The growth of microorganisms 
on textiles causes several undesirable effects, not only on the textile, but also on the 
user. Effects such as generation of unpleasant odours, diminish mechanical strength, 
stains, discoloration and increased chance of user contamination [4]. 
 
Another problem usually associated with the use of textiles is the transmission of liquid 
through them. The transmission of liquid through textile materials could be described by 
two interchangeable but fundamentally different terminologies: penetration and 
permeation. Penetration involves the flow of gas, vapor, or liquid through a porous 
material, whereas permeation involves the diffusion of gas or vapor through a porous 
material. Penetration and permeation usually take place due to a pressure gradient and 
concentration gradient across the barrier, respectively. Pathogens are larger in size than 
gas and vapor molecules and are believed to penetrate and not permeate through 
materials. The coronavirus, which causes COVID-19, has been found to be transmitted 
via aerosols, being able to penetrate some textiles [2,20]. 
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2.2.2 Textile Antimicrobial Enhancement 
 
To provide antimicrobial ability to textiles, there are different approaches being studied 
and applied, such as: inclusion of antimicrobial compounds in the polymeric fibres that 
can leach from the polymeric matrix, grafting of certain moieties onto the polymer surface 
or the physical modification of fibres surface [4,21]. Some studies have reported that just 
by modifying the surface properties of a material, such as free energy, polarity or 
topography, it is possible to decrease the bacterial adhesion to the surface, during the 
initial stage of the biofilm formation process, without using chemical antimicrobial agents. 
Those modifications may create new functional groups and/or change the surface 
roughness [4]. 
 
Providing healthcare workers (HCWs) with protection from contaminated body fluids and 
other hazardous substances from infected patients is important, and there are 
specialised finishes that can be applied to medical textiles in order to provide protective 
effects. Finishes with the ability to repel fluids, for example, can be used to create barriers 
capable of preventing adsorbed fluids from penetrating fabrics [2]. 
 
Any antimicrobial treatment performed on a textile needs to satisfy certain requirements 
besides being efficient against microorganisms, being the main challenge being non-
toxic to the consumer. It should not be cytotoxic or cause allergies, irritations and 
sensitization [4,21]. Besides the non-cytotoxic effect on users and efficiency against 
microorganisms requirement, antimicrobial treatments performed on textiles also need 
to be suitable for textile processing, present durability to laundering, dry cleaning and hot 
pressing, be environmentally friendly and should not damage the textile quality or 
appearance [4,22]. 
 

2.2.2.1 Antimicrobial Textile mode of action 
 
Depending on the antimicrobial treatment applied on the textile, the textile may act by 
two different ways – contact and/or diffusion. In the case of contact mode, the 
antimicrobial agent is placed on the fiber and does not disperse, only acting when 
microorganism contact the textile surface. In the case of diffusion, the antimicrobial agent 
is on the fiber surface or in the polymeric matrix, needing to migrate from the textile to 
the external medium to attack the microorganisms [4]. 
 
Products containing silver are interesting materials for wound repair textile membranes, 
as metallic silver reacts with the moisture on the skin surface or with wound fluids, 
causing silver ions to be released and damage the bacterial DNA and RNA, inhibiting 
their replication. In addition, textile products with a sustained silver release may also 
manage wound exudates and odour [4,23]. 
 
 

2.2.3 Facial Masks 
 
The best way to prevent an infectious disease spread via the respiratory route, when 
social distancing is not possible, is the use PPEs. PPEs like masks and respirators 
provide a physical barrier to respiratory droplets, both from the user, as well as from 
other people around.[1] There are several studies that verify the importance of PPEs in 
controlling the spread of viruses and bacteria. In a survey conducted in Hong Kong 
hospitals, it was found that wearing masks was the single most important protective 
measure in lowering the chance of getting infected when contacting infected people [1]. 
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Also, a modelling study based on COVID-19 infection data gathered in New York and 
Washington suggested that a generalised mask use by the population can significantly 
reduce community transmission rate and death toll [1,24]. 
 
Masks filtering efficiency, and by consequence the level of protection against pathogens 
and pollutants, depends on the mask design and materials used in its manufacturing. 
Contaminants and pathogens in the air vary greatly in size, as shown in Figure 4. For 
example, the SARS-CoV-2 has a size ranging from 60 to 140 nm, which is smaller than 
many other contaminants like dust, pollen or bacteria [1]. 
 

 
 

Figure 4 - Relative size chart of common airborne contaminants and pathogens (Modified from source) [1]. 

 
 
This size range brought up a few problems, as some masks and respirators are made of 
materials like cotton and synthetic fabric, which have larger pore sizes and therefore will 
not be very effective in filtering tiny virus-laden droplets, pathogens and contaminants of 
such a small size [1,25]. 
 
There are several mechanisms that affect masks filtering capacity: gravity sedimentation, 
inertial impaction, interception, diffusion and electro- static attraction and thermal 
rebound [26,27].  Furthermore, masks may become viruses collectors during repeated 
breathing cycles particularly when its outer surface is exposed to contaminated droplets. 
As most masks do not have surfaces with antibacterial/antiviral properties, viruses and 
bacteria will stay on the surface and in the masks for a considerably long period of time. 
To make matters worse, during the respiration cycle it is created an environment of high 
humidity and temperature, causing the formation of steam that will accelerate the 
mechanism of penetration and faster spread of microorganisms to the inner parts of the 
mask [26,28,29]. So, achieving masks with higher filtration capacity, optimal comfort, as 
well as high efficiency in eliminating microorganism is extremely important [26]. 
 
In order to evaluate which materials are suitable to be used in face masks, the American 
Society of testing and Materials (ASTM) identified five performance characteristics 
required for materials used in medical face masks: particulate filtration efficiency (PFE), 
bacterial filtration efficiency (BFE), differential pressure (DP), fluid resistance and 
flammability [1]. 
 
PFE measures the filtration efficiency of face masks against monodisperse particles 
under a constant airflow rate. BFE quantifies the performance of the mask material in 
filtering out bacteria. DP measures the air flow restriction through the mask, providing 
information of the mask’s breathability. Fluid resistance evaluates the mask’s ability to 
prevent the transfer of fluids from its outer and inner layers due to splashing or spraying. 
Relatively to flammability, as hospitals contain various sources of ignition, such as heat, 

Ex: SARS-CoV-2 virus 
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oxygen and fuel sources, it is required that the flammable mask materials do not pose 
additional risks to the wearer due to speed and intensity of flame spreading [1]. 
 

2.2.3.1 Types of masks 
 
There are several types of masks available on the market, but there are three types of 
masks that are of particular interest when considering textiles: homemade masks, 
surgical masks and N95 respirators. When comparing these three types of masks, 
homemade masks are affordable, have a high comfortability, are reusable and have 
reasonable breathability, however they have low efficiency and low sealing and fit. 
Surgical face masks are affordable, have a high comfortability and a reasonable 
breathability, however they only have moderate efficiency, are non-reusable and low 
sealing and fit. N95 respirators are the most efficient and have the better sealing and fit, 
but they are more expensive, more uncomfortable, have lower breathability and are non-
reusable [1,26]. 
 
During the Covid-19 pandemic, homemade masks, like the one in Figure 5 were firstly 
recommended for community use so that medical masks could be prioritized for 
healthcare professionals [30]. Their efficiency depends on the materials used, as well as 
on the number of layers. Tests were performed to assess the filtration capacity and 
breathability/ air permeability of some common household fabrics, with potential to be 
used as homemade masks materials Table 1. The filtration efficiency took into 
consideration the quantification, by size classes (0.5-5 µm), of the percentage of particles 
in the aspired air that passed through each fabric. When considering both filtration 
capacity and breathability, the two-layered TNT and jersey format knit were the ones with 
the best performance [31].   
 
 

 
 

Figure 5 - Representation of the basic cloth homemade masks (Modified from source) [26]. 

 
 
 
 
 
 
 
 
 
 

Homemade mask 
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Table 1- Description of community masks fabric samples tested regarding air permeability, resistance to 
water absorption and filtration by particle size, with  two of the textiles of interest identified (Modified from 

source) [31]. 

 

 
 
The surgical masks, also called 3-ply surgical Mask, is the most commonly used mask 
during the present COVID-19 pandemic. This type of mask is made up of three 
different layers of TNT fabrics, with each layer having a specific function (see Figure 6). 
 
 

 
 
 

Figure 6 – Typical surgical mask and respective illustration showing the function of each individual layers 

(Modified from source) [1,26]. 

 
The outermost layer (typically blue) has hydrophobic characteristics, helping in repelling 
fluids such as mucosalivary droplets, the middle layer is a filter which its main purpose 
is preventing the penetration of particles or pathogens of a certain size in either direction 
and the innermost layer is made of absorbent materials so that it is capable of absorbing 
mucosalivary droplets of the user and moisture of the exhaled air [1]. 
 
The N95 respirator, as shown in Figure 7, typically consists of four different layers, three 
of TNT fabric like the surgical mask and an additional layer of modacrylic fabric. Both the 
external and internal layers (made of nonwoven Polypropylene (PP)) act as hydrophobic 
layers, helping to avoid the moisture absorbed by the respirator. The intermediate layers' 
function, on the one hand, as support to provide thickness and shape (made of 
modacrylic) to the equipment, and on the other hand, filtering (made of nonwoven PP) 
dangerous particles to the user [3]. In addition to that, they may also have a ventilator 
fan in order to increase the breathability and diminish the creation of steam inside it. The 

Air flow 

Surgical mask 
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word N95 is obtained from the fact that these types of masks can at least filter 95% of 
aerosols around 0.3 μm [26,32]. 
 
 

 
 
 

Figure 7 - Schematic representation of the N95 mask with various layers (Modified from source) [26]. 

 
 

2.3 Antimicrobial Agents 
 
Most of the antimicrobial agents used in commercial textiles, like cotton, are biocides 
acting in different ways according to their chemical and structural nature and affinity level 
to certain target sites within microbial cells. Depending on the biocide, the action mode 
is different, and in this project, the biocide of greater interest is in the category of metals 
and metallic salts: Ag. Non-essential metals, like Ag, can be extremely toxic to most 
microbes, even in lower concentrations, and due to their biocidal activity, they have been 
widely used as antimicrobial agents in textiles [4,33,34]. 

N95 mask schematic 
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Table 2 - Chemical structure and action modes of the main antimicrobial agents, as well as the main fibers 
in which they are used (Modified from source) [4]. 

 
 
 
 

2.3.1 Antimicrobial mode of action 
 
A living microbe, a bacterium or fungus, has an outermost cell wall composed of 
polysaccharides, which maintains the integrity of cellular components and protects the 
cell from the extracellular environment [4,35]. Beneath the cell wall is a semipermeable 
membrane, which encloses the intercellular organelles, enzymes, which are responsible 
for chemical reactions within the cell, and nucleic acids, which store all the genetic 
information. The survival and growth of microorganisms depend on the cell integrity, and, 
consequently, proper function. Therefore, an antimicrobial chemical agent or material 
may be classified according to the mode of action against cells’ function or integrity. If 
their effect happens just due to the inhibition of cell growth, they have a biostatic effect, 
but if they can kill the microorganism, they have a biocidal effect [4,36]. 
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There are several different antibacterial modes of action, as shown in Table 2 [4]: 
 

• Damage or inhibition of cell wall synthesis; 

• Cell membrane function inhibition; 

• Inhibition of protein synthesis; 

• Inhibition of nucleic acid synthesis (both DNA and RNA); 

• Other metabolic processes inhibition. 
 
 
When considering metals, the metal reduction potential and the metal donor atom 
selectivity and/or speciation may provoke a biocidal effect. Redox-active metals can act 
as catalytic cofactors in a wide range of cell enzymes, and as consequence reactive 
oxygen species are generated, capable of inducing an oxidative stress, and ultimately 
damaging cellular proteins, lipids and DNA. External metal ions can substitute the 
metals present in biomolecules, causing cellular dysfunction [4]. 
 
Metal nanoparticles are an interesting and promising approach as a antimicrobial 
agent, due to their higher surface area and ability to dissolve faster in a given solution 
when compared to larger particles, leading to a higher amount of metal ions to be 
released and therefore presenting a stronger antimicrobial effect [4]. 
 
 

2.3.1.2 Drug resistant bacteria 
 
When in the presence of some antimicrobial agents, some microorganisms may become 
resistant, and actually the appearance of multi-drug-resistant bacteria is increasing at a 
worrying rate. Microorganisms have an important role in the cycling elements at a global 
scale, deeply affecting the environment where they are present, but also are susceptible 
to environment themselves. These means that as antimicrobial agents are introduced 
into the environment, microorganism respond by becoming resistant to these agents 
[4,22,37]. 
 
The antimicrobial resistance mechanisms result from changes in the cellular physiology 
and structures of a microorganism due to changes in its usual genetic makeup by 
acquiring genes from resistant microorganisms in the same niche (acquired resistance) 
or by developing novel ways to prevent the entrance of those agents (intrinsic resistance) 
[4,37,38]. 
 
In the case of Ag compounds, some studies have reported bacterial resistance against 
them, suggesting that there is a need to better control the use of silver compounds and 
have an improved surveillance over their clinical use, so that their clinical utility can be 
preserved [4,39,40]. 

 
 
 

 

2.3.2 Silver and Silver Nanoparticles 
 
The antimicrobial activity of silver was primarily identified as an oligodynamic effect, and 
in substances showing this oligodynamic effect, only very small portions of the active 
substance are needed for significant antimicrobial activity [41]. 
 
As shown in Figure 8, water molecules are able to penetrate the upper layers of almost 
every surface that is based in polymers, lacquers or resins, and if there are silver NPs 
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incorporated in those surfaces, those NPs will release silver ions (Ag+) by specific 
corrosion processes. The silver ions are pulled to the upper layer of the surface by 
concentration gradients, where most of the moisture with less silver ions are present. 
This upper layer also contains the microbes, so the silver ions reach their target sites, 
where they will influence the microbial vitality through different mechanisms [41–43]. 
 
 
Silver ions present a broad antimicrobial profile against bacteria (both Gram-positive and 
Gram-negative bacteria), fungi and virus, even against bacteria strains known to be 
resistant against antibiotics. This makes silver and silver NPs an excellent biocidal 
substance for application in medical devices, as for example coated surgical instruments, 
polymer implants or textiles incorporated with Silver NPs [41,44]. The antimicrobial 
properties of silver particles have been exploited for a long time in general textiles, mainly 
in biomedical textiles, its broad-spectrum action being particularly significant in 
polymicrobial colonization associated with hospital-acquired infections [4]. 
 

 
Figure 8 - Schematic overview of the nanosilver effect on surfaces (Modified from source)[41]. 

 
 

2.3.2.1 Cytotoxic Effect 
 
There are some contradictory studies in relation to the content of silver in a film that can 
cause cytotoxic reaction. Some of those studies suggest that in DLC films, silver contents 
between 2.7 at% and 29 at% do not promote cytotoxicity. Others suggest that 7 at% or 
even 2 at% may cause negative effects [10,45]. 
 
When considering the presence of silver in parts per million (ppm), several studies 
referred that the maximum toxic concentration of silver tolerated by human cells is 
around 10 ppm. Films with silver percentage of 1.99, 9.46 and 16.53 at.% all released 
less than 60 parts per billion (ppb) after immersed in a NaCl solution for 24h and less 
than 120 ppb after one month, meaning that for this concentrations the release values 
were below the threshold [10,46]. 
 
In textiles containing antimicrobial agents, the type of action of the antimicrobial agent, 
its concentration in the textile, the exposures routes and the frequency of use will all 
influence the extent to which humans may be exposed to the textile. The parameters 
normally used to assess the risk profile of an antimicrobial agent associated with a textile 

Silver – microbes 
interaction 
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are the toxicity (acute and chronic), skin sensitization, skin irritation and disturbance of 
skin ecology [4]. For example, regarding Ag ions, which have a non-specific mode of 
action, they may interact with skin flora, and consequently cause the detachment of the 
cytoplasmic membrane from the cell wall of healthy bacteria. Furthermore, chronic 
contact with Ag may lead to the deposition of Ag and/or Ag sulphides particles on the 
skin, inducing skin discoloration (argyria) or ocular discoloration (argyrosis) [4,47,48]. 
 
 
 

2.3.2.2 Silver Ions and Nanoparticles release  
 
Ag NPs dispersed over the surface may have different sizes, depending on the substrate 
and the thickness of the film. Usually, with a film thickness increase there is also an 
increase of silver segregation agglomeration at the surface. But it is also required the 
right morphology. The preferential pathways for Ag segregation are columns boundaries 
[10]. It is possible to observe a higher release of Ag ions in thicker coatings, since in 
these coatings exists a higher amount of silver available for being released, either on the 
surface or on the column boundaries where electrolytes can penetrate [10,49].  
 
Ag ions are released from the NPs surface which is drastically reduced due to the 
decrease of the nanoparticle size. If no coalescence occurs, the size of the NPs 
decreases with Ag ions release, and consequently there is a reduction in the total surface 
in contact with the electrolyte. However, if coalescence occurs, the size of the NPs 
increases at the expense of a strong reduction of the NPs quantity, and consequently 
there is an overall decrease of the exposed area to the liquid medium [10,50]. 
 
The amount of released silver ions is directly linked to antimicrobial efficacy, meaning 
that AgNPs show a much higher biocidal activity while requiring less amounts when 
compared to micro silver or full silver coating [41]. 
 
Ion release is not the only way that silver can be released, as there is also the possibility 
of silver being released under the form of nanoparticles, since the segregation 
agglomeration process may promote the detachment of small nanoparticles present on 
the top of the surface [10]. 
 
The antibacterial activity is inversely proportional to the NPs’ size [4]. As particles size 
decreases, the specific surface area increases, leaving a higher number of atoms 
available for redox, biochemical and photochemical reactions as well as to 
physiochemical interactions with cells [10,51–53]. 
 
 
 
 

 

2.3.3 Environmental Impact 
 
When developing antimicrobial treatments for textiles, the advantages of the chosen 
antimicrobial agent should outweigh the potential environmental consequences and 
costs of its usage. The environmental impact of the antimicrobial textile is related to the 
textile substrate material, antimicrobial compound production, textile treatment 
processes and also to the subsequent use and disposal of the product. When 
antimicrobial agents are released from textiles, if they are not removed in the wastewater 
treatment, they may end up in an aquatic environment. Studies have shown that 85%-
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99% of Ag particles and nanoparticles are effectively removed during waste treatment  
[4,22]. 
 
For example, products containing Ag are not considered biodegradable as they are 
considered mineral-derived materials, however, all silver forms are subjected to some 
transformation processes that may lead to their removal from the aquatic environment. 
Some studies have revealed that AgNPs may be immobilized by the formation of stable 
sulphide complexes, resulting in silver sulphide, which is very insoluble and less toxic 
and less bioavailable than dissolved Ag. So, the formation of these sulphides would 
decrease the risk of silver-based compounds in the aquatic environment [4,22,54]. 
 
 

2.4 Surface Modifications of textiles 
 
In textile manufacturing, surface treatments, like printing, dyeing, and other chemical or 
physical treatments, are extremely important, as they have the ability to provide particular 
properties to textiles depending on the intended application. These surface treatments 
can improve the appearance or feel of textiles and add to textiles' unique functions, such 
as control of surface wetting or UV protection, among other factors functions. Most of 
these surface treatments rely on heavy use of heating sources during the process to dry 
the textiles, and consequently, are energy-intensive processes and expensive [55]. 
 
Due to these negative aspects associated with the surface treatments normally used in 
the textile sector, the sector is seeking new methods to improve existing product 
characteristics while minimizing environmental impact and energy use. Surface 
treatments like the Atomic Layer Deposition, Sol-gel techniques, Electrospinning and 
Plasma treatment techniques are all being studied and considered as possible tools to 
apply surface treatments on textiles [56–59]. 
 
Particularly, plasma treatment techniques in textiles can give characteristics to fabrics 
such as antibacterial activity, hydrophobicity, flame retardancy, and ultraviolet protection, 
depending on the materials employed in the procedure. Several studies have 
demonstrated that water-repellent characteristics may be bestowed on many fabrics, 
such as cotton, polyester and silk, utilizing plasma treatments. Also, with the introduction 
of metallic particles like Ag or Cu, it is possible to give antimicrobial properties to some 
textiles' surfaces [57,60]. 
 
 

2.4.1 Magnetron Sputtering in textile functionalization 
 
Vapor deposition is a coating technique where a vapor phase material is condensed at 
the substrate in a vacuum environment to produce a thin coating. In some cases, the 
deposited substance interacts with the gaseous molecules, even more, resulting in a 
compound coating on the substrate. Physical vapor deposition (PVD) encompasses a 
wide range of vacuum deposition techniques and is typically split into two processes: 
evaporation and sputtering. These two processes can create vapor in the form of atoms, 
molecules, or ions supplied from a target, and these particles are subsequently 
transported and deposited on the substrate surface, resulting in the development of a 
film. 
 
Since the evaporation technique requires high temperatures during the process, its use 
to coat textiles is not ideal, but on the other hand, the sputtering process is much more 
adequate. The sputtering process uses a substrate temperature that is far lower than the 
target material's melting point, making it a viable option for coating temperature-sensitive 
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materials like textiles. The most prominent sputtering processes are the cathodic arc 
physical vapor deposition (CAPVD) and the magnetron sputtering (MS), the process 
used in the project. 
  
The MS process involves energetic ions colliding with a target surface, which usually 
results in the ejection of target atoms. The MS method confines the plasma to an area 
near the target using strong magnets, which dramatically enhances the deposition rate 
by maintaining a greater ion density, making the electron/gas molecule collision process 
much more efficient. Also, the MS method has a reduced electron bombardment of the 
substrate, making it greatly beneficial for temperature-sensitive substrates like textiles. 
Moreover, the technique is environmentally benign, therefore being an appealing 
alternative for adding new functions such as water repellency, mechanical and 
antibacterial characteristics and biocompatibility [61]. 
Because of all these advantages, the MS process is of great interest among the scientific 
community and among the medical textile industry, as it can be used in applications like 
face masks. 
 
Not only the MS technique can be used for coating textiles, but it also provides an 
opportunity to improve high-quality coatings on textiles, as it offers offer new ways to 
functionalize textiles by combining oxide, metallic, and composite films to obtain various 
characteristics. Although the adherence of MS-deposited films on textiles is superior to 
that of other coating methods, it depends on the sputtering technique and textile used, 
as the adhesion between films and textiles was inconsistent. For example, by using High-
power impulse magnetron sputtering (HiPIMS), the adhesion between films and textile 
substrates was enhanced when comparing with Direct current (DC) MS [62]. 
 
Aside from the fabric structure differences such as knitted textiles, woven textiles, and 
nonwoven textiles, a variety of other factors may influence the adhesion between the 
sputter film and textile substrates, such as surface morphology different surface chemical 
properties, and porosity size of the fiber materials [63]. 
 
 

2.4.1 Diamond-like carbon coatings 
 
The use of Diamond-like carbon (DLC) coatings is already a well-known technology, and 
this type of coating usually demonstrates properties like hydrophobicity, high hardness, 
transparency, excellent thermal conductivity, chemical stability and biocompatibility. 
There are several deposition techniques for DLC coatings, like ion beam deposition, 
pulsed lased deposition or MS deposition. The MS process in particular, is a very 
promising and versatile technique for performing DLC coatings because it allows carbon 
coating growth even at low substrate temperatures and delivers ion bombardment of the 
surface, which has the benefit of increasing coating adhesion to the substrate and thus 
improving coating quality. 
 
For their role as outstanding protective coatings in bio-applications, DLC characteristics 
have been widely investigated. Some studies suggest that bacterial adherence to DLC 
films is linked to their sp2 and sp3 hybridization and lowering the sp2/sp3  ratio improves 
antimicrobial efficacy significantly [64]. Because of this, DLC coatings having a large 
proportion (>80%) of sp3 bonds are often used for biomaterial films [65]. 
 
DLC coatings have a high hydrophobicity, a characteristic that can induce changes in 
bacterial cell membranes, leading to biological death [66]. Furthermore, the surface free 
energy is a key factor influencing DLC antibacterial efficacy. The initial attachment of 
microorganisms is significantly connected to the total surface energy of the coating, 
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because as the total surface energy of the coating decreases, the number of adherent 
cells also decreases and the bacterial removal increases [67]. 
 
Nanoparticles are commonly added to DLC coatings to activate or enhance their 
antibacterial characteristics. Incorporating a metal particle into the DLC structure can 
function as a catalyst for the formation of sp2-rich boundary sites [68,69]. In particular, 
some studies have shown that a low Ag concentration can reduce the number of C atoms 
bound in sp2 configuration, which promotes sp3 bonding and better antimicrobial 
efficiency, but a greater Ag content raises the sp2/sp3 ratio and consequently decreases 
the antimicrobial efficiency [70]. 
 
 

2.4.2 DLC coating with Nanoparticles 
 
Because of their small sizes, unique chemical and physical properties, and high specific 
surface, materials for instance metal nanoparticles, metal oxide nanoparticles, carbon 
nanomaterials, and their composites have been extensively used as new anti-microbial 
agents. This enables them to dissolve more quickly in a given solution than bigger 
particles, releasing more metal ions [4,71]. Furthermore, these compounds are readily 
incorporated into the polymeric matrix of fibers, making them excellent for use in textiles 
[4]. 
 
Consequently, the incorporation of Au, CuO, ZnO, TiO2, or Ag Nanoparticles to DLCs, 
with Ag being the element most likely used to obtain antimicrobial properties, could allow 
fabrics, including those used in masks, to have the two properties that are crucial in this 
study: antimicrobial and hydrophobic properties [72]. Also, AgNPs are the most widely 
used antimicrobial nano agent because of their broad-spectrum antimicrobial properties 
and strong antimicrobial effectiveness against a large number of bacteria, viruses, and 
fungi, which is also higher when compared to particles made from other heavy metals 
such as Au and Zn [71]. 
 
In relation to the combination of DLC and Ag, there are several studies that show that 
silver doped DLC (AgDLC) coatings have an excellent antimicrobial effect [72].  The 
biocidal action of AgDLC thin films is longer than other substrates with metallic NPs, as 
the film surface is continuously renewed with Ag due to its segregation through the 
carbon matrix. Concentration gradients attract Ag ions to the top layer of the surface, 
where most of the moisture and less Ag ions are present. The bacteria are also contained 
in this higher layer, allowing the silver ions to reach their target locations and impact 
microbial viability [41]. As bacteria only interact with the surface' materials, AgDLC films 
exhibit improved and extended antimicrobial activity compared to films without silver 
segregation. This phenomenon shows the advantage of AgDLC films over AgNPs, as 
the Ag content can be reduced while maintaining a high antimicrobial activity, opening 
the possibility of controlling the antimicrobial action of this type of coating [72]. Therefore, 
a successful deposition of AgDLC coating in textiles may provide a wide range of 
possibilities in the biomedical sector, depending on the desired application. 

3.Methods and Procedures 
 

3.1 Materials 
 
On this project, the main purpose was to study the interaction between textiles and Ag-

DLC coatings deposited using a MS process. In order to do that it was required to first 

choose the textiles and also how the deposition process would occur. It was first decided 
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that it was required to choose three different fabrics that would be relevant for biomedical 

applications, especially for face masks. And then decide how the deposition parameters 

would be defined in order to have a set of different results, in which that Ag-DLC film 

thickness, Ag at% and film structure would be varied. 

 

3.1.1 Fabrics 
 
As mentioned on the previous Chapter 2, there is a wide range of textiles that have been 

used in biomedical applications, and for this study it was decided that the three different 

fabrics chosen should be commonly used in healthcare facilities, particularly in face 

masks [2]. 

The three fabrics that were picked were a 100% Cotton fabric, a Jersey format fabric 

(cotton + elastane) and TNT fabric (Polypropylene). All of these three fabrics were often 

used during the Covid-19 for homemade face masks [31]. In the case of cotton, it is also 

often used for bed sheets and drapes, and TNT has a wide range of biomedical 

applications: surgical masks, N95 respirators, scrubs, surgical gowns, footwear covers, 

etc. 

 

3.1.2 Films 
 
On this study the films deposited were carbon thin films, more precisely DLC films, that 

were doped with Ag. To deposit them the technique used was the MS process, in which 

it was used a C target and Ag target. The all process will be explained more in detail in 

a next chapter. 

 

3.1.3 Samples preparation 
 
To prepare the samples the first step was to cut a piece of each fabric as well as three 

pieces of silicon. The size of each fabric sample was around a 10x2 cm rectangle and 

the pieces of silicon were roughly a 1.5x1.5 cm square. 

Then, it was necessary to ensure the samples had the minimum impurities on them, so 

in order to clean them they would go through an ultrasonic bath. In this process, firstly, 

the samples were put inside a container with acetone and placed in the ultrasonic bath 

machine for about 10 minutes. Then, the process would be repeated with ethanol (96%). 

After the ultrasonic bath, the samples were dried using a dryer and then they were glued 

to the substrate holder. To glue the fabrics to the holder it was used glue tape and for 

the silicon samples it was used silver glue. Both the tape and the glue used were chosen 

taking into consideration the temperatures present on the magnetron sputtering chamber 

during the deposition process. After waiting for about 20 minutes, the glue would be dried 

up and the substrate holder was ready to be put inside the sputtering chamber. The final 

look of the substrate holder after the preparation process can be seen in Figure 9. 

 



 
 

28 
 

 

Figure 9 – Substrate holder prepared for the deposition process. 

 

3.2 Magnetron Sputtering Process 
 
As mentioned before, the technique used for the films depositions was a MS process. In 

this process, energetic ions collide with a target surface, in this case a C target and an 

Ag target, that will result in the ejection of target atoms. In order to confine the plasma to 

an area near the targets, it is used strong magnets, causing a higher ion density and 

consequently increase the chance of electron/gas collisions. Due to this area 

“restriction”, this sputtering process has a high deposition rate. 

There are several different parameters to take into consideration during the sputtering 

process, as well as some procedures to ensure the process runs smoothly and the 

conditions inside the chamber are similar for all the depositions made. 

Firstly, after introducing the substrate holder inside the deposition chamber, it was 

necessary to create high vacuum, around  10−6/ 10−5 mbar, inside it. To do it, it was first 

necessary to use a vacuum pump that was used until the pressure inside the chamber 

was around 5,0 × 10−1mbar. After that, the connection to that pump would be compact 

and a connection to a second pump would be open to create the high vacuum needed. 

The scheme of the MS machine can be seen in Figure 10. 
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Figure 10 – Magnetron Sputtering machine scheme. 

 
Before the start of the deposition process, it would be introduced in the chamber Argon 

gas (21.,9 sccm) and a rotation to the substrate holder was applied. It would also be 

necessary to perform a cleaning process. During this, first the shutter inside the chamber 

would be put between the Ag target and the substrates holder, and then a current would 

be applied to the Ag target for 3 minutes, in order to clean the target from residues of 

previous depositions. Next, the same procedure would be performed for the C target for 

5 minutes.  

After the cleaning process, the deposition process would start. The power provided to 

both targets would be adjusted to the parameters decided for the deposition being done 

and the shutter would be placed in zone where it could not interfere with the process. 

Depending on the deposition, there were some parameters, besides the power given to 

targets, that would vary: the deposition time and the work pressure. This variation may 

be seen on Table 3.  The variation of these parameters was done in order to give the 

coatings different characteristics like thickness, Ag at% and different film structure 

organisation. It should be mentioned that depositions 1-11, 22 and 23 are not in Table 3 

as they were only used for calibration of the deposition process. 
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Table 3 – Parameters varied during the deposition process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Characterization Techniques 
 

3.3.1 Transmission electron microscopy 
 
Transmission electron microscopy (TEM) is a very powerful tool for qualitative and 

quantitative characterization of materials microstructures and nanostructures, and as 

well as their chemical composition. The examination of materials through this technique 

can give important information on topography, morphology, composition and 

crystallographic features [73]. 

The TEM technique consists of an electron gun that produces a stream of electrons 

which is going to be focused into a thin electron beam using condenser lenses. The 

beam will then hit the sample being analysed and part of that electron beam is 

transmitted. That transmission portion will be focused by objective lens, creating a image 

that can be magnified by passing down a column of adjustable intermediate and 

Deposition 

Number 

Ag 

Power 

Variation 

(W) 

C Power 

Variation 

(W) 

Working 

Pressure 

(Pa) 

Deposition 

Time (s) 

Deposition 12 37 1500 0,8 180 

Deposition 13 44 1500 0,8 180 

Deposition 14 53 1500 0,8 180 

Deposition 15 61 1500 0,8 180 

Deposition 16 70 1500 0,8 180 

Deposition 17 23 1500 0,8 180 

Deposition 18 23 1400 0,8 180 

Deposition 19 23 1300 0,8 180 

Deposition 20 23 1200 0,8 180 

Deposition 21 23 1100 0,8 180 

Depositions 24/25 70 1500 0,8 160 

Depositions 26/27 155 1500 0,8 150 

Depositions 28/29 70 1500 1,0 160 

Depositions 30/31 155 1500 1,0 150 

Depositions 32/33 70 1500 1,0 300 

Depositions 34/35 155 1500 1,0 290 

Depositions 36/37 70 1500 1,0 600 
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projective lens. Through the use of specialised software, the TEM images can then be 

projected and better analysed in a viewing screen. In Figure 11 there is a schematic 

representation of the TEM process [73]. 

 

 

Figure 11 - Schematic drawing of a transmission electron microscope (Modified from source) [73]. 

 
 
 

3.3.2 X-Ray Diffraction 
 
The X-Ray Diffraction technique (XRD) allows the evaluation of the atomic structure of 

materials, more precisely the evaluation of the crystalline structure and physical 

composition. In this technique, an electromagnetic radiation beam, in the X-Ray 

spectrum, will be focused on crystalline structure, that will cause those X-rays to scatter 

into many directions. The scattered X-rays will interfere with each other either 

constructively or destructively. When the interference is constructive, it means the 

directions the X-Rays scattered are well defined and obey to the Bragg equation 

𝑛𝜆=2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃. 𝑛𝜆 represents a multiple (n=1,2, 3,…) of the used wavelength of the X-

ray beam, 𝑑ℎ𝑘𝑙 represents the distances between atoms defined by the Miller index (ℎ𝑘𝑙) 

and  𝜃 the diffraction angle [74]. 

As the wavelength in XRD experiments is known and the angles at which constructive 

interference occurs are measured, with the Bragg equation use, it is possible to 

TEM Process 
Schematic 
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determine the distance between the lattice planes of the material and the result of the 

measurement is a diffractogram [75]. 

 

 

 

Figure 12 - Schematic representation of the Bragg equation (Modified from source) [75]. 

 
 

3.3.3 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
 
The Scanning Electron Microscopy (SEM) is a technique that allows the acquisition of 

images with a high magnification, normally between 10x to 1000000x. [76]The 

fundamentals behind this technique are using a high energy electron beam that is 

emitted by thermal-ionic heating of a filament, accelerated by a potential difference and 

guided by electromagnetic lenses, the sample in analysis is bombarded by this beam 

that will go through the surface of the sample sequentially. This will cause the interaction 

between superficial zones of the sample with the beam and there will be the emission of 

several different types of radiation. The secondary electrons and the backscattered 

electrons will be detected, providing information that after software analysis allows the 

visualization of a topographic image. Figure 9.a shows a schematic of the SEM process 

[74]. 

By combining the SEM technique with a Energy Dispersive Spectroscopy (EDS), it is 

possible to detect X-rays that are unique to the atoms present in the sample being 

analysed, X-rays that are emitted as result of the ejection of electrons of the orbitals 

closer to core by collisions and the consequent filling of the space left by the ejected 

electrons by an electrons from an outer layer. The difference in energy between the 

higher-energy orbital and the lower energy orbital may be released in the form X-rays 

[74]. 

The SEM images acquired before the antibacterial tests were obtained using a ZEISS 

Merlin high resolution microscope combined with an EDS system of the Oxford 

Instruments. 

For the second set of images, the ones acquired after the antibacterial test, it was 

required a different procedure to obtain the images. After the halo test, the samples were 

removed and carefully washed three times with distilled water. The samples were 

dehydrated by an immersion in increasing ethanol concentration solutions: 70, 95 and 

100% (v/v) for 10, 10 and 20min, respectively, and placed in a sealed desiccator. 

Bragg 
equation 

schematic 
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Afterwards, the samples were mounted on aluminum bases with carbon tape, sputter-

coated with gold and observed with a scanning electron microscope (SEM) in a SEM, 

EDAX NovananoSEM 200 equipment. 

 

 

Figure 13 – a) Schematic of the SEM process (Modified from source) [77]; b) Photography of the 
SEM/EDS machine used to obtain the first set of images (Modified from source) [74]. 

 
 

3.3.4 Antibacterial Test – Zone of Inhibition Test 
 
Zone of inhibition tests, Figure 14, adapted from Kirby-Bauer test [78], were carried out 

to determine the diffusion of silver from the coatings surface. The evaluation of the 

antibacterial activity was performed against two bacteria, one gram-positive, 

staphylococcus aureus (ATCC 6538 obtained from American Type Cell Collection) and 

one gram-negative klebsiella pneumoniae (ATCC 11296). The choice of these 

microorganisms is related with the applicability, the staphylococcus aureus is often found 

on the skin and the klebsiella pneumoniae causes different types of healthcare-

associated infections, including respiratory infections such as pneumonia. 

Initially, the inoculation of a single colony was carried out in 30 ml Tryptic soy broth (TSB, 

Merck) culture and incubated at 37 °C overnight at 120 rpm. The cell suspension 

obtained was adjusted to an optical density (OD) of 0.8 at 620 nm and properly diluted 

in culture media to 1 × 108 CFU/ml. An aliquot of cellular suspension (100 μl) was spread 

in Tryptic Soy Agar (TSA, Merck) petri dishes. After medium solidification, the samples 

(previously sterilized by exposure of ±1 h to UV light) were placed separately on the top 

of the agar plate, placing the side with treatment in contact with the agar and incubated 

for 24 h at 37 °C. After the incubation period, the halo (zone of transparent medium, 

which means that there is no bacteria growth) formed around the sample was 

photographed to record the results (images captured with Image Lab™ software).  

 

 

 

 

 

b) 

a) 
a) 
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Figure 14 - Schematic of a typical zone of inhibition test (Modified from source) [79]. 

 

 

3.3.5 Contact Angles Analysis 
 
The contact angle between a liquid and a solid surface is intertwined with the wetting 

ability, in other words, how a liquid is able to get that surface wet, consequence of the 

balance between the cohesion forces of the liquid molecules and the solid/liquid 

adhesion [74]. 

When a liquid drop is on a surface, there is a balance between the superficial tensions 

of the liquid/solid (𝜎𝑠/𝑙), liquid/gas (𝜎𝑙/𝑔) and solid/gas (𝜎𝑠/𝑔) interfaces, maintaining its 

shape. The contact angle, θ, is the angle that the tangent to the liquid drop does with the 

point in which it touches the solid surface, and it can be calculated through the equation 

showed in Figure 15. The parameters displayed on the equation are defined by the 

chemical composition and rugosity of the solid surface as well as the characteristics of 

the liquid [74,80,81]. 

 

Figure 15- Representation of a liquid drop on solid surface and the respective equation that connects the 
surfaces tensions and angles between them (Modified from source) [74]. 
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4. Results and Discussion 
 

In this chapter, it will be presented the results obtained and their respective analysis and 

discussion. The main objective of this work project is to evaluate the interaction between 

the fabrics and the Ag-DLC coating, evaluate the hydrophobic and anti-microbial ability 

of the samples and evaluate the viability of the technology for future use. 

Therefore, this chapter begins by analysing the effects of the deposition process on the 

three fabrics in study, Cotton, Jersey and TNT, as well as, their interaction, and after it 

is presented the results obtained relatively to their hydrophobic and anti-microbial 

performance. 

 

4.1 Fabrics-Deposition Interaction 
 

As it as mentioned earlier in chapter 3, after the selection of different types of fabrics, 

Cotton, Jersey Format and TNT, it was decided that it was needed to run two different 

set of depositions series. The first series of depositions to test and evaluate how to 

control the deposition process in order to get films with specified thickness, levels of Ag 

and deposited particles structure. The second series of depositions to get a set of 

samples with different variations of the parameters mentioned above that seemed to be 

the ones of most interest for the project. 

 

4.1.1 First Series of Depositions 
 

In the first series of depositions the main goal was to acquire enough information that 

would allow for a better control of the magnetron Sputtering Process, in particular, finding 

a correlation between the power given to the C and Ag targets, and the percentage of 

Ag in the film.  

So, firstly it was required to go through a series of depositions, more specifically eleven 

depositions, in order to calibrate the sputtering machine and being able to create a stable 

plasma inside the sputtering chamber. After that calibration process, it was then possible 

to start the first series. This first series of depositions was divided into two phases: in the 

first phase a variation in the power given to the Ag target was applied and in the second 

phase the variation in power was in the C target. 

 

 

 

 

Table 4 and Table 5 show the variations on those parameters, and respective Ag at% 

obtained in the EDS analysis. Erro! A origem da referência não foi encontrada. shows 

the correlation between Ag target power and film Ag at% variation (each sample was 

analysed three times). 
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Table 4 – Parameters used in the depositions: variation of the power given to the Ag target and respective 
Ag at%. 

 

 
 

 

 

 

 

 

 

 

Table 5 - Parameters used in the depositions: variation of the power given to the C target and respective 

Ag at%. 

 

 

 

 
 

 

 

 

Deposition 

Number 

Ag Power 

Variation 

(W) 

Working 

Pressure 

(Pa) 

Deposition 

Time (s) 

Ag at% 

Deposition 12 37 0,8 180 4 

Deposition 13 44 0,8 180 5 

Deposition 14 53 0,8 180 7 

Deposition 15 61 0,8 180 9 

Deposition 16 70 0,8 180 10 

Deposition 

Number 

C Power 

Variation 

(W) 

Working 

Pressure 

(Pa) 

Deposition 

Time (s) 

Ag at% 

Deposition 17 1500 0,8 180 5 

Deposition 18 1400 0,8 180 6 

Deposition 19 1300 0,8 180 5 

Deposition 20 1200 0,8 180 7 

Deposition 21 1100 0,8 180 8 
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Figure 16 - EDS graphic correspondent to the series of depositions varying the power given to the Ag 

target 

 
 
From this first set of results, it was possible to conclude that by varying the power given 
to the Ag target, the levels of Ag present on the film were better controlled than when the 
variation was applied on the C target. Moreover, in addition to the EDS analysis, a few 
other tests were performed in order to have a better understanding of how the deposition 
process went through and how the film and substrates interacted. Since it was the 
depositions 12-16 that were of most interest, those were the ones that were focused on 
during the remaining analysis of the first series of depositions. 
 

 

 
 

Figure 18 – XRD Analysis of Sample 15 with reference 
markers for Ag possible values 

Figure 17 – XRD Analysis of Sample 16 with 
reference markers for Ag possible values 
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Besides the EDS analysis, a XRD analysis of depositions 15 and 16 (9 at% and 10 at% 
Ag respectively) was also performed to gather even more information about the presence 
of Ag in the films deposited in the substrates. As shown in Figure 18 and Figure 17, it is 
possible to identify the presence of silver in the film. The crystallographic planes 
identified are different from one deposition to another. The reason why, could not be 
identified, and the fact that the data available was not extensive enough to produce better 
graphics, it was not possible to fully comprehend the XRD results. However, for both 
cases it is possible to identify at least one crystallographic plane associated with Ag [82]. 
 
The following depositions analysis were performed through the study of the images 
obtained in SEM and TEM. A comparison between the three fabrics in study and a 
comparison by Ag at% were the two criteria chosen to try to comprehend the similarities 
and differences in the film-substrates interactions. 
 
 

4.1.1.1 Comparison between fabrics: SEM images 
 
When comparing the samples by fabric, we can clearly distinguish the three different 
fabrics we are using as substrate for the Ag-DLC coating through the fibre’s organisation 
and surface. In Figure 19, we have 6 images from one of the depositions, in which we 
have a coating with 4 at% Ag. 
 
In these set of images, we can identify the presence of our substrate through the added 
layer present in the surface of the different fibres, but there is not a major difference in 
relation to the different film-substrates interaction that can be seen. The same cannot be 
said about the images in Figure 20. 
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Figure 19 - SEM images of three different substrates coated with an AG-DLC film (4 at% Ag) with different 

magnifications (100x and 5000x): a,b) Cotton, c,d) Jersey Format and e,f) TNT 

 

In Figure 20, we have 6 images from another deposition, in which we have a coating with 
10 at% Ag. In this case, the film-substrates interaction is clearly distinguishable when 
comparing different substrates. With a magnification of 100x those differences are not 
observable, but when the magnification is increased to 5000x it is possible to observe 
that the coating is reacting differently. 
 
With the increase of Ag percentage, we started to see a different organization of the 
coating in the surface, mostly in the cotton, where it seems there are different layers 
overlapping each other, and in the TNT, where there are multiple cracks in the coating. 
These findings might imply that not only the different substrates influence the coating-
surface interaction, but also the Ag percentage might have an important role in it. It also 
important to mention that sputtering process does not seem to cause damage on the 
fabrics’ fibres. 
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Figure 20 - SEM images of three different substrates coated with an AG-DLC film (10 at% Ag) with 
different magnifications (100x and 5000x): a,b) Cotton, c,d) Jersey Format and e,f) TNT 

 

4.1.1.2 Comparison by Ag at%: SEM and TEM images 
 
To compare the samples by Ag percentage, in Figure 21, we have 13 images (11 SEM 
images and 2 TEM images) from 2 different depositions and from Virgin substrates 
(without the coating). When comparing the Virgin substrates images with the rest of the 
SEM images, the substrate surface seems to have more rugosity and a presence of one 
or more layers, which indicates that the coating is indeed present. These features are 
more prominent as the percentage of Ag increases. In fact, the images corresponding to 
Deposition 16 (Ag at% =10), in the Cotton and TNT cases there are present several 
cracks in the coating, especially in TNT case. This finding might indicate that the Ag 
percentage is a contributing factor in the surface-coating interaction, and it can possible 
worsen the adherence of the coating to the fibers. When it comes to the Silicon SEM 
images, there are no differences observed. This and the fact that we cannot observe the 
presence of Ag particles in any of the SEM images of the substrates, might be the 
consequence of the coating being to dense, and therefore, the Ag particles need more 
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time to segregate to the surface. However, the presence of Ag is confirmed not only by 
the EDS Data but also by the TEM images. In the TEM images of Figure 21, it is possible 
to observe Ag NPs in both cases, being more easily identified in image m), where Ag 
clusters have already started to form. 
 
 

 
Figure 21 - TEM images and SEM images (10k magnification) of four different substrates uncoated and 
coated with an AG-DLC film (5 at% and 10 at% Ag): a) Virgin Cotton, b) 5 at% Ag Cotton, c) 10 at% Ag 
Cotton, d) Virgin Jersey Format, e) 5 at%  Ag Jersey Format, f) 10 at% Ag Jersey Format, g) Virgin TNT, 
h) 5 at% Ag TNT, i) 10 at% Ag TNT, j) 5 at% Ag Silicon, k) 10 at% Ag Silicon, l) TEM image 5 at% Ag, m) 
TEM image 10 at% Ag. 
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As mentioned above, it was not possible to observe the presence of silver in the surface 
of the film, even in SEM images with a 20k magnification, and one the reasons could be 
that the film was so dense that the silver particles could not reach the surface or might 
take longer to do it. Due to this possibility, two months after the first SEM images were 
taken, the sample corresponding to the deposition 16, in which the Ag at% was the 
highest (10 at% Ag), was once again analysed by SEM. 
 
As demonstrated in Figure 22, it is now possible to observe the presence of Ag particles 
on the surface of the three substrates, only the cotton remained without visible Ag 
particles on the surface, meaning that indeed the Ag particles were capable of segregate 
to the surface as it was expected, however the amount visible is still lower than expected 
when considering the Ag at% present on the film. 
 
 



 
 

43 
 

 
 

Figure 22 - SEM images (10k and 20k magnification) of four different substrates coated with an AG-DLC 
film (10% Ag): a) Cotton 10k mag., b) Jersey Format 10k mag, c) Silicon 10k mag, d) TNT 10k mag, e) 

Jersey Format 20k mag, f) TNT 20k mag. 

 

4.1.1.3 Contact Angle and Antibacterial Results 
 
The two main properties wanted for the samples in study are antibacterial and 
hydrophobic properties. So, to analyse if the samples have these capabilities, it was 
performed Contact Angle tests to study the hydrophobic ability and a zone of inhibition 
test to study the antibacterial ability. 
 
The Contact Angles test results are shown on Table 6. As mentioned in chapter 3, for a 
surface to be considered hydrophobic it is necessary that the contact angle between the 
surface and the liquid, in this case water, be higher than 90 º. If the contact angle is lower 
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than 90 º, then the surface is considered hydrophilic and if the contact angle is higher 
than 150 º the surface is considered super hydrophobic. 
 
From Table 6 it is possible to observe that the addition of the film did not generate the 
same results for the three fabrics. These three fabrics all are composed by different 
fibres, and therefore, the film-fabric interaction will be different as well as their interaction 
with water particles. For instance, the cotton has been highly influenced by the presence 
of the film, as the virgin cotton is hydrophilic (contact angle of 60.73 º ± 4.82 º) but as the 
film increases in Ag at% it is possible to also observe an increase in the contact angles, 
to the point that the cotton gains hydrophobic properties. However, for the cases of the 
jersey format and TNT fabrics, the addition of the film did not seem to increase their 
hydrophobic ability except when the Ag at% is of 10 at%. The influence of the increase 
on Ag at% of the film in the hydrophobic ability is discussed during the analysis of the 
results of the second series of depositions. 
 
 
Table 6 – Contact Angle results for Cotton, Jersey Format and TNT. These results are correspondent to a 

surface-water analysis. 

Deposition Number Cotton  Jersey Format  TNT  

Virgin Samples 60.73 º ± 4.82  
 
 

108.18 º ± 1.73  
 

114.87 º ± 3.41  

Deposition 12 (4 at% Ag) 58.13 º ± 20.99  
 
 

100.33 º ± 11.68  
 
 

97.06 º ± 3.97  
 

Deposition 14 (7 at% Ag) 83.49 º ± 18.93  
 
 

99.67 º ± 7.85  
 
 

98.86 º ± 9.30  
 
 

Deposition 16 (10 at% Ag) 110.26 º ± 
22.22  

 
 

121.27 º ± 5.78  
 

115.11 º ± 10.15  
 

 

 
Regarding the Antibacterial tests, since the first series of depositions main objective was 
to better understand and control the sputtering process and its interaction with the 
fabrics, it was decided that only the silicon sample with highest Ag at% (deposition 16) 
would be tested. The results acquired were not the expected, as the sample showed no 
antibacterial properties, Figure 23, and according to some literature [50] and previous 
projects in the department, the Ag present on the sample should have been enough to 
trigger a good antibacterial response. 
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Figure 23 - Images of the Antibacterial tests carried out on silicon (deposition 16): a) Klebsiella 
pneumoniae bacteria was used; b) Staphylococcus aureus bacteria was used 

By studying Figure 23, it possible to observe that the zones of inhibitions are extremely 
small or inexistent, which means that the presence of the film in the surface of the silicon 
did not cause an reasonable antibacterial response when interacting with the two types 
of bacteria, the klebsiella pneumoniae bacteria and the staphylococcus aureus bacteria 
. 
 
With all the results in mind, especially the SEM images analysis and the antibacterial 
results, it was possible to conclude that the film being deposited on the substrates was 
in some way not allowing the silver particles to segregate to the surface, and to try to 
solve this issue, a few changes were implemented in the sputtering process. These 
changes will be explained in chapter 4.1. 2.. 
 
 
 
 

4.1.2 Second Series of Depositions 

 
 
In the second series of depositions, having already a lot of information on how to better 

control the Ag levels in the deposited films, the main goals were to find a way to give 

antibacterial properties to the samples and to have a series of samples in which it was 

possible to compare and correlate the results obtained on XRD, EDS, SEM, Contact 

Angle and Antibacterial tests. 

The first step was to decide on how the magnetron sputtering process specifications 

needed to be altered so that the Ag segregation problem could be solved. The solution 

was to have a film with a more open structure, so that the silver could more easily reach 

the surface of the film. In an open structure, the C and Ag particles tend to agglomerate 

more easily around each other, almost like having an “anchoring point”, creating a kind 

of shadow effect that will not allow the deposition of many particles around each 

agglomerate and creating space between them. Consequently, there will be more space 

to Ag particles to emerge.  

With that in mind, it was decided to have depositions 22 and 23 to test if the sputtering 

process was still being performed without problems and then start a series of depositions 

in which the same parameters would be applied in groups of two, in order to have enough 

samples to run all of the test intended. Throughout this deposition series, there were a 

few different parameters varied: Ag target power variation, film structure and film 
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thickness, as it is showed in Table 7. The respective Ag at% obtained in the EDS analysis 

is also included. 

 
 
 

Table 7 - Parameters used in the second series of depositions and respective Ag at%. 

 
 
The first observation that is possible to make by analysing the Table 7 is the fact that the 
Ag at% of the films were not as controllable as the ones in the first series, but 
nonetheless, the results obtained still give important information to try to establish a 
comparison between the different samples. 
 
As was the case in the first series, the samples were further analysed using 3 different 
techniques: SEM, Contact Angles and Antibacterial tests. During this second series more 
parameters were altered on the sputtering process, so firstly an analysis between 
parameters will be made and later on an overall comparison. 
 
 
 

4.1.2.1 SEM images 
 
 
To have a better perspective on how altering the sputtering process conditions affects 
the deposited films as well as their interaction with the three substrates, cotton, jersey 
format and TNT, the samples are analysed and compared taking into consideration that 
only one of the parameters during the sputtering process differed from sample to sample. 
So, the comparison is made by only having different Ag at%, then by only having different 
film structure and finally by only having different film thickness. 
 
At first, the samples were divided into 4 groups: 24/25 - 26/27, 28/29 – 30/31, 32/33 – 
34/35 and 36/37. For each group, the films of the samples have the same thickness, the 
same structure but differ on Ag at%.  
 
The Figure 24, shows the SEM images with a 50k magnification of three different 
substrates corresponding to deposition 24/25 (10 at% Ag, 50nm thickness) and 26/27 

Deposition 

Number 

Ag 

Power 

Variation 

(W) 

Ag 

at% 

Working 

Pressure 

(Pa) 

Type of 

film 

structure 

Deposition 

Time (s) 

Theoretical 

Film 

Thickness 

(nm) 

Depositions 24/25 70 10 0,8 Compact 160 50 

Depositions 26/27 155 12 0,8 Compact 150 50 

Depositions 28/29 70 8 1,0 Open 160 50 

Depositions 30/31 155 13 1,0 Open 150 50 

Depositions 32/33 70 15 1,0 Open 300 100 

Depositions 34/35 155 23 1,0 Open 290 100 

Depositions 36/37 70 20 1,0 Open 600 200 
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(12 at% Ag, 50nm thickness). By analysing the images, it is possible to observe that with 
the increase in Ag at%, the Ag-DLC film has more well organised and defined 
agglomerates on the surface, and it is possible to identify Ag particles independently of 
the type of substrate. On the jersey format case, several cracks can be seen, more 
abundantly for sample 24/25. The appearance of these cracks may be caused by the 
fact that the jersey format fabric fibres have a lot of elasticity, and due to the need of 
handling the fabric to perform the different tests, it might have caused the film to crack. 
 
Regarding the TNT, this kind of image is now more similar to others found in similar 
studies, in which on TNT fabrics were deposited coatings containing Ag [83]. However, 
on those cases the Ag at% were much lower to the Ag at% used in these coatings 
 
 
 

 
Figure 24 - SEM images (50k magnification) of three different substrates corresponding to deposition 

24/25 (10 at% Ag) and 26/27 (12 at% Ag) a) Cotton – deposition 24/25., b) Cotton - deposition 26/27, c) 
Jersey Format - deposition 24/25, d) Jersey Format - deposition 26/27, e) TNT - deposition 24/25, f) TNT - 

deposition 26/27. 

 

a) b) 

c) d) 

e) f) 
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The same analysis can be made for the case of depositions 28/29 (8 at% Ag, 50nm 
thickness) and 30/31 (13 at% Ag, 50nm thickness), as shown in  
Figure 25, except that in this case it is not possible to observe the cracks on the jersey 
format images. In these depositions the film structure is also different from the previous 
ones. In depositions 28/29 and 30/31 the film structure is open, meaning the structure is 
less compact and less susceptible to crack, therefore this fact may also be a reason why 
there are not visible cracks on the jersey format images.  
 
Moreover, the agglomerates seem to be even more easily identified, which might be 
caused by the fact the film surface structure is more open than in the previous case. 
 

 
 

Figure 25 - SEM images (50k magnification) of three different substrates corresponding to deposition 28/29 (8 at% Ag) 
and 30/31 (13 at% Ag) a) Cotton – deposition 28/29., b) Cotton - deposition 30/31, c) Jersey Format - deposition 28/29, 
d) Jersey Format - deposition 30/31, e) TNT - deposition 28/29, f) TNT - deposition 30/31. 

 

a) b) 

c) d) 

e) f) 
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On Figure 26, SEM images of depositions 32/33 (15 at% Ag, 100nm thickness) and 
34/35 (23 at% Ag, 100nm thickness) are displayed. In this case, the increase in Ag at% 
seems to cause an increase in size of each agglomerate, independently of the substrate. 
Also, when comparing samples 32/33 with the samples with thinner films (50 nm) and 
similar Ag at%, samples 30/31, it is possible to observe an increase in the agglomerates’ 
sizes, supporting the idea that the film thickness influences this aspect of the film. 
 
 
 

 
Figure 26 - SEM images (50k magnification) of three different substrates corresponding to deposition 

32/33 (15 at% Ag) and 34/35 (23 at% Ag) a) Cotton – deposition 32/33., b) Cotton - deposition 34/35, c) 
Jersey Format - deposition 32/33, d) Jersey Format - deposition 34/35, e) TNT - deposition 32/33, f) TNT - 

deposition 34/35. 

 

a) b) 

c) d) 

e) f) 
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On Figure 27 it is displayed the SEM images of deposition 36/37 (20 at% Ag, 200nm 
thickness). This is the sample with the thickest film, and due to this fact, the agglomerates 
are much bigger and the fissures/space between them are more easily identified when 
compared to previous samples. Before the SEM analysis process, the film deposited on 
the jersey format fabric of this deposition unstuck, and therefore it was not analysed. This 
problem of fabric/film adhesion may be linked with the thickness of the film, as this issue 
only occurred for the thickest film. Also, this only happened for the jersey format fabric, 
probably due to the elasticity of the fabric. 
 

 
 

Figure 27 - SEM images (50k magnification) of two different substrates corresponding to deposition 36/37 
(20 at% Ag) a) Cotton – deposition 36/37., b) TNT - deposition 36/37. 

 
 
 
Figure 28, shows the SEM images with a 50k magnification of three different substrates 
corresponding to deposition 26/27 (12 at% Ag, 50nm thickness) and 30/31 (13 at% Ag, 
50nm thickness). On this analysis, it is the difference in film structure that is being 
focused on, as the thickness and Ag at% are very similar, but for deposition 26/27 the 
film structure is compact but for deposition 30/31 the film structure is open.  
 
In order to obtain these two structures, during the deposition process it was applied a 
variation in pressure inside the chamber, With the increase in pressure it was possible 
to obtain a more open and less compact structure. This comparison of samples with 
different film structures aims to check if Ag can more easily segregate to the surface 
when the film is less compact. 
 
 
For cotton and jersey format samples, the agglomerates are indeed bigger and more 
easily identified for the open structure case. However, the same cannot be said for the 
TNT sample, as the film seems to be almost identical for both structures. 
 
 

 

a) b) 
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Figure 28 - SEM images (50k magnification) of three different substrates corresponding to deposition 

26/27 (12 at% Ag) and 30/31 (13 at% Ag) a) Cotton – deposition 26/27., b) Cotton - deposition 30/31, c) 
Jersey Format - deposition 26/27, d) Jersey Format - deposition 30/31, e) TNT - deposition 26/27, f) TNT - 

deposition 30/31. 

 
 
 
In Figure 29, there are displayed two samples with different film thickness, but similar Ag 
at% and same film structure, corresponding to depositions 34/35 (23 at% Ag, 100nm 
thickness) and 36/37 (20at % Ag, 200nm thickness). As expected, it is sample 36/37 that 
shows a film with bigger agglomerates, although they both have a similar surface 
organization. The jersey format images were not analysed for the same reason as 
mentioned before. 
 
 

 

a) b) 

c) d) 

e) f) 
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Figure 29 - SEM images (50k magnification) of two different substrates corresponding to deposition 34/35 
(23 at% Ag) and to deposition 36/37 (20 at% Ag): a) Cotton – deposition 34/35, b) Cotton - deposition 

36/37, c) TNT – deposition 34/35, d) TNT – deposition 36/37. 

 
 
 

4.1.2.2 Antibacterial tests analysis 
 
To evaluate the antibacterial activity of the samples, a Zone of Inhibition Test was 
performed to all samples. As explained in chapter 3, two types of bacteria were used for 
this evaluation, and in most cases is easy to identify a zone of inhibition, independently 
of the type of bacteria and the type of fabric, when comparing them with their virgin 
counterpart. However, there are cases in which the zone of inhibition is more easily 
identified, and it seems that several factors are affecting their inhibition efficiency: % of 
Ag, thickness of the film, type of bacteria and the type of fabric. In Figure 30 it is shown 
the zone of inhibitions test images of the virgin samples, in which it is possible to observe 
that there no inhibition zones, and therefore no antibacterial properties can be associated 
with the virgin samples, as with was expected [84]. 
 

 

a) 

c) d) 

b) 
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Figure 30 – Zones of inhibitions test images of virgin samples: a) klebsiella pneumoniae bacteria, b) 

staphylococcus aureus bacteria 

 
As shown on Figure 31, on the tests using the bacteria klebsiella pneumoniae, only the 
samples 32 and 36 do not show a zone of inhibition and sample 30 displays small and 
irregular halos. In the case of the bacteria staphylococcus aureus, all the samples 
showed zones of inhibition, however, samples 34 and 36 display more irregular halos. 
 
The samples with the highest thickness seem to show the worst results for antibacterial 
inhibition, especially for TNT and Jersey format samples. The samples with lowest 
thickness and with at% of Ag between 7 at% and 13 at% (samples 24, 26, 28 and 30) 
show a good antibacterial response, and all have similar zones of inhibition for both 
bacteria. These results may indicate that film thickness affects the way Ag interacts with 
bacteria. When considering the type of fabric, TNT seems to have the lowest antibacterial 
response, as in some samples its zone of inhibition is minimal and lower than the zones 
of the other two fabrics.  
 
Regarding the staphylococcus aureus bacteria tests, the results obtained for the cotton 
and jersey format samples with the thinnest coating are similar to the results obtained in 
other study in which a DLC/Ag coating was deposited on silk, which is a woven fabric 
like cotton and jersey format [50]. 
 
One thing to take into consideration, is the fact that in this type of antibacterial test it is 
impossible to quantify the amount of the antimicrobial agent diffused into the medium 
surrounding the samples [85]. So it is not possible to know which samples are releasing 
more Ag or if the samples with the thickest film are releasing much less than the others. 
 
 

 

a) b) 
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Figure 31 – Zone of inhibition tests images of all samples for both bacteria, klebsiella pneumoniae on the 
left column and Staphylococcus aureus on the right column: a/b) Sample 24, c/d) Sample 26, e/f) Sample 

28, g/h) Sample 30, i/j) Sample 32, k/l) Sample 34, m/n) Sample 36 

 
 
In addition to the Zone of inhibition tests, SEM images of the samples that went through 
the zone of inhibition test were also taken, to verify if it was possible to identify the 

 

a) b) 

c) d) 

e) f) 

h) g) 

i) j) 

l) k) 

b) 

n) m) 
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presence of bacteria on the samples. Due to lack of time, only images of samples 24, 26 
and of the virgin fabrics were obtained. On Figure 32, Figure 33 and Figure 34  are 
displayed, by fabric, the images obtained from sample 26 (12 at% Ag) and their 
respective virgin samples. 
 

 
 

Figure 32 – SEM images of virgin cotton and cotton from sample 26 after the zone of inhibition test: a) 
Virgin cotton - klebsiella pneumoniae, b) Virgin cotton - staphylococcus aureus, c) Cotton 26 - klebsiella 

pneumoniae, d) Cotton 26 - staphylococcus aureus. 

 

 

 

 

 

 

 

 

 

a) b) 
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Figure 33 - SEM images of virgin jersey format fabric and jersey format fabric from sample 26 after the 
zone of inhibition test: a) Virgin jersey format - klebsiella pneumoniae, b) Virgin jersey format - 

staphylococcus aureus, c) jersey format 26 - klebsiella pneumoniae, d) jersey format 26 - staphylococcus 
aureus. 

 
 
 

 

 

 

 

 

 

 

 

a) b) 

c) d) 
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Figure 34 - SEM images of virgin TNT and TNT from sample 26 after the zone of inhibition test: a) Virgin 
TNT - klebsiella pneumoniae, b) Virgin TNT - staphylococcus aureus, c) TNT 26 - klebsiella pneumoniae, 

d) TNT 26 - staphylococcus aureus. 

 
 
By analysing the figures above, it is possible to observe that for all three coated 
substrates, there is not any bacteria present on the surface, independently of the type of 
bacteria, demonstrating they indeed have antibacterial activity, as was expected due to 
the results obtained in the zone of inhibition test. 
 
On the case of the virgin samples, they did not show any antibacterial activity in the zone 
of inhibition test and the same can be said by studying the images above. It is possible 
to see the presence of bacteria colonies on all the fabrics. 
 
 
It is also important to refer that after the zone of inhibition tests, it was possible to observe 
the presence of Ag particles on the surface of all three substrates, Figure 35, meaning 
that the film still retained the ability to segregate Ag to the surface after having 
antibacterial activity. 
 
 

 

 

 

 

a) b) 

c) d) 
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Figure 35 – SEM images of the substrates of sample 26 after the antibacterial test: a) cotton, b) jersey 

format, c) TNT. 

 

 

 

4.1.2.3 Contact angles analysis 
 
The Contact Angles test results are shown on Table 8. One conclusion that can be taken 
from this table is that all samples seem to have hydrophobic characteristics, 
independently of the Ag at%, film structure or film thickness. Also, it appears it is the 
cotton fabric that gains more in terms of hydrophobic properties, as the virgin cotton is 
hydrophilic but with the addition of the film its contact angle values almost double in every 
sample.  
 
Furthermore, between samples with the same film structure and film thickness, samples 
24/25 – 26/27, 28/29 – 30/31, it is possible to identify an increase in the contact angle 
when there is also an increase in Ag at%, except when comparing samples 32/33 and 
34/35. In that particular case, the contrary happens, which might suggest that film 
thickness may have an influence on the hydrophobic properties of the samples. Other 
than that, is hard to identify any particularity between samples. 
 
 

 

  

 a) b) 

c) 
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Table 8 - Contact Angle results for Cotton, Jersey Format and TNT. These results are correspondent to a 

surface-water analysis. 

 

Deposition Number Cotton  Jersey Format  TNT  

Virgin Samples 60.73 º ± 4.82  
 
 

108.18 º ± 1.73  
 

114.87 º ± 3.41  

Deposition 24/25 (10 at% Ag) 121.90º ± 1.55 
 
 

94.63 º ± 1.66  
 
 

109.49º ± 1.84 
 

Deposition 26/27 (12 at% Ag) 126.30º ± 2.60  
 
 

119.50 º ± 9.81  
 
 

121.20 º ± 3.24  
 
 

Deposition 28/29 (8 at% Ag) 107.60º ± 4.56 108.20º ± 14.00 99.40º ± 4.37 

Deposition 30/31 (13 at% Ag) 115.26 º ± 
7.11  

 
 

131.27 º ± 7.31  
 

115.70 º ± 3.62  
 

Deposition 32/33 (15 at% Ag) 137.70 º ± 
9.70  

 

125.90 º ± 
12.55  

 

116.00 º ± 2.55  
 

Deposition 34/35 (23 at% Ag) 117.20 º ± 1.9  
 

106.10 º ± 1.62  
 

112.70 º ± 0.85  
 

Deposition 36/37 (20 at% Ag) 117.8 º ± 3.90  
 

149.03 º ± 5.02  
 

116.90 º ± 1.79  
 

 

 

4.2 Overall Discussion 
 
After analysing all the results obtained from the second series of depositions, it is 
important to check if it is possible to make a correlation between the different properties 
of the films. On Table 9 it is presented a summary of all the results discussed before. 
 
 

Table 9 – Summary of the results obtained in EDS, SEM and Antibacterial Tests 

 

Deposition Number Ag 
at% 

Hydrophobic 
Properties 

Antibacterial 
Properties 
(klebsiella 

pneumoniae) 

Antibacterial 
Properties 

(staphylococcus 
aureus) 

Type of 
film 

Structure 

Film 
Thickness 

(nm) 

Deposition 24/25 10 Hydrophobic 
 

Yes Yes Compact 50 

Deposition 26/27 12 Hydrophobic 
 

Yes Yes Compact 50 

Deposition 28/29 8 Hydrophobic 
 

Yes Yes Open 50 

Deposition 30/31  13 Hydrophobic 
 

Irregular Yes Open 50 

Deposition 32/33  15 Hydrophobic 
 

No Yes Open 100 

Deposition 34/35  23 Hydrophobic 
 

Yes Irregular Open 100 

Deposition 36/37 20 Hydrophobic 
 

No Irregular Open 200 
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The first point to be made is regarding the hydrophobic properties of the samples. One 
of the main objectives of this project was to have coated fabrics with hydrophobic 
characteristics, and overall, the film seemed to improve or maintain that across the three 
fabrics. 
 
Secondly, after the antibacterial activity results obtained from the first series of 
depositions, it was not expected that depositions 24/25 and 26/27, which have a compact 
film structure, had these antibacterial activity results. The fact the structure was compact 
does not seem to influence the antibacterial properties of the substrates, at least for Ag 
at% equal or above 10. 
 
When considering the samples with an open film structure, it seems that with an increase 
in the film thickness, the antibacterial activity becomes more irregular, especially for 
gram-negative bacteria (klebsiella pneumoniae). And even if the films have a higher Ag 
at%, that seems not to improve the antibacterial activity. 
 
Finally, one of the correlations that can be made is the fact that the Ag-DLC film had a 
better performance with a 50nm thickness, for both compact and open film structures. 
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5. Conclusion and Future Research 
 
In the beginning of this project, one of the main concerns was if the MS process could 
be used to apply coatings to the textiles chosen. After analysing the results obtained 
throughout the project, it is possible to conclude that the technology can indeed be used, 
and with some good results. The textile fibers did not seem to be damaged in the 
sputtering process and the coating seemed to have a good adhesion to them, except for 
the case in which the thickest coating (200nm) was deposited on the jersey format fabric. 
This may be an indication that the coating has a lower adhesion to the jersey format 
fabric. 
 
Moreover, one of the main goals was to give hydrophobic properties to the textiles, and 
that was accomplished for all three textiles. However, the antibacterial results were not 
as satisfactory as the hydrophobic ones. Most of the samples seemed to have 
antibacterial properties, for both gram-positive and gram-negative bacteria, but a few of 
the samples displayed irregular results. What might have caused these irregularities is 
unknown and should be studied further in order to realise if it might be caused by the 
type of the film structure, by a higher Ag at%, by the thickness of the film or by a 
combination of any of these. Also, the increase of the film thickness seems to have a 
negative impact in the samples’ antibacterial properties. Regarding the type of film 
structure, there is only information for thin compact structures (50nm) and not for thicker 
ones, so it is not possible to know how thick (100nm and 200nm) compact films would 
perform. 
 
Through the study of all the data gathered during the project, it seems that are two 
depositions that stand out from the rest: depositions 24/25 and 26/27. Both these 
depositions have compact thin films (50nm) and similar Ag at% (10% and 12 at% 
respectively), and both display hydrophobic and good antibacterial properties for all three 
substrates.  
 
When considering the type of fabric, cotton is the one that seems to have a better overall 
performance and the one that benefits the most by the presence of the film, as it was 
able to provide cotton hydrophobic properties that it did not have prior to the deposition, 
as well as displaying good antibacterial properties. The TNT fabric was the one that 
displayed the most irregular antibacterial results, and the jersey format fabric had an ok 
overall performance, however, the fact that it might exist an adhesion issue is a point of 
concern. 
 
There are also more characterization analysis that can be performed in the future that 
are of interest. Due to the possible applications of the technology studied in this project, 
it would also be interesting to evaluate how the coated textiles would perform in air 
filtration and breathability tests, evaluate for how long the coating retains hydrophobic 
and antibacterial properties or evaluate if any of the coated textiles could be washed and 
reused. 
 
Also, only three different textiles were tested. There are a lot more textiles of interest for 
biomedical applications that could also benefit from the application of coating like the 
one done in this project. Furthermore, only antibacterial capability was tested, and it 
would be interesting to know, especially because of the pandemic period the world has 
been on, if the coated textiles have also antiviral properties. 
 
Finally, regarding the deposition process, there could also be some further parameters 
modifications applied for future research, so that different densities, Ag at% and different 
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thicknesses can all be studied, as well as check if a DC MS could also be used with 
success. 
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Abstract:  The COVID-19 pandemic has, even more, highlighted the need for antimicrobial sur- 10 

faces, especially those used in a healthcare environment. Textiles are the most difficult surfaces to 11 

modify since their typical use is in direct human body contact, and, consequently, some aspects need 12 

to be improved, such as wear time and filtration efficiency, antibacterial and anti-viral capacity, or 13 

hydrophobicity. To this end, several techniques can be used for the surface modification of tissues, 14 

being Magnetron Sputtering (MS) one of those that have been growing in the last years to meet the 15 

antimicrobial objective. The current state of the art available on textile functionalisation techniques, 16 

the improvements obtained by using MS, and the potential of Diamond-Like-Carbon (DLC) coat- 17 

ings on fabrics for medical applications, will be discussed in this review in order to contribute to a 18 

higher knowledge of functionalised textiles thematic. 19 

 20 
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 22 

1. Introduction 23 

Infections have been a major source of concern for human health in recent decades, 24 

and as the globe becomes increasingly linked, this threat is no longer speculative but very 25 

real. Pathogens that may spread from person to person are more likely to produce a global 26 

epidemic, and the Covid-19 Pandemic is a great illustration of this problem [1]. The best 27 

way to prevent an infectious disease spread via the respiratory way, when social distanc- 28 

ing is not possible, is the use of personal protective equipment (PPE). PPEs, like masks, 29 

aprons, gowns, coveralls, goggles, and respirators, are considered critical components 30 

that can be used to protect not only healthcare workers but also the general population 31 

from infected droplets with virus/bacteria originated from infected people when sneezing 32 

and coughing, besides contaminated surfaces [1,2]. In addition, numerous pathogens, 33 

such as fungus, bacteria, and viruses, can be present in hospital facilities. These pathogens 34 

can be transported by any person that frequent this kind of facility, being transmitted 35 

through three ways: respiratory droplet transmission via the infected person when talk- 36 

ing, sneezing, or coughing; indirect or direct contact with an infected person; and airborne 37 

transmission [1-3]. It is expected that by 2030 the healthcare industry worldwide will em- 38 

ploy around 80 million people, putting a huge amount of healthcare workers at constant 39 

exposure to fungi/bacteria/viruses and getting infections while treating infected people 40 

with highly infectious diseases [2]. PPEs like surgical masks and medical clothing are cru- 41 

cial to offering a barrier among the users and the environment surrounding them [2,3]. 42 

The emergence of drug-resistant microorganisms is another issue that has been seen in 43 

hospital settings. Microorganisms, for instance bacteria, play an important role in the 44 



Processes 2021, 9, x FOR PEER REVIEW 2 of 18 
 

 

global cycling of elements, having a profound impact on the environment in which they 45 

live. However, they are also susceptible to the environment, which means that when they 46 

come into contact with antimicrobial elements, some microorganisms may develop re- 47 

sistance to them, resulting in the emergence of "multi-drug-resistant" bacteria [4].  48 

 When considering masks, several options are available, such as basic cloth face 49 

masks (possible to be homemade), surgical face masks, and respirators [4]. A few proper- 50 

ties have to be taken in consideration when evaluating masks' performance: comfort, 51 

breathability, biocompatibility, fluid resistance, flammability, and filtration effi- 52 

ciency[1,2]. And it is with those properties in mind that the masks recommended to use 53 

are manufactured. Basic cloth face masks/ homemade face masks are the simplest types 54 

of masks, with an efficiency highly dependent on the materials used [4-6]. Surgical masks 55 

are disposable, and their structure is composed of 3 layers of nonwoven textile, having 56 

one specific function [1]. The external layer has hydrophobic characteristics, helping in 57 

repelling fluids (for instance, mucosalivary fluid). The intermediate layer acts as a filter 58 

with the main purpose of avoiding the penetration of unwanted elements (for instance, 59 

dangerous particles or pathogens). The internal layer is produced with an absorbent ma- 60 

terial to absorb the mucosalivary fluid expelled by the user and moisture of the exhaled 61 

air [1]. There are also respirators, which are built by a structure of 4 layers of filters. Both 62 

the external and internal layers (made of nonwoven Polypropylene (PP)) act as hydropho- 63 

bic layers, helping to avoid the moisture absorbed by the respirator. The intermediate lay- 64 

ers' function, on the one hand, as support to provide thickness and shape (made of 65 

modacrylic) to the equipment, and on the other hand, filtering (made of nonwoven PP) 66 

dangerous particles to the user [3]. When comparing the different kinds of masks men- 67 

tioned before, some studies indicate that rudimentary cloth face masks/ homemade face 68 

masks have a low filtration efficiency; however, they are reusable, comfortable, and have 69 

a satisfactory breathability. Surgical masks are comfortable, present a satisfactory breath- 70 

ability, and show a higher filtration efficiency than the homemade masks. Although, their 71 

filtration efficiency for micro and nanoparticles is not great. Moreover, surgical masks are 72 

not reusable. Respirators are the ones with the better filtration efficiency performance for 73 

particles from all sizes, however they are also not reusable and present a low breathability. 74 

All in all, respirators have an overall better performance [4,6,7]. 75 

 The PPEs available, particularly facial masks, have shown a few problems: face 76 

masks are more efficient with higher filtration, with the possibility of being reusable, and 77 

with antimicrobial capabilities [1,3]. When studying patients infected with the influenza 78 

virus, surgical masks were showed to be highly effective in blocking virus-containing par- 79 

ticles with bigger sizes (≥ 5µm) but less effective for smaller particles [1,2]. Some masks 80 

and respirators are made of materials like cotton and synthetic fabric, which have larger 81 

pore sizes and, therefore, will not be very effective in filtering tiny virus-laden droplets, 82 

pathogens, and nanosized contaminants [1,2]. Another concern is the negative impact that 83 

this not reusable PPE brings to the environment. Recent research studies shown that 84 

healthcare workers worldwide used more than 44 million non-reusable PPEs every day 85 

during the COVID-19 pandemic. The majority of these PPEs have their composition pol- 86 

ypropylene, which is a cheap material and has good performance characteristics; how- 87 

ever, these kinds of masks are of single-use and are normally incinerated or sent to a land- 88 

fill aggravating the environmental impact [2,4].  89 

 To improve the efficiency of facial masks and other medical textiles, several studies 90 

have been performed, like employing modified filter layers, for instance, nanofibers, or 91 

by modifying the filter surfaces by adding materials with antimicrobial capabilities to im- 92 

prove their efficiency [3]. It's proven that adding antimicrobial agents to these products is 93 

a highly effective way to prevent infections caused by various pathogens through the in- 94 

hibition of viruses, fungi, and bacteria [2].  95 

 There are different chemical and physical methods to promote superficial changes in 96 

fabrics. Although the most used ones are solution-based processing, other methods have 97 

been attracted a lot of attention in the last years for fabric surface modification, such as 98 
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spray coating, sol-gel processing, direct chemical grafting, dip-coating, or physical vapor 99 

deposition (PVD) methods [8-11]. The sputtering process (PVD technique) is a coating 100 

method performed in a vacuum atmosphere. The coating material (target) is sputtered 101 

with a noble gas (typically Ar). Then, in a vapor phase, it is transported until it reaches 102 

and condenses at the substrate, forming a coating. It is even possible to introduce a reac- 103 

tive gas that will interact with the growing film forming a compound coating [11]. This 104 

technology has been implemented to modify various material surfaces, with particular 105 

attention to textiles. Several kinds of coatings can be obtained to modify the textile surface, 106 

but to introduce the hydrophobic character without toxicity, diamond-like carbon (DLC) 107 

is the most appropriate [12]. The antimicrobial feature is gained with this coating, but if 108 

the DLC is doped with silver nanoparticles (AgNPs) in a non-toxic amount, the fabric 109 

becomes efficient against microbial colonization [13,14].  110 

In this review, it is intended to show the most relevant improvements in the surface 111 

treatment of textiles, especially by using the sputtering technique. It will also be shown 112 

how DLC doped with AgNPs can be an efficient approach to transform simple textiles, 113 

giving them the properties that the population needs to be able to live a healthier life, 114 

especially during a pandemic period. 115 

 116 

2. Technical Textiles 117 

A technical textile can be defined as a textile material and product manufactured mainly 118 

for its technical and performance characteristics rather than its artistic or ornamental fea- 119 

tures [15]. There is a huge variety of fibers used for technical textiles, depending on the 120 

end-product: natural fibers that are characterized by high modulus/strength, moisture in- 121 

take, low elasticity and elongation; regenerated cellulosic fibers that possess low modu- 122 

lus/strength and elasticity as well as high elongation and moisture intake; and synthetic 123 

fibers, for instance, nylon, polyester, and PP, which possess high modulus/strength and 124 

elongation with an acceptable elasticity and comparatively low moisture intake [15]. The 125 

combination of all these different fibers with functional finishing processes allows the cre- 126 

ation of tailor-made textiles that have an improved performance when compared to con- 127 

ventional textiles. When referred to the textile industry, medical textiles have attracted the 128 

most attention in the last years and are the one with the fastest progress in the textile field 129 

[16]. 130 

2..1 Medical Textiles 131 

The variety of textiles available for use in biomedical applications is vast, and various 132 

textiles are chosen based on the purpose. Natural wool, for example, may provide great 133 

thermal insulation and physical protection to the user in many situations (dry and wet 134 

conditions) due to its outstanding characteristics (hydrophobicity, etc). [17].  135 

 However, there are a few concerns regarding the application of textiles in medical 136 

products. Because of their capacity to retain humidity and large surface area, numerous 137 

textiles are prone to facilitate the growth of microorganisms, for instance fungi and bacte- 138 

ria, and their quick multiplication under ideal circumstances [1,4]. This causes several 139 

negative effects such as diminished mechanical strength, production of unpleasant odors 140 

and discoloration of the textiles, and, more importantly, increased chance of user contam- 141 

ination [4]. With the intention of find solutions to these problems and improve or give 142 

certain properties to some textiles, several superficial modifications are being studied. For 143 

example, with plasma treatments is possible to confer to the surface of the textiles very 144 

low surface energy, giving to these textiles hydrophobic capabilities, which make them 145 

water-repellent with a bonus of not affecting the original characteristics of the textiles, for 146 

instance, the hand feels as well as the breathability [10]. Moreover, depending on the used 147 

finishing agent, plasma treatments can also provide other functional properties to textiles: 148 

UV protection, flame-retardant, antimicrobial, and cosmetic properties[18].  149 
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For medical textiles, there are many textiles materials used depending on their func- 150 

tionality. They can be used as implantable materials (sutures, vascular grafts), as non-im- 151 

plantable materials (pressure garments, secondary dressings), in healthcare/hygiene 152 

(clothing, masks, wipes), or intelligent medical and healthcare textiles (chromic materials, 153 

phase changing materials) [19]. In the example of the PPE's, nonwoven fabrics (TNTs), 154 

cloth, and jersey format fabrics are the most commonly used. 155 

TNT is created by connecting a mass of fibers using heat, chemical, or mechanical 156 

methods, rather than intertwining fibers like in traditional textiles. TNTs are the most 157 

commonly utilized material for medical clothing, despite being mechanically weaker than 158 

its counterpart. This is owing to its comparatively low cost and speed of production, as 159 

well as its excellent levels of sterility and infection control, which are critical in applica- 160 

tions such as medical clothing. For these reasons, TNTs are frequently used in the produc- 161 

tion of disposable medical clothing, such as surgical masks, surgical caps, and surgical 162 

gowns [1,2]. Regarding surgical masks, they are typically produced with nonwoven fi- 163 

brous, for instance, glass papers, PP, and woolen felt [3]. 164 

Alternatively, homemade masks are typically produced by woven textiles made from 165 

pure cotton or polyester-cotton blends, such as jersey textiles [2]. The downside of using 166 

woven fabrics in protective clothing when compared with TNTs are their worst barrier 167 

properties against liquids and bacteria; however, they normally provide a better wearer 168 

comfort to the user and are able of sustaining several washing/cleaning processes, giving 169 

them a reusability property that TNTs usually fail to have [2]. Furthermore, while select- 170 

ing materials for medical textiles, sustainability and environmental factors must be con- 171 

sidered [15]. As a result of the rising limits on the use of synthetic fabrics (such as TNTs), 172 

eco-friendly alternatives, such as natural fibers, are being used to manufacture these 173 

items. Cotton is an excellent example of natural fibers that may be utilized to make med- 174 

ical clothing, not only because it is a sustainable material, but also because it is inexpen- 175 

sive, biodegradable, renewable, and lightweight [15,20]. 176 

3. Surface modification of textiles 177 

3.1 Current research in the textile surface modification 178 

Nowadays, in textile manufacturing, surface treatments are of the most importance 179 

to give the desirable properties for its application. Surface treatments, including printing, 180 

dyeing, and other chemical or physical treatments, can improve the appearance or feel of 181 

textiles and add to textiles' unique functions, such as control of surface wetting or UV 182 

protection, among other factors functions. Most of these surface treatments rely on heavy 183 

use of heating sources during the process to dry the textiles, and consequently, are energy- 184 

intensive processes and expensive. Thus, the textile sector is seeking new methods to im- 185 

prove existing product characteristics while minimizing environmental impact and en- 186 

ergy use. Some surface modification methods are following described. 187 

The Atomic layer deposition (ALD) is a surface modification method that can coat 188 

substrates with excellent uniformity across large areas with complex topographies. Due 189 

to these characteristics, ALD has been studied as a possibility to coat textiles give them 190 

new capabilities [17].  191 

It is known that when textiles are exposed to ultraviolet rays, the fiber mechanical 192 

performance degrades and also leads to visible color changes. The ALD technique by coat- 193 

ing textiles and fibers increases physical stability and ultraviolet protection [17]. The de- 194 

sire for high-performance and self-cleaning fabrics has prompted researchers to investi- 195 

gate how ALD might manipulate fiber surface wetting characteristics. Increased surface 196 

energy, which may be obtained by the deposition of polar metal oxide nanocoatings using 197 

ALD, is one approach to improve fiber wetting capacities. Inorganic ALD layers on poly- 198 

mer films have been shown in certain experiments to considerably decrease the passage 199 

of water and other vapors into and through the polymer. ALD has also been investigated 200 

by various research groups for biocompatible and bio-adhesive surface treatments, and to 201 
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alter and regulate nanomaterial toxicity. All of these characteristics might be useful in bi- 202 

omedical applications such as face masks and medical gowns [17]. 203 

The high temperatures involved with the process, which some fabrics may not toler- 204 

ate without damage, and the fact that traditional batch processing is too slow and expen- 205 

sive for most applications, are the most difficult hurdles for ALD use in textiles. This final 206 

point might indicate that ALD will be used first in high-value items such as specialty me- 207 

dicinal materials [17]. 208 

The sol-gel technique is a low-temperature approach for synthesizing materials that 209 

are either completely inorganic or partially inorganic and organic and is based on the hy- 210 

drolysis and condensation reaction of organometallic compounds [21]. Sol-gel chemistry 211 

has been used to treat textiles with modified inorganic sols in recent years, bringing up a 212 

slew of new options for fiber surface functionalization [21, 22]. The use of sol-gel technol- 213 

ogy in textiles offers several advantages, including reduced chemical use, less water use, 214 

low-temperature treatment, ease of application, and the ability to provide textile materials 215 

several functional characteristics in one step by combining suitable inorganic precursors 216 

(multifunctional finishing). Sol-gel technique, on the other hand, has drawbacks such as 217 

high precursor material prices, the potential to limit the elasticity of textile materials, and 218 

limited washing durability [21, 22]. 219 

Water or oil repellency, dyeing, antimicrobial properties, self-cleaning properties, bi- 220 

oactivity, thermal and tensile properties, UV protection, and reduced flammability are just 221 

a few of the functional properties that can be given to textile materials using sol-gel tech- 222 

nology, many of which are of interest for biomedical applications [21, 22]. A hydrophobic 223 

effect can be achieved by lowering the surface tension of textile materials against liquids. 224 

A sol-gel technique and a mixture of nano-sol containing silica nanoparticles, triethox- 225 

ysilane, and hexadecyltrimethoxysilane, certain experiments in cotton, cotton/polyester, 226 

and polyester textiles were able to give those materials superhydrophobic characteristics 227 

[22]. Furthermore, functions such as ultraviolet protection may be achieved via the sol-gel 228 

technique, for example, by incorporating TiO2 and ZnO nanoparticles into textile materi- 229 

als. Through a photocatalytic reaction, TiO2 nanoparticles provide ultraviolet protection 230 

as well as self-cleaning, a process that can also lead to the breakdown of organic and in- 231 

organic contaminants. This indicates that the photocatalytic reaction provides antibacte- 232 

rial characteristics in addition to ultraviolet protection and self-cleaning [22]. When con- 233 

sidering giving antimicrobial properties to textiles using sol-gel technology, there are 234 

plenty of antimicrobial substances that can be applied through this technique. For exam- 235 

ple, silver chloride (AgCl) is usually used in cotton fabrics against fungi, ZnO is applied 236 

in cellulosic fibers, and chitosan is applied in wool to give it antimicrobial activity [22]. 237 

With the introduction of polymer nanocomposites, a new class of nano finishing ma- 238 

terials for textiles may be developed, each with its own set of structure-property relation- 239 

ships that are only tangentially connected to their components and their micron and 240 

macro-scale composite counterparts. Although polymer nanocomposites with inorganic 241 

fillers of various dimensionality and chemistry are feasible, research into the immense 242 

potential of these novel materials has only just begun [23]. Significant research activities 243 

have been directed towards developing antimicrobial coatings to protect high-touch sur- 244 

faces in healthcare institutions to minimize the financial burden and avoidable fatalities 245 

caused by healthcare-associated infections (HAIs). Surface hydrophilisation has been 246 

widely used as a new paradigm to minimize microorganism colonization in recent years. 247 

Surface hydration layers induced by hydrophilic polymers could give anti-biofouling 248 

properties to surfaces because a layer of tightly bound water acts as an energetic and phys- 249 

ical barrier to biofouling processes such as protein attachment, initial bacterial attachment, 250 

and subsequent biofilm formation [24]. 251 

Electrospinning is a simple but powerful technique for producing a continuous 252 

stream of nano- and microfibers from natural and manmade polymers, as well as inor- 253 
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ganic oxide materials. The following are the fundamental ideas of a typical electrospin- 254 

ning process: To produce the fiber, a high voltage is utilized to create an electrically- 255 

charged jet of polymer solution or melt, which dries or hardens on extrusion [25]. 256 

Conventional fiber spinning processes typically generate polymer fibers with diam- 257 

eters in the micrometer range, but when the fiber diameter is lowered to nanometers, the 258 

surface area to volume ratio increases dramatically. High specific surface area, nanoscale 259 

interstitial space, heat insulating capabilities, electromagnetic shielding, biocompatibility, 260 

adjustable porosity, and mechanical resistance are all structural characteristics of electro- 261 

spun nanofibers and nonwoven textiles. Electrospun fibers have a large specific surface 262 

area, which allows them to have a high capacity and a large amount of adsorption sites 263 

for the effective absorption or release of molecules, particles, and functional groups [25- 264 

28]. Because the porosity may be adjusted in the electrospinning process, it is feasible to 265 

produce a high porosity, which allows for the development of extra channels for air to 266 

move through the fabric while preventing the passage of undesirable particles. Conse- 267 

quently, by providing selective permeability for water droplets or vapor, the high porosity 268 

and well-designed pores provide the feasibility of waterproof and moisture permeable 269 

fabrics [27,28]. 270 

Different functions can also be produced depending on the materials utilized in the 271 

electrospinning method. Electrospun textiles made of natural polymers, for example, nu- 272 

cleic acids, proteins, and polysaccharides, have inherent biocompatibility. Additionally, 273 

introducing different antibiotics and antimicrobials such as ZnO and AgNPs has shown 274 

an increase in the antimicrobial effectiveness of electrospun textiles[25]. To give this anti- 275 

microbial ability, there are two different methods. The first technique involves electro- 276 

spinning precursor liquids or suspensions containing polymers and antimicrobial chemi- 277 

cals in one step to produce antimicrobial nanofibers. The second technique consists of two 278 

steps: electrospun polymeric nanofiber production and antimicrobial nanofiber post-func- 279 

tionalization [26]. These characteristics make electrospun textiles promising scaffolds for 280 

various applications. 281 

 Electrospun materials have piqued attention in recent years, not only in traditional 282 

textile sectors, but also in cutting-edge research disciplines such as fundamental and ap- 283 

plied biomedical research. The COVID-19 pandemic, for example, has generated a surge 284 

in demand for PPE, underlining the relevance of electrospun fabrics, such as those used 285 

in mask filters, in effectively preventing nanoscale contaminants like viruses [25]. 286 

Nanotechnology applied to textile materials might result in the addition of a variety 287 

of functional characteristics to the underlying substrate. These functional qualities are cru- 288 

cial since they provide substantial benefits in wear comfort and maintenance. The imple- 289 

mentation of nanotechnology in textiles might result in introducing or improving various 290 

functional properties, such as antimicrobial ability, flame-retardant, UV protection, and 291 

easy-care finishes, in particular with the application of metal oxide and metal nanoparti- 292 

cles. Novel uses of textile materials utilizing nanotechnology in biological detection, haz- 293 

ardous gas breakdown, and self-decontamination are also being researched and investi- 294 

gated [29]. 295 

Plasma is an ensemble of charged, excited, and neutral species that includes any or 296 

all of the following: electrons, positive and negative ions, atoms, molecules, radicals, and 297 

photons. It is frequently referred to as the fourth state of matter.[21,30]. These particles, 298 

which are formed by the electrical dissociation of inert gases, receive their own energy 299 

from the applied electric field and lose it when they collide with the material surface. 300 

Chemical bonds in the material surface are disrupted during surface collisions, resulting 301 

in the formation of free radical groups on the surface. These particles are chemically active 302 

and can add new functional groups to the material's surface, which can then be employed 303 

as polymerization precursors [30]. Because plasma surface modification does not need the 304 

use of wet-chemical compounds, it is considered a low-cost and ecologically friendly 305 

method [21,31]. One of the primary benefits of plasma treatment is that it only affects the 306 

surface characteristics of substrates, not the bulk qualities [32]. 307 
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Plasma treatment technique in textiles can bring characteristics to fabrics such as an- 308 

tibacterial activity, hydrophobicity, flame retardancy, and ultraviolet protection, depend- 309 

ing on the materials employed in the procedure. Many research has demonstrated that 310 

water-repellent characteristics may be bestowed on many fabrics, such as cotton, polyes- 311 

ter, and silk, utilizing plasma treatments. Also, with the introduction of metallic particles 312 

like Ag or Cu, it is possible to give antimicrobial properties to some textiles' sur- 313 

faces[21,31]. 314 

3.2 Magnetron Sputtering (MS) in medical textile functionalization 315 

Vapor deposition is a coating technique where a vapor phase material is condensed 316 

at the substrate in a vacuum environment to produce a thin coating. In some cases, the 317 

deposited substance interacts with the gaseous molecules, even more, resulting in a com- 318 

pound coating on the substrate. Metals and non-metals can both be deposited in general 319 

[33]. To satisfy this requirement, a variety of deposition methods are used. These ap- 320 

proaches use a vacuum to reduce undesired interactions with the environment and make 321 

it easier to shape the coating composition. 322 

PVD stands for physical vapor deposition and encompasses a wide range of vacuum 323 

deposition techniques. PVD is typically split into two processes: evaporation and sputter- 324 

ing. To create vapor in the form of atoms, molecules, or ions supplied from a target, phys- 325 

ical techniques such as sputtering and evaporation are utilized. The particles are subse- 326 

quently transported and deposited on the substrate surface, resulting in the development 327 

of a film. 328 

The evaporation technique requires high temperatures during the process, which 329 

limits the use of this technique to coat textiles. 330 

Sputtering, on the other hand, uses a substrate temperature that is far lower than the 331 

target material's melting point, making it a viable option for coating temperature-sensitive 332 

materials like textiles. This leads to the sputtering technique becoming more relevant 333 

among physical vapor deposition techniques to meet the constant increase in market de- 334 

mands. 335 

The most prominent sputtering processes are the cathodic arc physical vapor depo- 336 

sition (CAPVD) and the magnetron sputtering (MS).  337 

The CAPVD is a technique that includes passing a low-voltage high-density electric 338 

current across two electrodes. Due to the simultaneous vaporization and ionization of the 339 

cathodic substance, this action is carried out under a vacuum, culminating in the creation 340 

of plasma. Unlike other PVD processes, the coatings produced are intermixed layers with 341 

improved adherence, which is owing to the high kinetic energy [34]. 342 

The MS process involves energetic ions colliding with a target surface, which usually 343 

results in the ejection of target atoms. The MS method confines the plasma to an area near 344 

the target using strong magnets, which dramatically enhances the deposition rate by 345 

maintaining a greater ion density, making the electron/gas molecule collision process 346 

much more efficient. Alloys, elements, and compounds may all be sputtered and depos- 347 

ited using the MS method. The sputtering target also provides a steady and long-lasting 348 

material supply. Reactive deposition may be accomplished in a variety of conditions by 349 

utilizing reactive gaseous species activated in plasma. The cathode and substrates can be 350 

positioned close together in this technique, resulting in a compact system chamber. An- 351 

other benefit of magnetron sputtering is the reduced electron bombardment of the sub- 352 

strate, which is beneficial for temperature-sensitive substrates like textiles. As a result of 353 

these advantages, the MS technique is of great interest among the scientific community 354 

since the obtained coatings allow a much larger surface area with improved durability 355 

and functionality without any adverse effect on the textile feel. Furthermore, because of 356 

the nano-scaled alteration on textiles, it is an environmentally benign technique that pro- 357 

vides an appealing alternative for adding new functions such as water repellency, me- 358 

chanical and antibacterial characteristics, and biocompatibility [35]. Consequently, it can 359 
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be applied in a large number of industrial applications, with a particular focus on surgi- 360 

cal/medical applications such as face masks. 361 

There are opportunities for improvements using the versatile MS technique for high- 362 

quality coatings on temperature-sensitive substrates like textiles. Sputter films offer new 363 

ways to functionalize textiles by combining oxide, metallic, and composite films to obtain 364 

various characteristics. The most significant benefit of sputtering deposition is that even 365 

the highest melting point materials may be sputtered on textile substrates at low temper- 366 

atures. Nanocomposite films can also be made by co-sputtering different materials. The 367 

sputtering approach for functionalizing textiles is usually applied only on the side facing 368 

the target due to the technology's directed deposition [36]. 369 

The adherence of MS-deposited films to textiles is superior to that of other coating 370 

methods. Despite this, due to sputtering techniques and varied textile substrates, adhe- 371 

sion between films and textiles was inconsistent. HiPIMS, for example, enhanced adhe- 372 

sion between films and textile substrates by operating at higher energies and with a 373 

greater density of electron/metal ion pairs than DCMS [37]. Aside from the fabric structure 374 

differences such as knitted textiles, woven textiles, and nonwoven textiles, a variety of 375 

other factors may influence the adhesion between the sputter film and textile substrates, 376 

such as surface morphology different surface chemical properties, and porosity size of the 377 

fiber materials. When adhesion was lacking, it was feasible to significantly improve adhe- 378 

sion by correctly correcting inadequate fiber surface activation, thermal expansion coeffi- 379 

cient discrepancies, and internal stress [38]. The adherence of coatings and fabrics can be 380 

improved by plasma pretreatment of the fabric substrates. The effect on adhesion was 381 

universally positive. Chen et al., for example, utilized oxygen plasma to pretreat polyester 382 

cloth for one minute before applying a brass coating by HIPIMS [39]. The brass coating's 383 

adherence to the cloth was significantly enhanced. Because it produces activation and the 384 

required material surface functionalization, the coating adherence is improved by pre- 385 

treatment with oxygen plasma. In addition to physically cleaning the textile surface, the 386 

chemical significance conferred by the oxygen plasma pretreatment is critical. Before ap- 387 

plying a TiO2 coating to a polylactic acid textile, Saffari et al. employed low temperature 388 

plasma to pretreat it [40]. The TiO2 particles on the polylactic acid fibers' surface grew 389 

more compact as the plasma treatment time and sputtering time were increased. The ini- 390 

tial TiO2 coating and the chemical change caused by the oxygen plasma pretreatment sig- 391 

nificantly improved film adherence and resistance to washing. Al2O3 coatings on the sur- 392 

face of polyester woven and nonwoven fabrics were applied by Depla et al. Plasma pre- 393 

treatment significantly improved the adhesion, continuity, and compactness of the films 394 

in all samples [41]. Hegemann et al. have demonstrated an alternate approach for depos- 395 

iting Ag on textiles, plasma sputtering, which combines cleaning and deposition in a sin- 396 

gle step. With smooth films, they were able to obtain excellent adherence to polyester fi- 397 

bers [36].  398 

The application of MS for the deposition of metallic and oxide films on textiles has 399 

grown in popularity in recent years for functional purposes in a variety of medical appli- 400 

cations. UV resistance and antibacterial characteristics were found in textiles coated with 401 

Cu films [43]. MS-coated Cu film textiles exhibited good antibacterial activities against E. 402 

coli. The bacteriostatic rates against Escherichia coli of the Cu film produced by HiPIMS 403 

were more than three times greater than those deposited by DCMS under the same sput- 404 

tering circumstances [37]. Cu and Ag were sputtered on textiles by Scholz et al. [44]. Cu's 405 

antibacterial capabilities outperformed Ag only on a few types of bacteria, such as Staph- 406 

ylococcus aureus and Escherichia coli, when compared Cu and Ag coated textiles. 407 

Rtimi et al. coated polyester textiles with TiON and TiON-Ag coatings to improve 408 

the antibacterial action [45]. Escherichia coli was completely killed in 120 minutes when 409 

the TiON coating thickness was 70 nm. On the TiON-Ag coating, Escherichia coli was 410 

killed much quicker (within 55 minutes) when Ag was added to the coating. Rtimi et al. 411 

also used polyester textiles to deposit TiN and TiN-Ag coatings [46]. They discovered that 412 
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when Ag-doped (TiN-Ag) coatings were compared to TiN coatings, the rate of bacteria 413 

deactivation increased. 414 

The sputtering deposition of TiO2 coating on textiles improves their UV resistance 415 

and antimicrobial properties [47,48]. In another work, Rtimi et al. also deposited Cu, TiO2 416 

film, and TiO2/Cu coatings [49]. They discovered that TiO2/Cu coating had a considerably 417 

greater antibacterial impact than the others. TiO2 was said to have a synergistic impact on 418 

Cu[50]. Furthermore, the antibacterial effectiveness of the Cu/CuO coating deposited on 419 

polyester textile against E. coli was more than 3 times that of the deposited Cu coating 420 

[51]. 421 

On the other hand, Subramanian et al. deposited CuO coatings on polyester nonwo- 422 

ven textiles. The coated textiles revealed a strong antibiotic effect on Staphylococcus au- 423 

reus and Escherichia coli[52]. When deposited ZnO coatings on textiles, the coated textiles 424 

could also get favorable anti-ultraviolet and antimicrobial properties[53,54].  425 

Because of its antibacterial characteristics, Ag has been widely utilized in the func- 426 

tionalization of textiles. Hegemann et al. deposited Ag on fabrics by magnetron sputtering 427 

process [36]. They were able to achieve good antibacterial activity with modest quantities 428 

of deposited Ag while maintaining the fabric's characteristics. Scholz et al. used the mag- 429 

netron sputtering technique to create textiles containing SiO2 fibers covered with precious 430 

metal PVD layers. The antibacterial efficacy of platinum, silver, copper, gold, and plati- 431 

num/rhodium layers was determined. Copper was presented to be the more efficient 432 

against fungus and bacteria. Silver was also efficient against bacteria, although its activity 433 

against fungus was found to be limited. The efficacy of the other metals tested was not 434 

achieved [44,55]. Shahidi's objective was to improve the fastness and antibacterial charac- 435 

teristics of colored cotton samples. Cotton textiles were dyed using a variety of dyes, and 436 

the dyed samples were then sputtered with Ag and Co for 15 seconds using a plasma 437 

sputtering apparatus. For the production of a metal nano-layer on the surface of samples, 438 

he employed a DCMS method. He noticed that the differences in characteristics caused by 439 

sputtering might improve the performance of some textiles. As a result, the sputtering 440 

approach might be a unique way to improve the washability and lightfastness of colored 441 

cotton samples [56]. The textiles' antimicrobial activity lasted for at least 30 cycles after 442 

laundering [57,58]. Using HiPIMS, Chen et al. deposited Ag on poly(ethylene tereph- 443 

thalate) fabric. Antimicrobial activity against Staphylococcus aureus and Escherichia coli 444 

was discovered in the samples. Rtimi et al. deposited ZrNO and Ag on PET textiles to 445 

create antimicrobial textiles with ZrNO-Ag composite coatings. The antimicrobial effect 446 

of the composite coating on Escherichia coli was significantly improved when compared 447 

to the single-layer coating[60]. 448 

 449 

4. Diamond-like carbon  450 

The hydrophobicity, high hardness, transparency, excellent thermal conductivity, 451 

chemical stability, and biocompatibility of diamond-like carbon (DLC) coatings are well- 452 

known. 453 

Deposition techniques for DLC coatings include radio frequency, plasma-enhanced 454 

chemical vapor deposition, ion beam deposition, ion plating, plasma immersion ion im- 455 

plantation and deposition, filtered cathodic vacuum arc, pulsed laser deposition, ion beam 456 

sputtering, and mass-selected ion beam deposition [61-69]. 457 

The magnetron sputtering process, in particular, is a very promising and versatile 458 

technique for performing DLC coatings because it allows carbon coating growth even at 459 

low substrate temperatures and delivers ion bombardment of the surface, which has the 460 

benefit of increasing coating adhesion to the substrate and thus improving coating quality.  461 

For their role as outstanding protective coatings in bio-applications, DLC character- 462 

istics have been widely investigated. In vitro, diamond-like carbon coatings have antibac- 463 

terial and anti-biofouling properties against bacteria such as S. aureus, S. epidermidis, and 464 

P. aeruginosa [70,71]. Bacterial adherence to the diamond-like carbon film is linked to their 465 
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sp2 and sp3 hybridization, and lowering the sp3/sp2 ratio improves antimicrobial efficacy 466 

significantly [72]. Because of their strong interaction with human cells and improved cor- 467 

rosion resistance and wear, DLC coatings having a large proportion (>80%) of sp3 bonds 468 

are often used for biomaterial films [73]. Some methods have been proposed in order to 469 

better understand the bactericidal efficacy of DLC films. One mechanism is the direct 470 

physical damage to microorganisms caused by interaction with pure diamond-like carbon 471 

films, which results in severe membrane degradation and the release of microbial internal 472 

compounds [74]. Other researchers hypothesized that diamond-like carbon films' antibac- 473 

terial action stems from their chemical inertness as a result of the weakening of the chem- 474 

ical contact during the bacterial adhesion process [75]. The mechanism of DLC coatings 475 

can be altered depending on the microbiological species in a variety of circumstances. 476 

DLC and DLC doped with germanium, for example, had a significant anti-biofouling im- 477 

pact against gram-negative bacteria but did not inhibit gram-positive bacteria [76]. It's 478 

worth noting that there's some evidence that DLC films have extremely poor or non-ex- 479 

istent antibacterial action against Staphylococcus epidermidis and Staphylococcus aureus 480 

[77-79]. DLC coatings' bactericidal activity is closely connected to their surface profile, 481 

which includes a strong dispersive component of surface energy, hydrophobicity, and 482 

smoothness [80]. 483 

The high hydrophobicity of DLC coatings, in particular, can induce changes in bac- 484 

terial cell membranes, leading to biological death [81]. Furthermore, the surface free en- 485 

ergy is a key factor influencing DLC antibacterial efficacy. The surface energy value of 486 

DLC coatings is frequently carefully chosen for specific purposes. Many elements can be 487 

added to DLC coatings with the goal of changing the value of surface energy. The addition 488 

of fluorine groups, for example, causes bonding changes in DLC coatings by lowering C– 489 

CF bonds and increasing CF and CF2 bonds, enhancing antibacterial effectiveness by rais- 490 

ing the work of adhesion of the coatings for bacteria [82]. Fluorine has the capacity to 491 

change the wettability of diamond-like carbon coatings by lowering the surface free en- 492 

ergy and increasing the contact angle [83]. The initial attachment of microorganisms is 493 

known to be significantly connected to the total surface energy of the coatings, as the num- 494 

ber of adherent cells decreases as the total surface energy of the coatings decreases [84]. 495 

As a result, considering the surface characteristics of DLC films will aid in the design of 496 

bactericidal films by optimizing the surface energy. 497 

Nanoparticles are commonly added to DLC coatings in order to activate or enhance 498 

their antibacterial characteristics. Incorporating a metal particle into the DLC structure 499 

can function as a catalyst for the formation of sp2-rich boundary sites [85,86]. It has been 500 

discovered that a low silver concentration can reduce the number of carbon atoms bound 501 

in sp2 configuration, which promotes sp3 bonding, but a greater Ag content raises the 502 

sp2/sp3 ratio [87]. Cu nanoparticles, on the other hand, are well recognized for improving 503 

the bactericidal activity of DLC coatings. Experiments revealed that adding Cu to a-C:H 504 

enhanced its antibacterial activity by up to 99.9% (>58.76 wt. percent) [85]. Furthermore, 505 

Cu has the ability to alter the wetting characteristics of DLC coatings, affecting bacterial 506 

adhesion considerably [88,89]. Metallic nanoparticles may have disadvantages over the 507 

DLC matrix in a variety of scenarios. For example, adding Ag to a-C:H coatings improved 508 

their antibacterial and hydrophobic properties, but it came at the cost of decreased hard- 509 

ness. Additional increases in Ag content did not help to improve antibacterial ability, but 510 

they did result in a significant loss in surface flatness and hardness [90]. Whether the 511 

mechanism of nanoparticles embedded into DLC films is identical to that of free particles 512 

or whether these particles function differently is unknown [76]. Nonetheless, due to their 513 

ability to control the release of antimicrobial nanoparticles, DLC/composite coatings are 514 

used effectively as tailored antimicrobial films [91]. 515 

4.1 DLC coating with Nanoparticles     516 

Because of their small sizes, unique chemical and physical properties, and high spe- 517 

cific surface, materials for instance metal nanoparticles, metal oxide nanoparticles, carbon 518 
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nanomaterials, and their composites have been extensively used as new antimicrobial 519 

agents. This enables them to dissolve more quickly in a given solution than bigger parti- 520 

cles, releasing more metal ions [4,92]. Furthermore, these compounds are readily incorpo- 521 

rated into the polymeric matrix of fibers, making them excellent for use in textiles [4]. 522 

Consequently, the incorporation of Au, CuO, ZnO, TiO2, or Ag Nanoparticles to 523 

DLCs, with Ag being the element most likely used to obtain antimicrobial properties, 524 

could allow fabrics, including those used in masks, to have the two properties that are 525 

crucial in this study: antimicrobial and hydrophobic [93]. 526 

AgNPs are the most widely used antimicrobial nano agent because of their broad- 527 

spectrum antimicrobial properties and strong antimicrobial effectiveness against a large 528 

number of bacteria, viruses, and fungi, which is also higher when compared to particles 529 

made from other heavy metals such as Au and Zn [92]. The antimicrobial mode of action 530 

of metals, which may be triggered by the metal reduction potential, metal donor atom 531 

selectivity, and/or speciation, can trigger the biocidal effect of metals [4]. This mode of 532 

action may cause a variety of processes, such as the formation of reactive oxygen species, 533 

that have a significant impact on the integrity and functionality of bacteria and viruses, 534 

including cell wall synthesis damage or inhibition, cell membrane function inhibition, 535 

protein synthesis inhibition, nucleic acid synthesis inhibition, and inhibition of other met- 536 

abolic processes [4]. The antibacterial activity of Ag, particularly, has been recognized as 537 

an oligodynamic effect, and in compounds exhibiting this oligodynamic effect, only very 538 

tiny amounts of the active substance are required for substantial antimicrobial activity, 539 

further supporting Ag's high efficiency [94].  540 

In relation to the combination of DLC and Ag, there are several studies that show 541 

that silver-doped DLC (AgDLC) coatings have an excellent antimicrobial effect [93].  The 542 

biocidal action of AgDLC thin films is longer than other substrates with metallic NPs, as 543 

the film surface is continuously renewed with Ag due to its segregation through the car- 544 

bon matrix. Concentration gradients attract Ag ions to the top layer of the surface, where 545 

most of the moisture and less Ag ions are present. The bacteria are also contained in this 546 

higher layer, allowing the silver ions to reach their target locations and impact microbial 547 

viability [94]. As bacteria only interact with surface' materials, AgDLC films exhibit im- 548 

proved and extended antimicrobial activity compared to films without silver segregation. 549 

This phenomenon shows the advantage of AgDLC films over AgNPs, as the Ag content 550 

can be reduced while maintaining a high antimicrobial activity [93], opening the possibil- 551 

ity of controlling the antimicrobial action of this type of coating. Therefore, a successful 552 

deposition of AgDLC coating in textiles may provide a wide range of possibilities in the 553 

biomedical sector, depending on the desired application. 554 

 555 

5. Conclusions and Perspectives 556 

With the advances made across all the fields, such as physics, chemistry, electronics, 557 

etc., more and more methods and tools are available to be tested and studied. The textile 558 

industry is not indifferent to this, and therefore there are all these new processes being 559 

studied in order to improve the effectiveness and performance of textiles, in particular 560 

medical textiles. There has been lingering some bacterial and infectious problems in 561 

healthcare environments, problems that have been augmented during the Covid-19 pan- 562 

demic, and therefore the interest in antimicrobial textiles has intensified. The medical tex- 563 

tiles available throughout healthcare environments all over the world are far from ideal, 564 

however the technology required to enhance some of those textile's performance is al- 565 

ready available. Some of the methods that raise more interest are surface modification 566 

methods. Nowadays, there are a few surface modification methods, such as polymer coat- 567 

ings, that allow the implementation of finishing treatments in textiles in a way far more 568 

appealing to the textile industry sector, as they have the potential to reduce energy use 569 

and environmental impact while giving the desired finishing properties. The potential of 570 
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modified textiles is immense. Their use may facilitate some medical procedures, for ex- 571 

ample, as it is possible to give some textiles biocompatible characteristics, as well as use 572 

them as drug delivery systems. They can also prevent pathogens from spreading, as anti- 573 

microbial and hydrophobic properties may be given through finishing processes used in 574 

medical clothing or masks. The combination of DLC and AgNPs is one of the possibilities 575 

that are able to provide antimicrobial and hydrophobic characteristics to textiles. New 576 

methods and ideas to improve textiles performance keep being explored, as is the case 577 

with PVD techniques, and as more results and findings keep being shared throughout the 578 

scientific community, the performance of textiles can only improve. 579 
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