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Abstract: Personal protective equipment (PPE) has been adapted as biological threats have emerged,
such as increasingly drug-resistant bacteria and the emergence of new viruses such as COVID-19.
PPE must be increasingly resilient to prevent the proliferation of pathogens, but using sustainable
raw materials and environmentally friendly technologies. The aim of this study is to show a new way
of modifying the surface of various types of fabrics to enable their efficient use as PPE. The Ag/DLC
coating was successfully deposited by sputtering onto several types of textiles using different chemical
compositions of Ag/DLC (0, 8, 10, and 12Ag). As a crucial parameter, wettability was evaluated,
showing that silver addition increases the hydrophobicity character of the coated fabrics, namely
in cotton, changing from hydrophilic to hydrophobic. Antibacterial activity and cytotoxicity were
evaluated on all coatings, revealing that they are efficient in eliminating the spread of bacteria
(Staphylococcus aureus and Klebsiella pneumoniae) and pose no risk to the human body. The results
presented here are promising in protecting healthcare workers, with the next steps being to study
the efficiency of these coatings against viruses. In addition, this study reveals an opportunity to use
sustainable fabrics, such as cotton, with high efficiency in protection against pathogens, instead of
synthetic fiber textiles.

Keywords: personal protective equipment; sputtering; DLC; fabric; antibacterial

1. Introduction

Healthcare-associated infections (HAIs) have long been seen as a public health threat.
It is estimated that 3.8 million people acquire HAIs/year in EU hospitals [1], leading
to about 30,000 deaths/year [2]. Such infections cost millions of euros to health care
systems. The number of deaths increased in the last years with COVID-19, which reveals
the importance of the protection against any pathogen (viruses, fungus or bacteria) of the
patients and professionals in healthcare systems.

Alongside surface disinfection, the use of technical textiles in a healthcare environment
is a necessary tool to avoid the dissemination of the more resistant pathogens, since the
capacity of protection the healthcare workers (HCWs) against the pathogens is attributed
to this type of fabric. The necessity for medical textiles became more noticeable during the
COVID-19 pandemic, where the personal protective equipment (PPEs) available, such as
masks, gowns or coveralls [3,4], was critical to protect HCWs.

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
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semen [4]. In particular, for respiratory pathogens, they can be transmitted via droplets
coming from an infected person when talking, sneezing, coughing or exhaling [4]. These
droplets can spread the viruses through airborne, contact and fomites [5]. For this reason,
microbial contamination is of great concern for the production of 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 ev-
erywhere and are able to quickly multiply under certain circumstances. The growth of
microorganisms on textiles has several undesirable effects: the generation of unpleasant
odours, the diminishing of mechanical strength, stains, discoloration, and the increased
chance of user contamination [6].

Another problem commonly associated with the use of textiles is the transmission
of liquid through them by penetration and permeation, which involves the flow of gas,
vapor, or liquid through a porous material, and the diffusion of gas or vapor through a
porous material, respectively. Pathogens are larger in size than gas and vapor molecules
and are believed to penetrate and not permeate materials. The coronavirus, which causes
COVID-19, has been found to be transmitted via aerosols, being able to penetrate some
textiles [4,7].

To provide textiles with antimicrobial ability, there are different approaches being
studied and applied, such as the 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 [6,8]. 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 [6].
Also, fluid repellent finishes can be used to create a barrier which prevents adsorbed fluids
from penetrating fabrics [4].

Any antimicrobial treatment performed on a textile needs to satisfy certain require-
ments besides being efficient against microorganisms. The main challenge is for it not to
be cytotoxic or cause allergies, irritations and sensitization [6,8]. Moreover, 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 [6,9].

The antibacterial property of surfaces is acquired by using a bioactive agent, namely,
metallic nanoparticles (NPs), such as Ag, nano-ZnO, nano-TiO2, Cu, SiO2, or Au [4,10–13].
These NPs can be applied using various techniques such as spray, sonochemical, sol-gel,
foam coating, hot-melt extrusion, or spray-dry techniques [11,13].

Another method used to modify surfaces by forming a thin film is a physical vapor
deposition (PVD) process, of which there are different types, such as cathode arc deposition,
electron beam physical vapor deposition, evaporative deposition, sputtering or ion plat-
ing [14–16]. Among the basic sputtering deposition techniques, magnetron sputtering (MS)
is the most advantageous. MS uses powerful magnets confining the plasma to the region
closest to the substrate, which greatly improves deposition because it maintains a higher ion
density making the electron/gas molecule collision process much more efficient [17]. Also,
MS allows to deposit metallic or non-metallic films on various types of substrate surfaces
such as textiles (cotton, wool, silk . . . ), metal or ceramics by controlling the parameters
of the sputtering process and the target materials [18]. Due to the combination of metallic
nanoparticles and a matrix film, the coatings created through this process are characterized
by a large surface area with better functionality and durability. In addition, this technique
allows the combination of oxide, metallic and composite films to obtain different character-
istics, such as antibacterial and hydrophobic properties, which has attracted great interest
for medical applications [19]. Textiles coated with copper (Cu) and titanium dioxide (TiO2)
films have demonstrated UV resistance and antibacterial characteristics. Also, deposition
of silver (Ag) films on textiles has led to an improvement in antibacterial activity [20].
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In addition to the variety of types of coatings, PVD technology has important ad-
vantages over those mentioned above to incorporate NPs modifying the surface of the
substrates. In the case of polymer fibers, the deposition may take place at low temperatures
and the coatings have strong adhesion to the fibrous substrates [21]. Moreover, this method
is considered more environmentally friendly than other techniques since it does not use
chemical agents during the process.

To ensure the controlled release of NPs, thereby increasing the lifetime of the antibac-
terial capacity of the substrate, they are usually deposited on a matrix. As well as being
biocompatible, diamond-like carbon (DLC), an amorphous carbon-based thin film grown
by PVD, exhibits high properties such as high hardness, hydrophobicity, wear resistance,
chemical stability, gas barrier properties, anti-burn characteristics, infrared permeability,
biocompatibility, and a low coefficient of friction, which makes it preferable as a matrix for
incorporating metallic NPs as biocidal agents for use in PPEs that come into contact with
skin [22–29].

Depending on their functionality and purpose, a huge variety of textiles can be used in
such medical protective equipment. In the case of disposable medical textiles like surgical
masks or surgical gowns, they are usually made of synthetic fibres because of their superior
liquid barrier properties. The non-woven fabric typically made by polypropylene (PP),
known as TNT, is 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 excel-
lent levels of sterility and infection control, which are critical in such applications [3,4,30].

In the case of scrubs, masks or bedding textiles and drapes present in healthcare facili-
ties, woven fabrics typically made from cotton or polyester/cotton blends are commonly
used [4,30]. When compared with TNTs, these types of textiles have weaker barrier prop-
erties against liquids and bacteria, although they normally provide more wearer comfort
to the user and can endure several washing/cleaning processes, giving them a reusability
property that TNTs usually do not have.

As mentioned above, the COVID-19 pandemic highlighted the limitations of PPE.
The manufacture of sterile nonwovens is not sufficient to cover demands after this pe-
riod. In addition, nonwoven fabrics are typically made of propylene with a bond-melt-
blown-spun-bond, which negatively impacts the environment. Fabrics, such as cotton or
polyester/cotton blends, require more treatment to gain the proper properties to protect
healthcare workers [4]. Given the environmental issues and sustainability of raw materials,
it is crucial to continue researching technologies and new products for PPEs to be more
efficient and more eco-friendly alternatives such as natural fibres. Since the recycling
process of medical textiles has not yet been implemented, the search for more efficient and
reused fabrics to control the spread of pathogens is still ongoing, as more resistant bacteria
and viruses are emerging.

Several studies have been carried out which apply PVD to textiles to improve their
qualities according to commercial demands [17,21]. However, as far we know, the applica-
tion of DLC with silver to promote antibacterial properties in textiles has not yet been tested.
Moreover, it is known that the type of substrate is an important parameter that needs to
be taken into account to optimise the deposition parameters. Our group has considerable
experience in using this kind of coating on hard surfaces, but this is the first time we transfer
their knowledge to textiles [28,29,31–37]. Using different fabrics as substrates it is possible
to compare how the finishing works with each type of fabric.

In the present study, fabrics commonly used in PPEs (cotton, jersey (cotton + elastane)
and TNT) were chosen and coated using MS with diamond-like carbon doped with silver
(Ag/DLC). The coatings deposited on the different fabrics, which had varying Ag contents,
were characterized with respect to their chemical composition, morphology and wettability.
The toxicity of the coatings as well as their antimicrobial activity were also evaluated. The
combination of results allows for a comparison of the efficiency of the MS process in the
deposition of different types of fabrics and its use as PPE.
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2. Materials and Methods
2.1. Coatings Preparation

The Ag/DLC coatings were deposited by dual target MS onto four substrates: silicon
(15 × 15 mm2), cotton fabric (100 × 20 mm2), jersey format fabric (100 × 20 mm2) and
Polypropylene TNT (100 × 20 mm2). Two targets were used, one of graphite and one of
silver, with the dimensions of 150 × 150 × 10 mm3 and with a purity of 99.95%.

Before the deposition process, the Si, cotton, jersey format and TNT substrates were
cleaned in an ultrasonic bath of ethanol (96%), for 10 min. After the ultrasonic bath, the
samples were dried using a dryer and were then glued to the substrate holder using glue
tape, except for the Si substrates, for which silver glue was used.

After introducing the substrate holder into the vacuum chamber, an air pumping was
performed until a pressure of 10−5 Pa was reached. Then, before starting the deposition,
the targets were submitted to a cleaning process by applying a direct current (DC) to the
targets (one at a time) for 5 min, so that any contamination present on the surface of the
targets could be eliminated. During the etching cleaning process, the substrate holder was
protected by placing a stainless-steel plate between it and the targets, in order to prevent
any kind of cross-contamination.

The depositions were performed in an argon (Ar) atmosphere (21.9 sccm), with a
working pressure of 10−1 Pa. A constant rotation of 23.5 rpm was applied to the substrate
holder to maintain the homogeneity of the chemical composition and thickness of the
coatings. The depositions were performed with an applied power of 1500 W to the C
target and, in the case of the Ag target, the power applied was between 70 W and 155 W,
according to the required Ag at. %. The deposition working pressure was also varied in the
depositions performed between 1.0 Pa and 0.8 Pa. The deposition time was maintained
for all the samples in order to have a similar thickness in the coatings, estimated to be
~50 nm. Some more experimental details are depicted in Table 1, such as the deposition
time, deposition rate or power density (JC) from each target. The samples were labelled
according to the amount of silver, e.g., Ag/DLC with 0% of Ag content was named 0Ag.

Table 1. Experimental details of Ag/DLC films deposition, prepared by PVD.

Sample JC of C
(W/mm2)

JC of Ag
(W/mm2)

Deposition
Time (min)

Deposition Rate
(nm/min) Ag (at. %)

0Ag

67 × 10−3

- 3.0 17 0
8Ag 3 × 10−3 2.7 19 8

10Ag 5 × 10−3 2.7 19 10
12Ag 7 × 10−3 2.7 19 12

2.2. Characterization Analysis

The surface morphology was examined by Scanning electron microscope (SEM), using
a field emission scanning electron microscope (FESEM) ZEISS MERLIN Compact/VP
Compact. This equipment was an energy dispersive X-ray spectrometer (EDS) Oxford,
X-MAXN to evaluate the chemical composition of the films. The measurements were
performed on the samples surface at a magnification of 50 k and with an acceleration
voltage of 10 kV. The hydrophobic characteristics analysis was obtained by measuring
the contact angles between the substrates and a water droplet placed on the surface the
uncoated and coated substrates, using an automated contact angle measurement apparatus
(OCA 15 Plus; Dataphysics, Filderstadt, Germany). If the contact angle θ ≥ 90◦, the sample
is considered to have hydrophobic properties.

The cytotoxicity tests were performed using a colorimetric method to verify if the
fabrics coated with Ag/DLC cause toxicity in the animal cells in order to prevent any toxic
effect, as the main application of these textile will be for the use of PPEs (e.g., masks). The
cytotoxicity was tested using fibroblasts 3T3 (CCL-163) obtained from the American Type
Cell Collection (ATCC) by an indirect test performed with the saline AS used in the analysis
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of the ICP-OES that was in contact with fabrics substrates uncoated (virgin) and coated
with Ag/DLC for 168 h, in accordance with ISO 10993-5:2009. The cytotoxicity procedure
was according to [38]. The assays were performed at least three times and in triplicate.

In order to evaluate the antibacterial activity of the coated fabrics, zone of inhibition
tests, adapted from a Kirby-Bauer test, were carried out to determine the diffusion of silver
from the surface of the coatings. 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 relates to the applicability, as S. aureus is often found
on the skin and K. 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, Kenilworth, NJ, USA)
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 to ±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 inhibition zone (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). After the inhibition zone test, the
samples were removed and carefully washed three times with distilled water. Samples were
dehydrated by immersion in increasing ethanol concentration solutions: 70, 95 and 100%
(v/v) for 10, 10 and 20 min, respectively, and placed in a sealed desiccator. Afterwards, the
samples were mounted on aluminum bases with carbon tape, sputter-coated with gold and
observed on a Phenom Charge Reduction Sample Holder (CRH) at 10 kV and a spot size
of 3.3, with a desktop scanning electron microscope (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDS) analysis (Phenom ProX with EDS detector (Phenom-World BV,
Eindhoven, The Netherlands)). The measurements were performed on the surface of the
samples at a magnification of 5 k.

3. Results and Discussion
3.1. Chemical and Morphological Analysis

The silver percentage range was chosen keeping in mind the toxicity of this chemical
element to human when in contact with skin (see Section 3.3). EDS analysis of the Si coated
samples showed Ag percentages of 8 at. %, 10 at. %, and 12 at. %, in the DLC-doped
thin films.

The surface of the Ag/DLC coatings deposited on the cotton, jersey and TNT fabrics
are shown in Figure 1, as well as the surface of the three fabrics without the coating (virgin
fabrics). The presence of AgNP on the surface was observed for all coated fabrics, with
its agglomeration more easily identifiable as the amount of Ag increases. The images also
show the presence of cracks, in the 10Ag-cotton and 12Ag-jersey samples. It is known
that the adhesion between magnetron sputtering coatings and fabrics is better than other
methods [21]. However, this adhesion depends on the sputtering process and the type
of substrates, because they have different chemical and morphological properties on the
surface and the porosity of the fibers is also a critical parameter [18]. In this case, all
other samples have no adhesion deficiency and therefore do not depend on the deposition
method or the type of substrate. Therefore, the cracks may result from the foldability and
elasticity of the fabrics.
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Figure 1. SEM images of the coated and uncoated substrates at a magnification of 50 kx, acquired
at 10 kV.

3.2. Wettability

The fluid repellent finish is a barrier which prevents the absorption of fluids into textile.
Pathogens are most easily transmitted through liquids such as respiratory droplets or body
fluids [4]. Therefore, the hydrophobicity of the PPE surface is of utmost importance, to
prevent contamination of people wearing this protection. The wettability of the samples
was evaluated and the results of the contact angle analysis of the coated fabrics are shown in
Table 2. All coated samples have hydrophobic properties (contact angle θ≥ 90◦), regardless
of the Ag concentration in the coating. Since the composition of the jersey shape and TNT
fabrics has a specific amount of polymer structure in its uncoated state (textile), both already
have a hydrophobic character, whereas the cotton is hydrophilic. Applying the coating of
DLC without silver, cotton becomes hydrophobic, the jersey format maintains the contact
angle value and the TNT slightly decreases the hydrophobic character. All coated textiles
become less hydrophobic when some silver content is introduced into the carbon matrix. In
the cotton, as the silver content increases, the coated textiles are more efficient at repelling
water. For sample 12Ag, it is possible to say that all the textiles promote similar liquid
barrier properties.

3.3. Cytotoxicity Evaluation

When using silver nanoparticles in biomedical applications it is essential to ascertain
the toxicity that this nanomaterial can impart to the human body. The values of the
nanomaterials amount, which can be toxic, are still under study because they depend on
several parameters (amount, shape, capping binder, or surface charge) [39–41]. Since these
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values are not fully defined, the coatings produced in this study were evaluated regarding
the cell viability using 3T3 cells.

Table 2. Contact Angles (θ) results for the coated and uncoated substrates using water as the
reference liquid.

Sample
Substrate/Water Contact Angle (θ)

Cotton Jersey TNT

Textile 62◦ (±7) 128◦ (±3) 126◦ (±4)
0Ag 117◦ (±5) 127◦ (±4) 120◦ (±2)
8Ag 108◦ (±5) 108◦ (±14) 99◦ (±4)

10Ag 122◦ (±2) 95◦ (±2) 110◦ (±2)
12Ag 126◦ (±3) 120◦ (±10) 121◦ (±3)

Figure 2 shows the cytotoxicity results obtained for all uncoated and Ag/DLC-coated
fabrics. The percentage of viable cells above 70% confirms the non-cytotoxic activity of
Ag/DLC coatings according to ISO 10993-5:2009. The viability of the cells confirms that the
coated textiles are non-toxic to the cells used, even at the values of Ag released.
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Figure 2. Cell viability evaluated by indirect contact test, after 168 h of AS contact with uncoated and
coated fabrics. 3T3 cells are the control. The red line indicates the limit percentage of viable cells at
which the material, in this case the coating, is considered non-toxic.

3.4. Antibacterial Activity

The antibacterial activity of the coatings deposited on the different types of fabric must
be evaluated before these devices can be used as PPE. As mentioned in Section 2.2, the
coatings were tested against two types of bacteria. The zone of inhibition (ZoI) tests showed
promising results for both bacteria, S. aureus and K. pneumoniae, as shown in Figure 3. The
coated fabrics achieved a ZoI around them, while the virgin fabrics showed no antibacterial
activity, as expected. Silver-free DLC coatings are also known to promote bacterial growth,
since it is not a bioactive agent, as shown by Carvalho et al. [36].

For the fabrics coated with the film with less Ag content (8Ag), the inhibition zones are
more difficult to identify, especially for the TNT fabric for both types of bacteria (Figure 3).
With an increasing amount of Ag, the inhibition zones of the coated fabrics become more
easily identifiable, especially for the cases of the S. aureus bacteria. For the K. pneumoniae
cases, the zones of inhibition are more irregular, however, the textiles still show antibacterial
activity. The coated cotton fabric seems to acquire antibacterial activity for all the silver
content thin films, whereas the other types of textiles do not show clear activity against the
bacteria for all the coatings.

Since the inhibition zones were not very clear in some samples, it was thus not clear if
the coatings promoted antibacterial features to the textiles. SEM images were obtained after
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the inhibition test zone (Figure 4) to clarify the antibacterial activity of coated textiles. It
can be seen that the virgin fabrics are colonized by both bacteria, although K. pneumoniae is
in less quantity. On the other hand, in the coated textiles, regardless of the type of bacteria
and the amount of Ag, there is a complete inhibition of bacterial growth. These images
confirm the results of the zone of inhibition and the bioactive nature of Ag.
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4. Conclusions

Ag/DLC coatings were deposited on cotton, jersey and TNT, varying the Ag concen-
tration between 0 and 12 at. %. The morphology of the coatings, in general, appeared to
have good adhesion to the different fiber types. The use of carbon matrix in the coating
was used to provide hydrophobicity to the coatings, which proved to be efficient, even
with the introduction of Ag into the matrix, despite variations in the amount of Ag.

The deposited thin films do not represent a risk to the human body since they allow
the 3T3 cells to be viable for at least 7 days.

To test the antimicrobial activity of the thin films deposited on the textile, the bacteria
were chosen according to the environment where these textiles might be used. Respiratory
infections are very common, so gram-negative K. pneumoniae was chosen, and S. aureus is
very common on the skin. All Ag coatings inhibited the growth of both bacteria.

Considering that the three types of fabrics showed equivalent results in inhibiting the
growth of bacteria and that cotton shows the greatest evolution in hydrophobicity as the
amount of Ag increases, it can be concluded that surface modification of cotton fibers is a
solution to be considered for the PPE industry, with the next steps in this research being
antiviral testing and the wash resistance of the coatings.
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