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Microbial infections (bacteria, viruses, fungi, etc.) remain a wide-reaching concern in
global health on account of the mortality burden and economic impact. These infections
can affect humans, animals, food, medical devices, implants, amongst many other hosts.
Many of these infections are often concentrated among the poorest populations in the
world. However, even in high-income settings, they can cause chronic illness, disability,
sequelae, stigma and exclusion of the infected person from the society. Bringing these
infections to an end requires a magnified and sustained decade-long response.

During the last few decades, many researchers have been exploring antibiotics (AB),
allowing us to target vital molecules for the inactivation of many pathogens. Antimicrobial
peptide-based antibiotics have been extensively studied to target bacterial membranes.
For Gram negative bacteria, this class of ABs targeted the major membrane component,
lipopolysaccharides. These ABs can also inhibit the solutes’ passage to or out of the intra-
cellular compartment of the bacterial cell. For Gram positive bacteria, many researchers
targeted bacterial enzymes, allowing the chemical conversion of phosphatidylglycerol from
the anionic to the cationic or zwitterionic, which creates a bacterial resistance to ABs by
blocking their penetration inside the bacterial cells.

Antimicrobial resistance towards antibiotics is growing everyday due to environmen-
tal changes and microbial adaptation abilities. This microbial resistance is devaluing many
actual AB molecules. For this reason, the development of alternative solutions is urgently
needed today. These new methods should target a large range of microorganisms. Further,
these new methods should target the micro-skeleton of the microorganism, allowing an
increase in its fluidity or its integrity. Possible mechanisms mediating the bacterial disin-
fection using Advanced Oxidation Technologies (AOTs) have been reported in the open
literature. AOTs have the advantage that they are not germ-selective, although some duali-
ties may arise due to the microbial cell wall microstructure/composition. Photocatalytic
disinfection is among the AOTs. Many antimicrobial mechanisms were reported and can
be summarized as:

• Cell wall permeability leading to the leakage of potassium ions (K+). The loss of K+

ions will affect the enzymatic machinery, the intracellular pH, and the diffusion of
some other ions from the intracellular medium to the extracellular one and vice versa.

• Photo-generated oxidative radicals were reported to attack extracellular phospholipids
and lipopolysaccharides. This mechanism is called lipid peroxidation, revealed by
the generation of malondialdehyde (MDA). However, this lipid peroxidation can also
generate from injured cells (not dead cells). Controversial opinions arise about this
mechanism and its suitability as a quantitative measurement.

• For microorganisms presenting mitochondria and respiratory chains, the breaking of
proton gradient inactivates them. Thus, no ATP will be generated. The microorganism
dies after exhausting its resources.

• The destruction of the nucleic acids affecting the microorganism’s genome is also
another mechanism of action of AOTs. The (photo)-generated reactive oxygen species
(ROS) diffuse inside the cells and denaturize the genome, leading to cell death.

• The pH of the surrounding medium can strongly affect the microorganism. Dur-
ing illumination, photo-Kolbe like reactions happen at the interface of the bacte-
ria/photocatalyst. Rtimi and Kiwi recently studied the photo-generated short and

Coatings 2021, 11, 148. https://doi.org/10.3390/coatings11020148 https://www.mdpi.com/journal/coatings
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long-lived intermediates during bacterial inactivation at the interface of sputtered
TiO2, CuxO, FeOx and their combination.

As by the recent preparations of supported catalysts, new mechanisms were reported.
The main microbial inactivation mechanisms can be classified as (a) surface contact micro-
bial inactivation. This mechanism involves the ROS attack to the cell wall leading to the
weakening of the membrane, increasing its fluidity and finishing by membrane disruption,
and (b) ion diffusion through the membrane porins, leading to the inactivation of the
internal cell metabolisms and its intoxication.

This field is growing every day due to the discovery and preparation of new catalytic
materials, and to the advances in analytical techniques allowing the quantification of the
damage caused by a photocatalytic reaction. Today, with the COVID-19 pandemic, the
anti-viral ability of catalytic/photocatalytic materials is extensively investigated. However,
bacterial infections remain of greater concern.

“Advances in antimicrobial coatings” is a collection of high-quality research papers
and comprehensive reviews giving a critical opinion about novel antimicrobial meth-
ods, and prospective papers giving an opinion about the future orientations in this field.
Klein et al. [1] investigated the preparation of lignin-derived polyurethane coatings using
demethylated Kraft lignin. They used triphenylmethane derivatives as the antimicrobial
substance. Their coatings showed an antimicrobial capacity against Staphylococcus aureus
with a possibility to obtain different colors (brown to green and blue) of the coating. Bio-
based polypropylene mesh fibers loaded with levofloxacin HCl and cross-linked with
chitosan have been studied by Sanbhal et al. [2]. The functionalized polypropylene meshes
exhibited an antibacterial activity against Staphylococcus aureus and Escherichia coli. This
antimicrobial activity was seen to be sustained for six continuous days. In a similar study,
polypropylene was modified by bio-inspired polydopamine (PDA) loaded with an antibi-
otic, levofloxacin [3]. These two preparations were seen to reduce the complications related
to hernia infection during surgery. Another study by Kojima et al. investigated antifouling
paints and developed a laboratory scale bioassay using a flow-through system [4]. They
prepared antifouling biocide-releasing Cu2O-based paints for the inhibition of Amphibal-
anus amphitrite adhesion to a home-made container. Nokkrut et al. prepared silver-based
packaging papers to inactivate fungi [5]. Druvari et al. reported the preparation, testing
and characterization of polymeric coatings based on quaternary ammonium compounds
for microbial inactivation purposes [6].

Packaging materials based on chitosan and methylcellulose enriched with natamycin
were prepared by Santonicola et al. [7]. Furthermore, Mathew et al. reviewed the conven-
tional approaches and the new trends in the use of fused deposition as a potential tool for
antimicrobial dialysis catheters [8]. As a practical application, Socaciu et al. reviewed the
quality changes and shelf-life extension of edible films and coatings for fresh fish packag-
ing [9]. Alhussein et al. prepared nano-architectured thin layers, allowing a controllable
diffusion of highly antibacterial copper ions and nanoparticles [10]. K. Vasilev outlined the
implications and effects of infections on healthcare [11]. The author highlighted the four
classes of antibacterial coatings and focused on silver-based materials for antimicrobial
applications.

Supported metal nanoparticles have been reported to have high antimicrobial activ-
ity [10] against bacteria, viruses, fungi and yeasts. Future research in this area should
focus on the toxicity induced by antimicrobial meta-materials. The knowledge acquired
in this field should be transferred to industry to design 3D devices/implants showing
antimicrobial activity concomitant with high biocompatibility.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Due to global ecological and economic challenges that have been correlated to the transition
from fossil-based to renewable resources, fundamental studies are being performed worldwide
to replace fossil fuel raw materials in plastic production. One aspect of current research is the
development of lignin-derived polyols to substitute expensive fossil-based polyol components for
polyurethane and polyester production. This article describes the synthesis of bioactive lignin-based
polyurethane coatings using unmodified and demethylated Kraft lignins. Demethylation was
performed to enhance the reaction selectivity toward polyurethane formation. The antimicrobial
activity was tested according to a slightly modified standard test (JIS Z 2801:2010). Besides effects
caused by the lignins themselves, triphenylmethane derivatives (brilliant green and crystal violet)
were used as additional antimicrobial substances. Results showed increased antimicrobial capacity
against Staphylococcus aureus. Furthermore, the coating color could be varied from dark brown to
green and blue, respectively.

Keywords: antimicrobial activity; brilliant green; crystal violet; demethylation; lignin; polyurethane
coatings; triphenylmethane dyes

1. Introduction

Lignin, the most abundant natural resource next to cellulose and hemicellulose [1–4] contains
various functional groups that provide active sites for chemical modification such as polarity adjustment
to enhance the compatibility of lignin with other polymeric matrices in lignin/polymer composites [4,5]
or to improve antioxidant properties [6–11]. Furthermore, studies reported lignin-derived encapsulation
of various drugs for biomedical and agricultural applications. Richter et al. reported the encapsulation
of silver nanoparticles in lignin-coated polymers [12]. Gregorova et al. studied the encapsulation of
lignin nanoparticles in polyethylene films (Björkman lignin from beech wood flour) [13]. In other
studies, the delivery of Resveratrol® [14], the controlled release of Avermectin® [15], lignin–polyurea
microcapsules with anti-photolysis and sustained-release performances [16], montmorillonite–lignin
hybrid hydrogel as super-sorbent for dye removal from wastewater [17], cellulose–lignin hydrogels
and their controlled release of polyphenols [18], lignin-stimulated protection of polypropylene films
and DNA in cells of mice against oxidation damage [19] have been tested. Gao [20] and Bshena [21]

Coatings 2019, 9, 494; doi:10.3390/coatings9080494 www.mdpi.com/journal/coatings5
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studied the antimicrobial activity of various textiles, using lignin incorporated into polyethylene
films and applied in the finishing processes. For textiles, there are special requirements such as
non-toxicity to the consumer, namely cytotoxicity, allergy or irritation and sensitization. In other recent
studies, lignosulfonic acid is reported to exhibit broad-spectrum anti-HIV (human immunodeficiency
virus) and anti-HSV (herpes simplex virus) properties [22,23]. Thus, Qiu investigated the anti-HIV-1
activity-potential of lignosulfonates as a microbicide to prevent HIV-1 sexual transmission [23]. Another
recently reported study revealed that the antimicrobial capacity of lignin correlates with the phenolic
components, specifically the side chain structure and the nature of further functional groups [24].
Typically, the presence of a double bond in α, β positions of the side chain and a methyl group in the γ

position grants the phenolic fragments with the most potency against microorganisms. However, none
of the hitherto published studies included the investigation of the antibacterial activity of lignin when
included in polymeric matrices.

Unmodified lignin is widely studied as a component for polymer production with a focus on
phenol–formaldehyde resins and polyurethanes (PUs) [25], where lignin is used as polyol substitute
due to the high amount of hydroxyl groups resulting in high crosslinking densities and variable
mechanical properties [26–28]. In previous studies, lignin-derived polyurethane coatings have been
prepared using Kraft lignin isolated at room temperature from aqueous media (black liquor) at different
pH values [29]. In addition, their antioxidative activity has been investigated using the Folin–Ciocalteu
(FC) assay [30]. Although lignin contains many functionalities, they are often difficult to access
due to rather strong steric hindrance. So far, various procedures have been explored to incorporate
more OH groups into the lignin structure including hydroxymethylation, phenolation, demethylation,
oxidation and reduction [31]. These modifications have been studied primarily in conjunction with
phenol–formaldehyde (PF) resins or PU research using lignin as a replacement for fossil-based phenols
and polyols [32].

In 2016, Li et al. reported using demethylation to enhance the chemical reactivity at atmospheric
pressure to produce fast curing phenolic resins [33]. Another possibility for lignin demethylation
is an enzymatically catalyzed reaction using fungi (i.e., white and brown rot fungi) or bacteria
(i.e., Pseudomonas, Sphingomonas). Mainly laccase was investigated, which oxidizes the guaiacyl into
catechol units [34]. Industrially, demethylated lignin is recovered as a byproduct in dimethylsulfoxide
(DMSO) production. For this purpose, black liquor is mixed with molten sulfur at about 230 ◦C.
Two methyl groups are transferred from the lignin to the sulfur, forming dimethyl sulfide, which is
oxidized to DMSO with nitrogen dioxide. Based on this process, Kraft lignin was demethylated with
sulfur at 225 to 235 ◦C under high pressure and successfully increased its reactivity for the synthesis of
phenol–formaldehyde (PF) resins [34]. Sulfur and halogen compounds are also used as nucleophiles for
the chemical demethylation of lignin. For example, Chung and Washburn have demethylated softwood
Kraft lignin with hydrobromic acid under the catalytic action of hexadecyltributylphosphonium
bromide at 115 ◦C for 20 h, resulting in an increase in the OH content of 28% [35]. PU foams synthesized
from the modified Kraft lignins showed a higher compressive strength than conventional ones [36,37].
Song et al. used the same method for white straw alkali lignin, with results that showed a significant
increase in the total hydroxy content of demethylated lignin [38] when samples were explored for
the synthesis of bio-based PF resins by demethylations with sulfur-containing compounds (sulfur,
n-dodecyl mercaptan, sodium hydrogen sulfide and sodium sulfite). Here, soda lignin was heated with
the reagent for 1 h at 90 ◦C. This research aimed to provide a cost-effective and efficient method for the
chemical demethylation of lignin. The best results in terms of an increase in OH content and use for PF
resins was the sample demethylated with Na2SO3. Other authors used Na2SO3 for demethylation
performed under high-pressure reactors [39] or under reflux [15,40]. Podschun et al. chose a different
approach in which organosolv lignin was demethylated under microwave radiation [41].

The antimicrobial properties of various dyes, in particular triphenylmethane (TPM) derivatives
such as malachite green and crystal violet, have been studied since their first successful application as
bioactive additives more than a hundred years ago (Figure 1, Table 1).
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(a) (b) 

Figure 1. Molecular structure of (a) brilliant green and (b) crystal violet (see also Table 1).

In 1891, methylene blue, another TPM derivative was discovered by Paul Ehrlich to be efficient in
malaria treatment, a few years later followed by the discovery of the antiseptic capacity of brilliant
green (BG) [42–44]. For many years, malachite green was one of the most frequently used disinfectants
in aquaculture due to its fungicidal effects. Due to the discovery of antibiotics and biocide polymers,
antimicrobial dyes have not only been displaced in biomedicine but also other applications. Bolous et al.
intensively studied the mechanisms of antimicrobial effects [45,46]. In detail, it was reported that the
evidence to link the antimicrobial properties of TPM dyes, especially brilliant green, to the activity of
mechanosensitive ion channel (MIC) of large conductance, which is known to be highly specific and
ubiquitous in various bacterial species [47]. In 2012, Vilela et al. reported a study using methylene blue
(MB) and malachite green photosensitizer microbial reduction of Staphylococcus aureus by synthesizing
biofilms with it. The best results showed microbial reduction with 3000 μM of malachite green with
a microbial reduction of 1.6–4.0 log10 [48]. In oral cavities, biofilm formation is considered to cause
resistance to antimicrobial agents. Photodynamic therapies using phenothiazinic photosensitizers
first confirmed the antimicrobial effect in biofilms. Malachite green was then compared with the
phenothiazinic photosensitizers (methylene blue and toluidine blue) on Staphylococcus aureus and
Escherichia coli biofilms. Noimark et al. reported the synthesis of modified photobactericidal silicones
for medical applications. In detail, crystal violet and/or methylene blue were incorporated into the
silicone bulk and gold nanoparticles were coated using a dipping method. The polymers showed
good photostability, the photobactericidal activity was determined against Staphylococcus epidermidis
and Escherichia coli. The results showed that these multi-dye–nanogold-polymers exhibit strong
photobactericidal activity both under light and dark conditions [49]. Bartoszewicz et al. filed a patent
claiming lubricious antimicrobial coatings containing silver, pyrrolidone carboxylic acid (PCA) and
a TPM dye (malachite green). The coating composition of the invention provides photostability to
the silver ions contained therein and is hydrophilic and antimicrobial [50]. In 2016, Santos et al.
comprehensively reviewed various classes of antimicrobial polymers and discussed their bioactivity
mechanisms including biocidal activity, antifungal and antibacterial capacity against numerous
microorganisms (i.e., gram positive and gram negative bacteria and fungi) [51]. Table 1 summarizes
literature reporting the antimicrobial activity of lignins and triphenylmethane derivatives such as
malachite green, brilliant green, methylene blue and crystal violet.
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In a recently published study, chitosan/hydroxypropylmethylcellulose (HPMC) composites with
varying ratio up to 30% of Kraft lignins (isolated from black liquor and purified via solvent extraction)
were prepared and tested against spoilage bacteria that grow at low temperatures. The results
revealed the activity against both B. thermosphacta and P. fluorescens for samples with 30% lignin.
In HPMC/lignin/chitosan films, the 5% addition exhibited activity against both B. thermosphacta and
P. fluorescens [52]. Currently, these lignin-derived composites are studied regarding their applications
as scaffold component for mesenchymal stem cell differentiation and bone regeneration [55]. To do so,
lignin as feedstock component has to be specified including protocols for quality control using novel
chemometric data analysis methods [56,57].

In the present study, lignins isolated from black liquor at different pH values were used to
explore the potential of these compounds as an antimicrobial component in polyurethane coatings.
First, the extraction conditions that favored high lignin yields were optimized. Unmodified and
demethylated lignins were used to prepare the lignin–polyurethane (LPU) coatings. The last part of
the study aimed to correlate the antimicrobial properties with extraction conditions (i.e., pH value)
and molecular structures (unmodified versus demethylated lignins). Furthermore, the influence of
additional antimicrobial dyes (brilliant green and crystal violet) on the LPU coating bioactivity, color
and morphology was studied.

2. Materials and Methods

2.1. Extraction of Kraft Lignin (KL) and Organosolv Lignin (OL)

The Kraft lignin (KL) was extracted through the acidic precipitation from black liquor according
to a procedure reported by Garcia et al. [58]. First, about 450 mL of black liquor was filtered with
a vacuum filter. The filter cake was rejected. Of the filtrate, 400 mL was heated to 50–60 ◦C. Sulfuric
acid (160 mL, 25 vol.%) was added while stirring. The mixture was stirred for another hour at room
temperature and then vacuum filtered. The filter cake was washed with distilled water and sulfuric
acid (25 vol.%) until the requested pH value was reached (pH 2 to pH 5). Finally, the precipitated lignin
was dried in a freeze dryer for 48 h. The organosolv lignin (OL) was isolated according to a procedure
recently reported [10].

2.2. Synthesis of Demethylated Kraft Lignin

For the demethylation, a procedure reported by Li et al. was used and slightly modified [33].
The sample (1 g), 0.1 g of Na2SO3 as the demethylating reagent and 6 g of 2.5 mol NaOH solution were
introduced into a 15 mL rolled rim glass on an analytical balance and homogenized. The solution
was heated with stirring to 90 or 72 ◦C and stirred for 1 h at this temperature. After cooling to
room temperature (RT), the pH was adjusted to pH 2 by means of 1% HCl. The demethylated lignin
precipitated as a brown solid. The suspension was transferred to a 45 mL tube and centrifuged for
10 min at 3000 rpm to separate the demethylated lignin from the aqueous solution. The lignin was
washed with distilled water and the pH adjusted to pH 7 with 2.5 molar NaOH solution. It was again
centrifuged (for 30 min at 4000 rpm) to separate the aqueous phase from the demethylated lignin.
The product was first stored at 40 ◦C in a drying oven and then freeze-dried at 80 ◦C and 0.10 mbar.
Subsequently, the samples were homogenized and transferred for storage in rolled edge glasses, which
were closed with snap lids. Furthermore, the samples were protected against UV radiation.

2.3. Size Exclusion Chromatography

Size exclusion chromatography was used to determine the number-average (Mn) and
weight-average (Mw) molecular weights of lignins and their polydispersities, analogue to recently
reported methods [29,30]. A PSS SECurity2 GPC System was used with tetrahydrofuran as the mobile
phase, a run time of 30 min and an injection volume of 100 μL. The system was calibrated using
polystyrene standards at different molecular weights.
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2.4. Determination of Hydroxyl Groups

The content of hydroxyl groups was determined via two different methods. ISO 14900:2001(E)
developed for polyether polyols with steric hindrance was recently reported [29]. Shortly, each lignin
sample was boiled under reflux in 25 mL of acetylation reagent solution with a blank sample
simultaneously under the same conditions. After three hours at reflux, the flasks were left to cool
down to room temperature. Twenty-five milliliters of sample and blank, respectively, were filled up
with water to 100 mL and were titrated with sodium hydroxide (0.5 M). The split up of the acetylated
samples and blanks allowed a triple determination via titration. Different amounts of sample and
blank were needed. The differences were used to determine the total hydroxyl content.

2.5. Antibacterial Activity of Lignin

The antimicrobial activity of the lignin powders samples was analyzed in a quantitative way
by modifying the test for antimicrobial activity and efficacy (JIS Z 2801:2010) of liquid samples [59].
The JIS is based on a comparison of bacteria counts in saline solution on reference and sample
materials after a defined incubation temperature and time. Staphylococcus aureus (DSM No. 799)
was applied as the test organism. The inoculum was prepared in the same way as described above.
According to the McFarland-standard the inoculum was adjusted in physiological saline solution with
tryptone (Blank, Vörstetten, Germany; VWR International, Darmstadt, Germany) to a concentration of
108 cfu mL−1. This inoculum suspension was diluted in physiological saline solution with tryptone
(Blank, Vörstetten, Germany; VWR International, Darmstadt, Germany) to a final concentration of
105 cfu mL−1. Lignin powder was added into tubes with 5 mL physiological saline solution with
tryptone to a final concentration of 0.1, 0.01 and 0.001 g mL−1. Each tube was inoculated with 50 μL of
the inoculum. The same measurements were done in nutrient broth instead of physiological saline
solution. The measurements were carried out in triplicates.

The inoculum (1 mL) was incubated at 37 ◦C for 24 h in a mixture of 9 mL nutrient broth (Merck
KGaA, Darmstadt, Germany) and 1 mL of sample or reference. Afterwards viable counts were
determined by counting the colonies on plate-count agar after incubation at 37 ◦C for 24 h.

The value of antimicrobial activity was calculated by subtracting the logarithmic value of viable
counts of the sample from the logarithmic value of reference material after inoculation and incubation:

log10 − reduction = log10(
cgew(re f erence)

cgew(sample)
) (1)

where as cgew(reference) = arithmetic mean of bacterial counts of reference 24 h after inoculation, and
cgew(sample) = arithmetic mean of bacterial counts of sample material 24 h after inoculation. According
to the JIS Z 2801:2010 a material can be characterized as antimicrobial, if the calculated log10-reduction
is ≥2.0 after 24 h at 37 ◦C [59].

2.6. Hemmhoff Test

The antimicrobial activity of the lignin was tested according to the disk diffusion test of the
National Committee for Clinical Laboratory Standards (NCCLS) standard method. The disk diffusion
test is based on the diffusion of the sampling material in agar. If the bacterium is sensitive to the tested
substance, the growth of the bacterium is inhibited and a visible inhibition zone arises. The inhibition
zone is the defined area between the punched out area and the beginning of the grown bacterium.
If there is no inhibition zone, the bacterium is not sensitive to the tested substance.

Staphylococcus aureus (DSM No. 799) was used as a test organism. The inoculum was
prepared by transferring a frozen culture to 10 mL of nutrient broth (Merck KGaA, Darmstadt,
Germany). The nutrient broth with the inoculum was incubated at 37 ◦C for 24 h. According to
the McFarland-standard the inoculum was adjusted in physiological saline solution with tryptone
(Blank, Vörstetten, Germany; VWR International, Darmstadt, Germany) to a final concentration
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of 108 cfu mL−1. In each Petri dish (Sarstedt AG, Nümbrecht, Germany) 100 μL of the inoculum
was spatulated on Mueller–Hinton agar (VWR International, Darmstadt, Germany) which were
impregnated with the different lignins and blank filter papers as references and were put on the
inoculated agar plates.

The agar plates were incubated at 37 ◦C for 24 h. Afterwards, the diameter of the inhibition zone was
measured with a digital caliper (Traceable Digital Caliper 6, VWR International, Darmstadt, Germany).

2.7. Synthesis of Lignin-Based Polyurethane Coatings

PEG400 was obtained from Sigma-Aldrich (Steinheim, Germany). 4,4-Diphenylmethane
diisocyanate (MDI, for synthesis) was purchased from Merck in Darmstadt and triethylamine (TEA,
for synthesis) was received from Carl Roth GmbH in Karlsruhe. All chemicals were used without
further purification. PEG400 was mixed with lignin to obtain 1 g of polyol blend. Coatings prepared
from lignins isolated at different pH values were produced analogously to the previously described
procedure, with the MDI amount adapted to the hydroxyl number of the lignin and the resulting
polyol blend. Lignin-based PU coatings were prepared using unmodified and demethylated lignins,
respectively, and 4,4-diphenylmethandiisocyanate (MDI). The NCO:OH ratio was 1.7. The calculation
was performed according to literature reference [60,61]:

NCO
OH

=
wMDI × [NCO]MDI

wL × [OH]L + wP × [OH]P
(2)

where wMDI, wL and wP are the weights (g) of MDI, lignin and polyol, respectively. [NCO]MDI is the
molar content of isocyanate groups in MDI, 8.0 mmol/g for 4,4′-MDI. [OH]L and [OH]P are the molar
contents of total hydroxyl groups in the lignin and the polyol, respectively. Masses of lignin and polyol
were kept constant. Thus, 1 g of lignin was dissolved in 6 mL THF under constant stirring. MDI
was added and the mixture was transferred on a polyethylene (PE) transparency and dried for 1 h at
room temperature. Finally, the pre-films were cured at 37 ◦C for 3 h to obtain the final lignin PU films.
The synthesis of lignin-modified PU coatings with brilliant green (BG) and crystal violet (CV) followed
the same procedure, using 0.8% (w/v) of the corresponding triphenylmethane derivative.

Analogously, 1 g of demethylated lignin was dissolved in 6 mL of THF under constant stirring to
prepare the LPU coatings. MDI was added and the mixture was transferred onto a PE-transparency
and dried for 1 h at room temperature. Finally, the pre-films were cured at 35 ◦C for 3 h to obtain the
final lignin-derived PU films.

2.8. Antimicrobial Activity of the LPU Coatings

The antimicrobial activity of the coatings was analyzed based on the Japanese Industrial Standard
(JIS) Z 2801:2010 [59]. The JIS is based on the comparison of bacteria counts on sample coating/surface
and reference material after a defined storage temperature and time (35 ◦C, 24 h). The reduction of
bacteria counts were calculated and represented as log10-reduction. The log10-reduction is a measure
for the antimicrobial activity and effectiveness of the coatings. According to the JIS a material is called
antimicrobial when the log10-reduction is ≥2 log10.

Staphylococcus aureus (DSM No. 799) and Listeria monocytogenes were used as test organisms.
The inoculum was prepared by transferring a frozen culture to 10 mL of nutrient broth (Merck KGaA,
Darmstadt, Germany). The nutrient broth with the inoculum was incubated at 37 ◦C for 24 h. According
to the McFarland-standard the inoculum was adjusted in physiological saline solution with tryptone
(Blank, Vörstetten, Germany; VWR International, Darmstadt, Germany) to a final concentration of
108 cfu mL−1. This inoculum suspension was diluted in physiological saline solution with tryptone to
a final concentration of 105 cfu mL−1.

The coatings and references were inoculated with 400μL of the inoculum suspension. To enlarge the
contact area of the coatings with the inoculum, the inoculum was covered with a sterile foil (Interscience,
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Saint-Nom-la-Bretèche, France). The plates were incubated at 37 ◦C for 24 h. After incubation the
inoculated suspension was washed out with 10 mL soybean casein lecithin polysorbate 80 broth (SCDLP)
solution (Merck KGaA, Darmstadt, Germany). This served as the first solution stage and was used for
further decimal solution series. The bacteria counts were determined by using the drop-plate-technique
and counting the colonies on plate-count agar (Merck KGaA, Darmstadt, Germany) after incubation at
37 ◦C for 24 h.

The value of antimicrobial activity was calculated by subtracting the logarithmic value of viable
counts of the sample from the logarithmic value of reference material after inoculation and incubation:

log10 − reduction = log10(
cgew(re f erence)

cgew(sample)
) (3)

where cgew (reference) = arithmetic mean of bacterial counts of reference 24 h after inoculation, and
cgew(sample) = arithmetic mean of bacterial counts of sample material 24 h after inoculation. According
to the JIS Z 2801:2010 a material can be characterized as antimicrobial, if the calculated log10-reduction
is ≥2.0 after 24 h at 37 ◦C.

2.9. Thermogravimetric Analysis

TGA measurements were performed with about 10 mg of lignin using a Netzsch (Selb, Germany)
TGA 209 F1 with a heating rate of 10 ◦C min−1 under a nitrogen atmosphere. The temperature ranged
from ambient to 800 ◦C.

2.10. Optical Contact Angle

Static optical contact angle (OCA) measurements were performed on the PU films at room
temperature using an OCA device equipped with a charge-coupled device (CCD) photocamera
(DataPhysics Instruments, Filderstadt, Germany). A 40 μL volume of distilled water was used to
dispense liquid droplets.

2.11. Scanning Electron Microscopy

Scanning electron microscopy (SEM) from ThermoFischer was combined with X-ray analysis
(SEM-EDX). Characterization of the texture, phases and the thin LPU layer were determined by
SEM-EDX microscopy using an ESEM Quanta FEG 250 FEI with Apollo XL30 EDX (Thermo Fisher
Scientific Inc., Huntsville, AL, USA).

3. Results and Discussion

3.1. Antibacterial Activity of Kraft Lignin

Kraft lignins were demethylated (DL) and characterized regarding their molecular weight and
hydroxyl content (Table 2). In addition, Table 2 shows Kraft lignins isolated at different pH values [29].

Studies of the antimicrobial activity were performed following procedures reported to investigate
intrinsically antimicrobial polymers based on poly((tertbutyl-amino)-methyl-styrene) [62–66] and
coatings based on HPMC/lignin/chitosan [52]. Two different nutritions were used: sodium chloride
(NaCl) and physiological saline solution (NB) of different concentrations (Figure 2).

Results for both solutions (NaCl, NB) clearly showed an increase in antimicrobial activity against
Staphylococcus aureus for the lignins isolated at different pH values (pH 2 to pH 5) with the highest
activity (log10 reduction of 7.0) for the pH 5 samples. This tendency could also be confirmed for the
corresponding LPU coatings prepared from the different lignin samples (see next paragraph). Due to
the measurement procedure, the study started using the highest concentrations (0.1 mol/L), then the
concentration decreased down to 0.001 mol/L. Obviously, the lowest concentrations were sufficient for
the observed antimicrobial effects. Similar results could be observed for the HPMC/lignin coatings
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recently reported [52] and also for organosolv lignins (not yet published). Further studies are required
to clarify the correlation of concentration and antimicrobial activity.

Table 2. Weight-average (Mw) and number-average (Mn) molecular weight and polydispersity (PDI)
obtained by gel permeation chromatography (GPC) measurements, and OH content according to ISO
14900 for demethylated lignins (DL) and Kraft lignins isolated at different pH values [29].

Lignin Mw (g/mol) Mn (g/mol) PDI
OH content (ISO 14900)

Reference
(mmol·g−1) (mg KOH) g−1

pH2 1879 574 3.3 2.67 150 [29]
pH3 1732 538 3.2 4.48 251 [29]
pH4 1570 441 3.6 5.02 282 [29]
pH5 1502 490 3.0 5.34 300 [29]

DL-pH2 5417 1299 4.2 4.75 266 –
DL-pH3 5461 1318 4.1 4.00 224 –
DL-pH4 5522 1335 4.1 5.51 309 –
DL-pH5 5610 1347 4.2 4.80 269 –

Figure 2. Antimicrobial activity of unmodified Kraft lignins isolated at different pH levels (varying
from 2 to 5). Activity tested against Staphylococcus aureus in NaCl and physiological saline solution
(NB)), respectively, in concentrations ranging between 0.1–0.001 mol/L.

3.2. Antibacterial Activity of LPU Coatings

For the comparability of subsequent investigations, first the antimicrobial effect on different
reference surfaces was tested according to Japanese Industrial Standard Z 2801:2000 [59]. The results
are shown in Table 3 and Figure 3.

Table 3. Results of antimicrobial activity of different reference systems surfaces against S. aureus.

Reference Systems (blank) Kbe mL−1 Ø log Kbe mL−1

Petri dish 1.18 × 105 5.05
Glass 1.07 × 107 6.71

Plastic dish (PP *) 4.07 × 106 6.48
Transparencies (PS **) 9.62 × 106 6.94

Stainless steel 2.60 × 101 1.41

* Polypropylene, ** Polystyrene
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Figure 3. Antimicrobial activity (log Kbe mL−1) of different blank surfaces (used as reference systems)
against S. aureus and Listeria monocytogenes. The green line represents the detection limit for the
determination of the antimicrobial activity and is 1.4 log (Kbe cm−1).

As suggested, the results showed normal bacterial growth on blank surfaces: untreated glass,
plastic sheets (polypropylene, PP), transparent polystyrene films (PS) and stainless steel (Figure 3).
Notable was an emerging germ resistance on the untreated stainless-steel surfaces which underlines
the natural antimicrobial effect of stainless-steel surfaces for different bacteria, known as oligodynamic
effect. The oligodynamic effects describes the damaging effect of various metal ions on different
bacteria, viruses and fungi, most probably due stainless-steel alloy formation initiated by different
metal cations [64].

Furthermore, lignin-modified PU coatings prepared from demethylated lignins were applied to
various surfaces and analyzed for their antimicrobial action. The results are listed below in Table 4 and
Figure 4.

Table 4. Results of antimicrobial activity of demethylated lignin-based polyurethane (PU) coatings
against S. aureus.

Lignin–PU Coatings Kbe/cm2 Ø log Kbe/cm2

DL-pH2-060718 2.07 × 103 3.03
DL-pH3-060718 1.17 × 103 2.51
DL-pH4-060718 3.09 × 101 2.36
DL-pH5-060718 6.25 × 10−1 0

The results showed significant microbial reduction against S. aureus for the PU coatings synthesized
from demethylated lignins. It is also noticeable that the germ reduction can be correlated to the pH value
for lignin isolation: lignins isolated at pH 3, 4 and 5 showed a higher germ reduction and antimicrobial
activity, respectively, than the reference (blind value: polypropylene glycol (PPG) as polyol without
lignin). One reason for this could be the improved homogeneity of the coatings, caused by higher
crosslinking density of the LPU due to high OH numbers, analogous to the correlation of OH number
and antioxidant activity of LPU coatings [29,30]. Besides LPU coatings, it was recently reported that
the antimicrobial activity of various lignin-derived cellulose and cellulose/chitosan composites against
S. aureus and E. coli (Table 1) [52]. A comparison of hydroxypropylmethyl cellulose/lignin films were
blended with Kraft lignin in different amounts up to 30 wt.%. Comparing both systems (HPMC versus
PU), the capacity against S. aureus was highest for the lignin isolated at pH 5 (Table 5). As supposed, the
addition of triphenylmethane derivatives (BG, crystal violet (CV)) resulted in increased antimicrobial
activity against S. aureus.
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Figure 4. Results of antimicrobial activity against S. aureus of lignin-based PU coatings prepared
demethylated lignins (DL) isolated at different pH values ranging from pH 2 to pH 5. BV:blind
value of PU without lignin. The green line represents the detection limit for the determination of the
antimicrobial activity (1.4 log Kbe cm−1).

Table 5. Antimicrobial activity of lignin and lignin-derived PU coatings against S. aureus. The lignins
used for lignin–polyurethane (LPU) coating preparation were isolated from aqueous solution at different
pH values. For comparison, the antimicrobial activity of hydroxypropylmethylcellulose (HPMC)/lignin
coatings was added in this table, previously reported in [52].

Antimicrobial
Activity

Lignin
(Isolated at

pH 5)

LPU
Coating

(DL-pH5)

LPU
Coating

(KL-pH5)

LPU with
0.8% (w/v)

BG

LPU with
0.8% (w/v)

CV

HPMC/lignin
(15 wt.% L1)

[52]

Log10
reduction 7.00 4.12 2.62 8.31 8.60 2.50

3.3. Thermal Properties (TGA)

TGA measurements were performed to describe and evaluate the thermal stability of the
corresponding LPU coatings with antimicrobial additives and the coatings prepared from demethylated
lignins (Figure 5).

 
Figure 5. TGA results of different modified lignin-based LPU coatings containing brilliant green (BG)
and crystal violet (CV); BV (blind value: PU without lignin).
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TGA results showed thermal stability between 143–165 ◦C which are reasonable temperature
stabilities for applications in construction and packaging (Table 6). Coatings with CV as antimicrobial
additive showed the highest temperature stability with 165 ◦C in contrast to LPU coatings prepared
with BG with a stability of 146 ◦C. The residual mass of both LPU coatings was between 20%–21.5%.

Table 6. Thermal stability for lignin and various LPU coatings with/without triphenylmethane
(TPM) derivatives.

Lignin Coatings Temperature (◦C) Δm (%) Residual Mass (%)

Blank (PU coating without lignin) 250 −4.75% 0.39
LPU-pH 5 166 −3.31% 35.99

Lignin coating CV 165 −4.05% 20.80
Lignin coating BG 146 −4.49% 21.43

Lignin coating organosolv 143 −4.03% 8.00
Lignin-DLPU coating 153 −4.55% 21.43

Obviously, decomposition temperature and residuals are influenced not only by the pulping
process used for lignin isolation (Kraft versus organosolv), but also by demethylation and added
antimicrobial triphenylmethane derivatives (brilliant green and crystal violet). Further quantification
of these effects by DSC measurements is under investigation.

3.4. Contact Angle of LPU Coatings

The wettability properties of the surfaces of all lignin-based PUs were investigated by means
of static contact angle measurements against water (Table 6). The LPU coatings possessed a rather
hydrophobic character with water contact angles θH2O up to 92 degrees, higher than literature data for
LPUs reported by Jia et al. prepared from organosolv lignin (61◦). The PU coatings with demethylated
lignins showed a contact angle of 84.22 ± 0.51◦. Table 7 summarizes the contact angle data of all
LPU with antimicrobial additives. The results revealed that the LPU with brilliant green had a better
wettability (87.36 ± 0.15◦) compared to the LPU with crystal violet (67.40 ± 0.18◦).

Table 7. Results of contact angle measurements of the different LPU. Abbreviations: polyurethane (PU),
Kraft lignin (KL), organosolv lignin (OL), beech wood (BW), brillant green (BG), crystal violet (CV).

Sample Contact Angle (◦)
PU-KL-pH 2 92.28 ± 0.49
PU-KL-pH 3 80.49 ± 1.03
PU-KL-pH 4 83.28 ± 0.24
PU-KL-pH 5 86.01 ± 0.22

PU-OL 61,59 ± 0.69
PU-KL-Demethylated 84.22 ± 0.51

LPU Coatings with TPM dyes

PU-BV-BG 62.93 ± 0.34
PU-BV-CV 80.19 ± 0.28

PU-KL-pH2-BG 87.36± 0.15
PU-KL-pH2-CV 81.11 ± 0.18

3.5. Morphology of the LPU Coatings

To get a first idea of the homogeneity of the lignin-derived coatings, the coatings were observed
via reflected light microscopy showing that homogeneous coatings could be obtained using lignins of
number-average molecular weight (Mn) < 500 g/mol (equivalent weight-average (Mw) < 1570 g/mol)
and OH content above 5 mmol/g (samples isolated at pH 4 and pH 5). Using scanning electron
microscopy (SEM), the thickness of the casted films was determined to range between 150–160 μm [29].

Figure 6 shows the prepared LPU coatings: (a) with 0.8% brilliant green added resulted in
homogeneous films of greenish color and smooth surface; (b) with 0.8% crystal violet added also
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resulted in homogeneous films of smooth surface colored in dark blue. Reference coatings are shown
containing PU/CV (no lignin) and PU (no lignin, no crystal violet). The antimicrobial activities were
determined according to Japanese Industrial Standard (JIS) Z 2801:2010 [59]. Figure 6c shows coatings
on different surfaces: stainless steel, wood, plastic (polypropylene). On all surfaces, the coatings
showed smooth homogeneous surfaces. In ongoing studies, the adhesion strength will be quantified.

 

 

(a) 

(b) (c) 

Figure 6. (a) Three lignin–PU coatings with brilliant green as antimicrobial additive; (b) lignin–PU
coatings with crystal violet as an antimicrobial additive (blue sample in the middle: PU-CV without
lignin; clockwise starting with the white sample (PU without lignin), LPU coatings prepared from
organosolv-lignin and lignins isolated at pH 2 to pH 5; (c) lignin–PU–CV coatings on different surfaces:
steel (left), wood (middle) and polystyrene (PS) petri dishes (right); top-down: PU-CV, LPU-CV-pH5,
LPU-CV-pH4, LPU-CV-pH2.

4. Conclusions

The results of the antimicrobial activity study of lignin-based polyurethane coatings confirmed
the capacity of Kraft lignin against special microorganisms such as S. aureus. Triphenylmethane
derivatives (brilliant green, crystal violet) significantly increased this antimicrobial effect. The coating
color changed from dark brown to green (in case of BG) and blue (in case of CV). Wettability tests using
contact angle measurements confirmed the hydrophobic character of the lignin-derived PU coatings.
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Abstract: Polypropylene (PP) large pore size nets have been most widely used implants for hernia
repair. Nevertheless, the growth of bacteria within PP mesh pores after operation is a major reason
of hernia recurrence. Secondly, pre-operative prophylaxis during mesh implantation has failed
due to the hydrophobic nature of PP meshes. Herein, chitosan cross-linked and levofloxacin HCl
incorporated, antimicrobial PP mesh devices were prepared using citric acid as a bio-based and green
cross-linking agent. The inert PP mesh fibers were surface activated using O2 plasma treatment
at low pressure. Then, chitosan of different molecular weights (low and medium weight) were
cross-linked with O2 plasma activated surfaces using citric acid. Scanning electron microscopy (SEM),
energy dispersive X-ray (EDX) spectroscopy, and Fourier transform infrared (FTIR) spectroscopy
confirmed that chitosan was cross-linked with O2 plasma-treated PP mesh surfaces and formed a thin
layer of chitosan and levofloxacin HCl on the PP mesh surfaces. Moreover, antimicrobial properties
of chitosan and levofloxacin HCl-coated PP meshes were investigated using an agar plate release
method. The coated PP meshes demonstrated excellent antimicrobial inhibition zone up to 10 mm.
Thus, modified PP meshes demonstrated sustained antimicrobial properties for six continuous days
against Staphylococcus aureus (SA) and Escherichia coli (EC) bacteria.

Keywords: antimicrobial; polypropylene; chitosan; citric acid; cross-linked; cold plasma

1. Introduction

Light weight polypropylene (PP) mesh implantation for hernia repair has been performed to
reinforce damaged tissues of the abdominal wall [1]. The recurrence rate of repaired hernia has been
reduced marginally by using synthetic PP implants [2–4]. However, after PP mesh implantation,
infection can be rare (1%–4%) [5,6], but subsequent failure of hernia mesh devices cannot be
undervalued [7,8]. Reasons for infection may be the colonization of bacteria of the uneven knitting
surfaces of PP meshes which may cause fistula formation around its pore size and result in the
formation of granuloma [9]. In fact, pre-operative prophylaxis has no impact on mesh infection
prevention because of non-absorbent PP characteristics [10,11]. Mesh infection is difficult to cure,
considering continuous antibiotic therapy for a longer duration time, or it may result in the removal
of implants [12]. Therefore, mesh infections should be cured in the very early stages, during mesh
implantation [13].

Plasma treatment is an effective method used to modify the surfaces of biomaterials [14–16].
Among other plasma processes, cold oxygen plasma has been reported as a suitable process [17–19]
to modify PP fiber surfaces without changing bulk properties [20,21]. However, different surface
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coatings for PP meshes have been reported [15,22–26], but few authors have suggested green bio-based
drug carriers such as chitosan for prolonged antimicrobial effects [27–29]. Chitosan is obtained from
chitin, a very cheap product commonly available as shellfish waste. Chitosan is a natural polymer
which has great importance as a biomaterials polymer due to its exceptional biological properties,
such as being a non-toxic biodegradable and biocompatible drug carrier. Chitosan is commonly
used in biomedical devices because of its excellent antimicrobial properties against gram-positive
and gram-negative bacteria. Moreover, it is a carbohydrate used as an advanced active species to
coordinate with transit metals [29]. Chitosan can carry broad spectrum soluble antibiotic drugs and
release them after a suitable duration of time for mesh infection prevention. Thus, the polymer having
antibiotic properties itself and being used as an antibiotic drug carrier may be of great interest in the
application of hernia mesh surface functional materials [27]. The existence of hydroxyl and amino
groups on chitosan gives it the advantage of being able to cross-link with a number of chemicals to
form amide and ester bonds [30–32]. Moreover, levofloxacin HCl is a soluble drug commonly used
for infection prevention with suitable release properties and it is capable of inhibiting both types
(gram-negative and gram-positive) of bacteria [33].

Cakmak et al. have reported satisfactory results of chitosan- and triclosan-coated PP meshes [34].
Nevertheless, growing concern around triclosan limits its application [35]. Moreover, Avetta et al. have
reported surface functionalisation of PP meshes with chitosan and ciprofloxacin but with antibacterial
properties lasting only four days [27].

However, chitosan can be cross-linked using different cross-linking agents such as formaldehyde
and glutaraldehyde. Nevertheless, these chemicals are toxic and the biocompatibility of the yield
product is the primary and most basic requirement for all medical devices. Citric acid has been used
for biomedical applications [36–38] and it has been reported that citric acid is a safe and bio-based
green crosslinking agent for chitosan polymers [39].

In our previous work, we treated PP meshes with cold oxygen plasma, after which two steps
grafting (with hexamethylene diisocyanate and cyclodextrin) were performed for β-cyclodextrin
incorporation; afterwards, levofloxacin HCl was loaded into the β-cyclodextrins (CD) cavity [40].
Herein, a simple textile based one bath padding method was selected to incorporate a chitosan and
levofloxacin HCl coating onto oxygen plasma-treated meshes using citric acid.

Polypropylene (PP) meshes were first surface activated using O2 plasma treatment at low
pressure, after which the PP meshes were padded (pick up 90%) with a prepared solution of
chitosan and levofloxacin HCl containing citric acid as a cross-linking agent, as shown in Figure 1.
The padded PP mesh devices were dried (40 ◦C) and cured (70 ◦C) in an oven for 10 min. The surface
morphology, chemical composition, and structural changes of the plasma treated chitosan and
levofloxacin HCl-coated PP meshes were characterized using scanning electron microscopy (SEM),
energy dispersive X-ray (EDX) spectroscopy, and Fourier transform infrared (FTIR) spectroscopy.
Results revealed that the PP mesh was connected with chitosan through the oxygen plasma
treatment. Thus, a thin layer of chitosan and levofloxacin HCl was observed on the surfaces of
the PP meshes. Furthermore, antimicrobial properties of chitosan and levofloxacin HCl-coated PP
meshes were performed via an agar diffusion plate by release properties. Thus, the chitosan and
levofloxacin-modified devices demonstrated an excellent antimicrobial zone of inhibition and sustained
antimicrobial release properties for six continuous days.
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Figure 1. Illustrations and experimental design of chitosan and levofloxacin HCl-coated polypropylene
(PP) meshes.

2. Materials and Methods

2.1. Materials

Light weight (27 g/m2) PP mono filament meshes with pore sizes 2.5 mm × 3.5 mm were
purchased from Nantong Newtec Textile and Chemical Fiber Co. Ltd. China (Nantong, China).
Levofloxacin hydrochloride (98%) was purchased from Energy Chemicals Shanghai China (Shanghai,
China). Citric acid monohydrate and acetic acid were received of analytical reagents.

2.2. Surface Functionalization of PP with Oxygen Plasma

PP mesh devices (10 cm × 10 cm) were functionalized using cold oxygen plasma (HD-300) at low
pressure. All samples were surface activated for 5 min at 45 W. The oxygen gas flow was kept at less
than 0.2 bar.

2.3. Preparation of Chitosan and Levofloxacin HCl Solution and Coating onto PP Meshes

The antibacterial solution was prepared following the pad dry method described by Avetta et
al. [27]. Chitosan of low molecular weight (CH-LMW) and medium molecular weight (CH-MMW) were
dissolved in deionized water with acetic acid. The solution was stirred for 12 h at room temperature
using a magnetic stirrer at 150 rpm. Then, levofloxacin HCl was poured into the solution of chitosan
and stirred for a further 2 h to mix the antimicrobial homogeneously. The overall concentration
maintained in the solution was chitosan 2.0 wt % (low and medium), levofloxacin HCl (0.2%), citric
acid (2%) and acetic acid (0.5%) was added to dissolve the chitosan.

Plasma-treated meshes were dipped in the chitosan solution and padded through horizontal
padding at 90% pick up (1.2 bar pressure). The mesh devices were padded twice to get an even coating
on the whole mesh surfaces. Moreover, coated samples were first dried at 40 ◦C and then cured at
70 ◦C for 10 min to perform the cross-linking of chitosan with the plasma-treated fibers.

3. Characterization

3.1. SEM and EDX

Chitosan and levofloxacin HCl-modified PP meshes were evaluated for surface morphology by
scanning electron microscopy (Quanta SEM 250, FEI, Waltham, MA, USA). Samples were used for
coating platinum (Pt) before SEM scanning. Moreover, element analysis of chitosan and levofloxacin
HCl-modified PP mesh devices was performed using energy dispersive X-ray spectroscopy (ISIS 300,
Oxford Instruments, Oxfordshire, UK).
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3.2. FTIR

The surface structures of the modified and control meshes were investigated using Fourier
transform infrared spectroscopy (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA) of
attenuated total reflection (ATR). The FTIR range used to analysis the structure was between
4000–500 cm−1.

3.3. Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD)

A DSC (Pyris, Perkin Elemer, Waltham, MA, USA) test was performed to get the melting
temperature of the chitosan and levofloxacin HCl-coated and untreated samples. All samples were
scanned in the temperature range of 30–300 ◦C at 20 ◦C/min.

Moreover, chitosan and levofloxacin-coated and untreated samples were characterized using an
X-ray diffractometer (Rigaku D/MAX 2550/PC, Tokyo, Japan). The range of crystallization analysis
was 5◦ to 60◦ (2θ) and the testing rate was set at 0.02◦/min.

3.4. Antibacterial Activity

The antibacterial activity of chitosan (low and medium molecular weight) was investigated using
a simple agar diffusion plate test method. A specific amount of 400 μL of bacteria (Staphylococcus aureus
(SA) and Escherichia coli (EC)) of 1 × 108 colony forming units (CFU)/mL was poured on agar plates.
Then, treated and untreated samples (1 cm × 1 cm) were placed onto the center of the agar plates and
all samples were incubated in an oven at 37 ◦C for 24 h [41]. The zone of inhibition of each sample
was measured in all four directions and described as an average antibacterial inhibition zone value.
The formula for the zone of inhibition was C = (K − B)/2 where C = inhibition zone, K = inhibition
zone after incubation (24 h), and B is the original sample (1 × 1) without antibacterial activity.

Furthermore, PP-untreated and chitosan-treated samples were analyzed for their antibacterial
release properties. Each day samples were transferred to new agar plates and fresh bacteria were
poured. Thus, after 24 h the inhibition zone was measured and compared with the previous
one. The antibacterial release performance was continued until the modified meshes sustained
antibacterial activity.

3.5. Statistical Analysis

The standard deviation and mean are reported in Figure 8. However, standard bars in the figures
represent standard deviation. One-way single factor ANOVA was performed to find out the actual
differences for each sample. The figure data is marked with p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*).
Thus, the value of p < 0.05 (*) was chosen as a confidence interval value.

4. Results and Discussion

4.1. Chitosan and Levofloxacin Coating onto PP Mesh Surfaces

Chitosan was cross-linked with PP meshes using citric acid monohydrate, as shown in the
reaction scheme (Figure 2). Chitosan of low molecular weight and chitosan of medium molecular
weight with levofloxacin HCl were prepared using acetic acid and stirred for 12 h, after which citric acid
monohydrate was poured into the solutions prior to 2 h of coating. The coating solutions containing
CH-LMW and CH-MMW were separately padded onto O2 plasma activated surfaces of PP meshes.
The coated meshes were dried and cured at 70 ◦C for 10 min to cross-link chitosan with the PP mesh
surfaces. The average corresponding weight of the samples of low molecular weight (2.05 ± 1.3%) and
medium molecular weight (4.1% ± 0.8%) was increased. The result was that a thin layer of chitosan
with levofloxacin HCl was obtained onto the plasma activated PP fiber surfaces. Thus, plasma-treated
PP meshes of CH-MMW received more amounts of surface coating in comparison to CH-MMW.
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Figure 2. Reaction scheme of cross-linked chitosan with oxygen plasma-treated PP meshes using citric acid.

4.2. Surface Morphology of Chitosan and Levofloxacin HCl-Modified PP Meshes

SEM images of chitosan and levofloxacin HCl-modified plasma-treated and -untreated PP meshes
are shown in Figure 3. It can be observed that the untreated PP meshes display noticeable line marks
on their surfaces (Figure 3a) with bright surface structures, but after oxygen plasma treatment such
line marks are missing, showing (Figure 3b) relatively dull and even surfaces. The plasma-treated
fibers have regular surfaces in comparison to the untreated meshes. Moreover, the low molecular
weight chitosan and levofloxacin-coated meshes display (Figure 3c) an even thin layer across the whole
spherical diameter of the fibers. However, it can be observed that the medium weight chitosan and
levofloxacin HCl completely coated the (Figure 3d) plasma-activated PP fibers with a thick and sticky
layer. It can be seen that the sticky layer (the CH-MMW) stretches across the whole surface of the
PP fibers, showing a more even coating than the CH-LMW coating. Thus, it can be summarized that
medium molecular weight chitosan can coat PP fibers more effectively. The reason for the thick and
even surface coating may be the oxygen plasma treatment, which may enhance the adhesion of the
chitosan and levofloxacin HCl coating [19].

Figure 3. Cont.
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Figure 3. Scanning electron microscopy (SEM) images: (a) PP-untreated, (b) oxygen plasma-treated,
(c) chitosan of low molecular weight (CH-LMW)-coated PP meshes, and (d) chitosan of medium
molecular weight (CH-MMW) and levofloxacin HCl-coated PP meshes. All samples were scanned at a
magnification of 500×.

4.3. Characterization of Chitosan and Levofloxacin HCl-Modified PP Devices

Figure 4 displays energy dispersive X-ray spectroscopy peaks for the identification of the
surface chemical structures of the PP meshes and the plasma-treated and chitosan and levofloxacin
HCl-modified mesh devices. The PP control meshes displayed a 100% carbon peak at 0.4 keV.
Nevertheless, the plasma-treated meshes confirmed a carbon atom at a similar 0.4 keV mark but
an additional oxygen (O) atom peak (2.9%) was observed at 0.7 keV. Moreover, CH-LMW-coated
PP meshes displayed an increase in oxygen (13.31%) atoms and additionally, two peaks of nitrogen
and fluorine can be observed around 0.8 keV. Furthermore, medium molecular weight chitosan and
levofloxacin HCl-coated samples displayed same atoms similar to CH-LMW but with increased atomic
weight percentages, indicating the good efficiency of the chitosan layer when making it onto the PP
surfaces. These results are in accord with published paper [27], except that we received an additional
peak of levofloxacin HCl, which is the most commonly used antimicrobial for infection prevention.
Thus, cold oxygen plasma is shown to be an important process regarding enhancing surface adhesion
for the coating of chitosan and levofloxacin HCl onto PP mesh surfaces.

Figure 4. Energy dispersive X-ray (EDX) spectra: (a) PP control, (b) oxygen plasma-functionalized,
(c) low molecular weight chitosan and levofloxacin, and (d) medium molecular weight chitosan and
levofloxacin HCl-coated PP meshes.
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FTIR spectra of chitosan and levofloxacin HCl-coated meshes are shown in Figure 5. The PP
control fibers displayed identical peaks at 2951, 2918, 1453, and 1378 cm−1 [42,43]. However, when
excluding the PP fiber original peaks, a new peak (Figure 5a) at 3347 cm−1 may be observed, which may
be due to the oxygen plasma treatment which provides an OH group to the PP fiber surfaces. Moreover,
as shown in Figure 5b, chitosan-coated modified meshes show a slight change in the vibration band
at 3398 cm−1, but the peak height was more in alignment with the oxygen plasma-treated fibers.
The chitosan-coated modified PP meshes also show an additional cross-linking peak at 1715 cm−1,
which may be due to the formation of a carbonyl group. However, amide I and amide II were observed
at 1625 and 1215 cm−1, respectively. The C–O stretch of chitosan was seen within the fingerprint
region at 1070 cm−1 for the medium-weight chitosan-coated meshes. These results are in accord with
published paper [27], but most notably in our work we found extra peaks at 1715 cm−1, which are due
to the formation of a carbonyl group. The reason for the formation of a peak at 1070 cm−1 specially for
the CH-MMW meshes may be due to the better coating efficiency of chitosan onto the oxygen-treated
PP meshes in comparison with the CH-LMW coating.

Figure 5. Fourier transform infrared (FTIR) spectra (attenuated total reflection (ATR)): (a) PP control and
oxygen plasma-treated PP meshes; (b) PP control, CH-LMW, and CH-MMW and levofloxacin-coated
PP meshes.

4.4. Thermal and Structural Properties

As shown in Figure 6a, the PP meshes without treatment, and those coated with chitosan and
levofloxacin HCl, have no identical differences except that the control PP mesh has more peak height.
Moreover, all three samples—PP control, CH-LMW, and CH-MMW—have almost the same melting
temperatures, these being 148.5, 148.9, and 149.05 ◦C, respectively. Thus, there is a slight increase
in melting temperature as chitosan coating is applied to the PP mesh surfaces. Overall, there is no
difference in melting temperature between the treated and untreated PP meshes.

Figure 6b displays XRD patterns of chitosan-coated and non-coated PP meshes. It can be observed
that the PP meshes coated with low molecular weight chitosan, medium molecular weight chitosan,
and those which are untreated exhibited similar pattern peaks and crystal structures for the 2θ range
5◦–60◦. Therefore, there are no identical structural changes before and after the surface modification of
the PP meshes.

27



Coatings 2019, 9, 168

Figure 6. Thermal and structural properties: (a) differential scanning calorimetry (DSC) analysis and
(b) X-ray diffraction (XRD) patterns of treated and untreated PP meshes.

4.5. Antibacterial Activity

Antibacterial properties of the chitosan and levofloxacin HCl (CH-LMW and CH-MMW) and
untreated meshes are shown in Figure 7. Untreated PP mesh fibers were unable to resist bacterial
(EC and SA) growth. Thus, there is no inhibition zone (Figure 7a,b) around the PP control
samples. Nevertheless, the CH-LMW and levofloxacin HCl-coated PP meshes demonstrated suitable
antibacterial properties. The CH-LMW-coated meshes displayed an average inhibition zone of 8.1 and
8.6 mm for SA and EC, respectively. However, in the case of the CH-MMW and levofloxacin coated
samples, these demonstrated better average inhibition zones of 10.1 and 10.9 mm for SA and EC,
respectively. Thus, the CH-MMW samples demonstrated a bigger average inhibition zone than the
CH-LMW samples.

Thus, it was confirmed that PP control does not exhibit antibacterial properties. For this reason,
the CH-LMW and CH-MMW samples were assessed for their antimicrobial release properties. Both
samples (CH-LMW and CH-MMW) were further tested (Figure 8) against SA and EC by a release
method. As shown in Figure 8a, the average initial inhibition zones for the CH-LMW samples for the
first day against SA and EC were 8.01 and 8.533 mm, respectively. CH-LMW demonstrated antibacterial
release properties for four days against SA and EC bacteria. EC displayed a bigger inhibition zone
than SA over the four days. However, the minimum inhibition zones for SA (0.5 mm) and EC (0.8 mm)
were measured on the fourth day.

Moreover, antimicrobial properties of CH-MMW samples sustained (Figure 8b) for 6 days.
CH-MMW samples displayed 11 and 10.1 mm inhibition zone for SA and EC, respectively. This
was greater inhibition zone than CH-LMW. However, similarly like CH-LMW, EC shown bigger
inhibition zone during entire 6 days but on 4th day zone of inhibition was almost same for SA and EC.
Minimum average inhibition zone for SA (0.3 mm) and EC (1.2 mm) were seen on day 6. According
to previous published papers author reported chitosan functionalized PP meshes [29] only 4 days of
drug release was achieved [27]. However, antimicrobial results for CH-MMW shown better results
and sustained antibacterial release up to 6 days. This may be due to the surface functionalization of PP
meshes with oxygen plasma as literature described that cold oxygen plasma is a more suitable surface
treatment than other plasma treatments [19,40]. Secondly citric acid is a good cross-linker and has
been used commonly to connect hydroxyl group with chitosan [30]. Therefore, formation of hydroxyl
group on PP surfaces given advantage to connect oxygen plasma treated PP fibers with chitosan.
The results of SEM, FTIR and antimicrobial release method proved that chitosan and levofloxacin layer
was cross-linked with plasma activated surfaces which gave better results of antimicrobial.
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Figure 7. Antibacterial activity by inhibition zone: (a,b) PP control, (c,d) low molecular weight chitosan
and levofloxacin-coated, (e,f) medium molecular weight chitosan and levofloxacin HCl-coated. Note:
the top row is SA and the bottom row is EC.

Figure 8. Antibacterial activity by release method (a) low molecular weight chitosan and levofloxacin
coated CH-LMW (b) Medium molecular weight and levofloxacin HCL coated PP meshes (CH-MMW).

5. Conclusions

In this study, chitosan of low molecular weight and chitosan of medium molecular weight with
levofloxacin HCl were successfully coated onto oxygen plasma-treated PP mesh fiber surfaces. Plasma
activation created adhesion on the surfaces of the PP fibers, which was utilized to connect PP meshes
with chitosan in presence of citric acid. The result was a thin layer of chitosan and levofloxacin HCl
coating the PP meshes. FTIR confirmed that chitosan was successfully attached and cross-linked with
the PP mesh fibers.

Moreover, the chitosan and levofloxacin HCl-modified PP meshes demonstrated excellent
antimicrobial inhibition zones and antimicrobial release properties which were sustained for six
days. Thus, a green and bio-based chitosan with suitable antimicrobial properties could be used for
mesh infection prevention during hernia repair.
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Abstract: Mesh infection is a major complication of hernia surgery after polypropylene (PP) mesh
implantation. Modifying the PP mesh with antibacterial drugs is an effective way to reduce the
chance of infection, but the hydrophobic characteristic of PP fibers has obstructed the drug adhesion.
Therefore, to prepare antimicrobial PP mesh with a stable drug coating layer and to slow the
drug release property during the hernia repair process has a great practical meaning. In this work,
PP meshes were coated by bio-inspired polydopamine (PDA), which can load and release levofloxacin.
PP meshes were activated with cold oxygen plasma and then plasma activated PP fibers were coated
with PDA. The PDA coated meshes were further soaked in levofloxacin. The levofloxacin loaded
PP meshes demonstrate excellent antimicrobial properties for 6 days and the drug release has lasted
for at least 24 h. Moreover, a control PP mesh sample without plasma treatment was also prepared,
after coating with PDA and loading levofloxacin. The antimicrobial property was sustained only for
two days. The maximum inhibition zone of PDA coated meshes with and without plasma treatment
was 12.5 and 9 mm, respectively. On all accounts, the modification strategy can facilely lead to
long-term property of infection prevention.

Keywords: polypropylene; hernia meshes; antibacterial; drug release; polydopamine

1. Introduction

An abdominal wall hernia operation is the repositioning of the hernia contents within the
abdominal cavity using sutures or mesh materials. Abdominal closure or reinforcement of hernia
defects has been performed with numerous mesh materials. Indeed, mesh implantation for hernia
repair has reduced hernia recurrence rate, compared to suturing techniques [1]. Synthetic mesh
materials have been successful for hernia repair since the last decade. Nevertheless, among all these
materials, polypropylene (PP) mesh has been considered as one of the best materials for repairing
hernias, owing to its inherent characteristics including that it is inert, hydrophobic, has a strong
mechanical property, and is lightweight [2–4]. However, a significant complication of hernia repair
is PP mesh induced infection [5,6]. In addition, PP is a hydrophobic polymer which does not absorb
drugs during pre-operative prophylaxis [7,8], thereby making the drug coating, to prevent infection,
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infeasible for PP mesh. Mesh infection can be a serious problem if not solved in the initial stages of mesh
implantation. After infection, it is difficult to cure the infected surgical area because heavy antibiotic
doses to the body of the patient may cause side effects. Furthermore, the recurrence of the hernia
may cause the removal of the hernia mesh, which can be costly in terms of the wealth and health of
patients [9,10]. Therefore, creating an active surface of PP mesh and providing the binding sites for drug
loading during mesh implantation are the key factors to reduce PP hernia mesh infection [11]. Different
kinds of surface modifications of PP meshes have been performed to incorporate different antibiotics
for slow drug release [12,13]. Amongst those modification protocols, plasma treatment is considered
a crucial step to modify the hydrophobic surfaces of PP fibers [14,15], to incorporate the functional
groups, such as hydroxyl or carboxyl, on the surfaces of PP fibers [16], and those functional groups
were further utilized to graft host–guest molecules to capture antibiotics [17]. Surface functionalization
of PP fibers with cold oxygen plasma is a well-known technique [18,19]. Cold oxygen plasma at low
pressure has been especially considered as the most suitable plasma treatment, without changing their
bulk properties, for PP fibers [20].

The new advancement in the preparation of medical devices is focused on producing
biocompatible materials [21,22]. Thus, dopamine, a bio-inspired material, receives the attention of
researchers due to the properties of self-polymerization to polydopamine (PDA) and co-deposition onto
surfaces of the materials [23,24]. The PDA coating, or functionalization of material, is a straightforward
approach by dipping materials in pH 8.5. The dopamine self-polymerization can be controlled by
reaction time or concentration [25,26].

In this work, we prepared antibiotic PP mesh materials functionalized with dopamine via cold
O2 plasma treatment. PP mesh fiber surfaces were activated with oxygen plasma to create hydroxyl
or carboxyl groups and then plasma treated meshes were further modified with self-polymerized
dopamine for 12–24 h. The PDA incorporated PP meshes were soaked in levofloxacin (0.5%) for 24 h
to absorb water-soluble drugs for antimicrobial properties, as shown in Figure 1.

Figure 1. The schematic illustration of PDA coating and subsequent loading levofloxacin on PP meshes.

The PDA coated PP meshes were evaluated for surface morphology, structural changes,
antimicrobial properties, and drug release. The results confirmed that dopamine was incorporated
on PP fiber surfaces and formed strong interfacial bonding between PP meshes and PDA. Moreover,
PDA coated and levofloxacin soaked meshes showed excellent antimicrobial inhibition zones and
demonstrated a controlled drug release.

2. Materials and Methods

2.1. Materials

Light weight (27 g/m2) and large hexagonal pore (sized 3.5 mm × 2.5 mm) monofilament
polypropylene mesh devices were received from Nantong Newtec Textile and Chemical Fiber Co.,
Ltd., Nantong, China. Levofloxacin hydrochloride (98%) was purchased from Energy Chemicals,
Shanghai, China. Dopamine and tris(hydroxymethyl)aminomethane (Tris) were received from Aladdin
Chemicals Ltd., Shanghai, China.
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2.2. Surface Functionalization of PP with Oxygen Plasma

PP mesh samples of equal size (10 cm × 10 cm) were surface activated using an HD-300 cold
plasma machine (Changzhou Zhongke Changtai Plasma Technology Co., Ltd., Changzhou, China).
The samples were surface functionalized with oxygen plasma using optimized parameters of time
(300 s), power (45 W), and pressure (10 Pa). However, flow of oxygen gas was less than 0.2 bars.
PP samples after plasma treatment were named as PL-PP.

2.3. Coating of Polydopamine (PDA) on PP Meshes

Dopamine solution was prepared by dissolving 0.1 g of dopamine (2 mg/mL) in 50 mL of
Tris-HCl buffer (10 mM, pH 8.5) [25]. The liquor ratio of the PP meshes to the solution was 1:100.
Dopamine self-polymerization (non-plasma and oxygen plasma treated samples) was performed at a
temperature 37 ◦C, with continuous stirring (80 rpm) for 12–24 h. After 12–24 h samples were taken
out, rinsed several times with hot (50 ◦C) and cold deionized water, and dried at 50 ◦C in a vacuum
oven. All samples were coated with the same concentration, the only difference was time. PDA coated
samples after plasma treatment for 12 and 24 h were named PL-Dop-12 and PL-Dop-24, respectively.
Non-plasma treated samples of coated PDA were named Dop-12 and Dop-24.

2.4. Loading and Release of Levofloxacin

The PDA coated PP (0.5 g) meshes were soaked for 24 h in a 50 mL solution containing 0.3 g (0.6%)
levofloxacin. All samples were soaked in same concentration of levofloxacin for the same soaking time
of 24 h. After 24 h, loading samples were taken out and dried at 40 ◦C. Thus, after levofloxacin, loaded
samples were named Dop-LVFX-24, PL-Dop-LVFX-12, and PL-Dop-LVFX-24.

The drug release profiles of levofloxacin loaded samples (2 cm × 2 cm) were measured in a
centrifugal tube containing 8 mL of phosphate-buffered saline (PBS) and the PBS mixture with mesh
samples was shaken the for required duration at 70 rpm. The UV-spectrophotometry (TU-1901 Beijing
Purkinjie Co., Ltd., Beijing, China) was used at 37 ◦C for absorption measurements. During each
absorption measurement, 1 mL of the mixture solution of each sample was extracted and 1 mL of fresh
PBS was added into the mixture. Absorption of all samples was measured at 290 nm. The accumulative
levofloxacin release (%) was obtained as the ratio of levofloxacin release to the total drug loaded onto
the samples. Average absorption values were used to calculate the levofloxacin release (%).

2.5. Characterization of Modified PP Meshes

PDA coated and levofloxacin loaded samples were coated with platinum (Pt) and observed with
a Scanning Electron Microscope (SEM) (Quanta SEM 250, FEITM, Waltham, MA, USA). Moreover,
an Energy Dispersive X-ray spectrometer (EDX) (ISIS 300, Oxford Instruments, Oxfordshire, UK) was
connected with the SEM for element analysis of the PDA-modified and untreated PP samples. Fourier
Transform Infrared Spectroscopy (FTIR) (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA)
of Attenuated Total Reflection (ATR) mode was used to characterize all modified and control samples.
All samples were analyzed in the wavenumber range of 500–4000 cm−1 with resolution of 4.0 cm−1.
An atomic force microscope (AFM) (Technologies 5500, Keysight, Santa Rosa, CA, USA) was used to
analyze the roughness of the different surfaces.

2.6. Antibacterial Properties

Qualitative Analysis

The agar diffusion test method was performed to assess the antibacterial properties of the
dopamine coated and levofloxacin loaded samples described in our recently published paper in
Polymers [27]. 400 μL of 1 × 108 CFU/mL bacterial suspension was spread on agar plates. Sterilized
swabs were used to evenly spread the bacteria. Two types of bacteria namely Escherichia (E.C) (ATCC®
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25922™, Shanghai, China) and Staphylococcus aureus (S.A) (ATCC® 25923™, Shanghai, China) were
used for antibacterial analysis of the modified meshes. Modified and untreated samples (1 cm × 1 cm
square) were placed in the center of agar plates containing bacteria (S.A and E.C). The agars plated
with samples were incubated in a standard oven, maintaining 37 ◦C for 24 h. The zone of inhibition of
each sample was measured with a digital vernier caliper and all results from the inhibition zones were
measured in 4 directions and reported as the average values. The zone of inhibition was measured
using the following formula: X = (Y − Z)/2, where X = the inhibition zone, Y = the inhibition zone
measured after 24 h incubation, and Z = the inhibition zone before incubation.

Furthermore, we observed the antibacterial properties of the modified and untreated PP samples
in a controlled environment of 37 ◦C. After each day, samples were taken out of the oven and transferred
to fresh agar plates containing bacteria. The zone of inhibition was measured to see the change in
antibacterial properties according to the number of days.

3. Results and Discussion

3.1. Polydopamine Coated and Levofloxacin Loaded

Polypropylene (PP) warp knitted meshes were soaked in a weak alkaline solution of dopamine.
It was expected that dopamine (PDA) would self-polymerize and co-deposit onto PP meshes. Two steps
were performed in the surface modification of PP meshes. In the first step, PP meshes were activated
with oxygen plasma and in the second step more PDA was adhered to oxygen plasma activated PP
meshes via hydrogen bond.

Plasma treated and untreated PP meshes were coated in the same concentration of dopamine
and at the same temperature (37 ◦C) for 12 and 24 h and we received a marginal difference between
oxygen plasma treated and untreated coating amounts. The weight increase of oxygen plasma treated
and untreated meshes, for 12 and 24 h, is shown in Figure 2. The corresponding weight of the Dop-12
and Dop-24 is 0.3% and 0.5%, respectively. However, the average weight increase of PL-Dop-12 and
PL-Dop-24 is 2.81% and 3.75%, respectively. Moreover, after 24 to 36 h soaking times there was no
change in the amount of dopamine coating.

Figure 2. The weight increase (%) of untreated and plasma treated PP meshes after PDA and
levofloxacin coating.

All modified PP meshes were soaked in the same concentration (0.6%) of levofloxacin for 24 h.
Plasma treated and PDA coated PP meshes were weighed before and after loading levofloxacin.
From Figure 2, PL-Dop-LVFX-12 and PL-Dop-LVFX-24 increase the corresponding weights by
0.6% and 0.9%, respectively. Moreover, samples without plasma treatment (Dop-LVFX-12 and
Dop-LVFX-24) increase corresponding weight by only 0.2%. Therefore, non-plasma treated samples
(Dop-24, Dop-LVFX-24) and plasma treated samples (PL-Dop-LVFX-12 and PL-Dop-LVFX-24) were
prepared for further characterization.
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3.2. Surface Morphology of Modified PP Meshes

Surface roughness of PP control and PL-PP meshes were observed using an AFM (Figure 3).
Prior to oxygen plasma activation the surface of untreated mesh fibers is smooth with obvious mark
lines. After oxygen plasma modification, the surface of PP fibers becomes rougher and the surface
piles are more visible, instead of line marks. Moreover, after the oxygen plasma treatment, Sq and Sa

parameters of the modified meshes are increased by 55.5% and 21.2%, respectively, showing a rougher
surface as compared to the PP control fibers. Therefore, oxygen plasma functionalization significantly
changes the surface of PP meshes, which is consistent with the literature [28].

Figure 3. AFM of PP control and PL-PP.

Figure 4 shows SEM images of the modified PP samples. It can be observed that the PP control
displays identical sharp and thin lines before oxygen plasma treatment (Figure 4a1,a2). Nevertheless,
after plasma treatment a fuzzy and slightly dark appearance, without cut and lines (Figure 4b1,b2) shows
a rougher surface of PP mesh. Moreover, for Dop-24 (Figure 4c1,c2), PDA can be observed on the surfaces
of fibers with small beads, but PP mesh fibers are still not fully covered with PDA. On the other hand,
PL-Dop-12 (Figure 4d1,d2) shows a more PDA coated area of PP fibers. This may be because, after plasma
treatment, −OH groups on the PP surface enhanced the adherence of PDA more effectively via hydrogen
bond, compared to non-plasma treated meshes. Moreover, PL-Dop-24 (Figure 4e1,e2) shows remarkably
increased coating with wider beads, which covered whole spherical fiber area.

 
Figure 4. SEM images as follows: PP control (a1,a2), PL-PP (b1,b2), Dop-24 (c1,c2), PL-Dop-12 (d1,d2),
PL-Dop-24 (e1,e2), and PL-Dop-LVFX-24 (f1,f2). Top row (a1–f1) ×250 and bottom row (a2–f2) ×1000.
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Furthermore, PL-Dop-LVFX-24 (Figure 4f1,f2) shows a more swollen and brighter structure,
which may be due to levofloxacin absorbed by PDA coated meshes via catechol and hydrogen
bond. Above all, plasma treated meshes could be effectively coated with PDA. This is due to the
plasma surface modification of PP fibers, which increases surface wettability [29] as well as surface
adhesion [30] for PDA coating.

3.3. Chemical Characterization of Modified PP Meshes

Figure 5 displays the element analysis of PP control and modified meshes using Energy Despersive
EDX. Figure 5a shows only the carbon (C) atom peak within 0.5 keV, which confirms PP fibers. PL-PP
meshes show additional oxygen atom (O), which confirms oxygen-containing groups, generated on
the surface of PP meshes after oxygen plasma treatment, as shown in Figure 5b. Furthermore, Figure 5c
displays carbon (C), oxygen (O), and an additional nitrogen (N) atom between the oxygen and carbon
peaks, which confirms that the PP meshes were coated by PDA and that the oxygen atoms’ weight (%)
increased from 2.85% to 7.89%. Moreover, after levofloxacin loading, the presence of fluorine (F) atom
is displayed within 0.6 keV (Figure 5d). Thus, it proves the existence of levofloxacin on the surface of
PDA coated PP meshes. These results are similar to our recent published paper, except for a different
weight (%) of each element [27].

Figure 5. EDX spectra and weight of element (%) (a) PP control; (b) PL-PP; (c) PL-Dop-24;
and (d) PL-Dop-LVFX-24.

FTIR spectra of untreated and treated samples are shown in Figure 6. The PP control shows
peaks at 2950, 2916, 1452, and 1376 cm−1 [17]. Thus, except for the PP control, PL-PP meshes display
additional peaks at 3264 cm−1, which is due to the hydroxyl (−OH) on the surface of PP meshes.
Moreover, it can be observed that Dop-24 shows slight vibration peaks at 1626 and 1532 cm−1, which is
due to the establishment of ν C=O and δ NH, respectively. Furthermore, C–H (ν CH) stretch can be
observed at 1290 cm−1. PL-Dop-24 shows similar peaks of 1626 and 1532 cm−1. More intensity of the
absorbance band is found, which shows hydrogen bonding between PDA and PP meshes. Moreover,
PL-Dop-LVFX-24 shows similar peaks as PDA coating peaks because levofloxacin was just loaded on
the layer and did not react with PDA.
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Figure 6. FTIR spectra (ATR) of PP control, PL-PP, Dop-24, PL-Dop-24, and PL-Dop-LVFX-24.

3.4. Antibacterial Activity

Antibacterial activity of PP meshes at different stages of modification was performed by the
agar diffusion method, as shown in Figure 7. It can be observed that the PP control did not
display antibacterial properties. Nevertheless, PP meshes activated with oxygen plasma have slight
antibacterial properties. Dop-LVFX-24 showed good antibacterial properties. The average inhibition
zone for E.C and S.A was 9.6 and 8.5 mm, respectively. With plasma treatment, PL-Dop-LVFX-12
performed better and showed an average inhibition zone of 12.5 and 12 mm for E.C and S.A,
respectively. PL-Dop-LVFX-24 demonstrated excellent antibacterial properties with an inhibition
zone of 15 and 14.5 mm for E.C and S.A, respectively.

Figure 7. Inhibition zone diameter of PP control, PL-PP, Dop-LVFX-24, PL-Dop-LVFX-12,
and PL-Dop-LVFX-24. All samples in the top row = E.C and the bottom row = S.A.

Moreover, antibacterial release properties of modified PP meshes (Figure 8) were determined
after each 24 h. It can be observed that Dop-LVFX-24 exhibited antibacterial properties for only two
days, as shown in Figure 8a. This may because less levofloxacin was adhered on the surface due to less
PDA coating. However, PDA coated PP meshes, after plasma treatment for 12 h and soaked in the
levofloxacin (Dop-LVFX-12), showed good antibacterial properties for 5 days, with a reduced regular
inhibition zone throughout 5 days. The minimum inhibition zone on 5th day was 3 and 2.5 mm for
E.C and S.A, respectively (Figure 8b). A bigger average inhibition zone was displayed by samples
using E.C during the entire 5 days. Moreover, PDA coated meshes, for 24 h and soaked in levofloxacin
(Dop-LVFX-24), demonstrated a more sustained antibacterial release for 6 days (Figure 8c). It was
also observed that the inhibition zone of E.C was greater, in comparison to S.A, for an entire 6 days,
but on 4th day almost the same inhibition zone was shown for the two types of bacteria. The minimum
inhibition zone for E.C and S.A was 2.99 and 2.05 mm respectively.
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Figure 8. Antibacterial release properties of (a) Dop-LVFX-24, (b) PL-Dop-LVFX-12, and
(c) PL-Dop-LVFX-24.

In our previous work, we prepared PP meshes with a one-step coating of PDA, without plasma
treatment [31]. Herein, we found better results with PDA coating using oxygen plasma. Thus,
we compared antibacterial performance of PDA coating without plasma and PDA coating with oxygen
plasma. Overall, plasma treated and PDA coated PP meshes, PL-Dop-LVFX-12 and PL-Dop-LVFX-24,
displayed more sustained antibacterial properties than non-plasma treated PP meshes (Dop-LVFX-24).
This may because plasma treatment improved the coating efficiency of PDA onto PP fibers with
increased corresponding weight and strong bonding, which may hold more levofloxacin and release
antibacterial properties for a longer duration of time compared to non-plasma treated PP meshes.

3.5. Drug Release Profile of PDA Coated and Levofloxacin Loaded PP Meshes

The average accumulative drug release (%) of three samples (Dop-LVFX-24, PL-Dop-LVFX-12,
and PL-Dop-LVFX-24) was performed in a neutral environment using a PBS solution. From Figure 9
and Table 1, it can be observed that Dop-LVFX-24 showed fast drug release and about 100% of the
drug was released within first 6 h, though a major portion (80%) of the drug was released within
3 h. Moreover, PL-Dop-LVFX-12 displayed a sustained drug release profile. In first 3 h, 65% of drug
was released; after 6 h, the accumulative drug release was 78.8%; and after 12 h, 91.9% was released.
Further sustained drug release (99.1%) continued up to 24 h. Moreover, PL-Dop-LVFX-24 displayed
more sustained levofloxacin release compared to PL-Dop-LVFX-12. In the first 3 h, an accumulative
60.88% of the drug was released. After 6 h, 72.2% of levofloxacin was released. At 12 h, 86.3% of
the drug was released and a total of 93.3% of drug was released at 24 h. Thus, PL-Dop-LVFX-24
samples showed sustained accumulative drug release. Drug releases of all three samples can explain
antibacterial activity performance. The PL-Dop-LVFX-24 sample could be a suitable product and may
be used for hernia mesh implantation.
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Figure 9. Drug release curves of PDA coated and levofloxacin loaded PP meshes.

Table 1. The average accumulative drug release of three samples.

Time (h) Dop-LVFX-24 (%) PL-Dop-LVFX-12 (%) PL-Dop-LVFX-24 (%)

0 0 0 0
1 56 ± 1.3 47 ± 1.5 41 ± 1.6
3 80 ± 1.2 65 ± 1.3 61 ± 1.5
6 100 ± 1.5 79 ± 1.3 72 ± 1.3

12 – 92 ± 1.5 86 ± 1.4
24 – 99 ± 1.0 93 ± 1.6

In our previous study, cyclodextrins were used to capture levofloxacin HCL for antibacterial
and drug release properties. The release of the drug was observed for at least 24 h [32]. Herein,
polydopamine (PDA) coated PP meshes were soaked in the levofloxacin HCl solution and modified
PP meshes showed a better antibacterial inhibition zone than PP meshes modified with cyclodextrins,
but cyclodextrins had released the drug for a longer duration of time than polydopamine. The reason
for this could be that cyclodextrins have cavities which releases the drug slowly.

Moreover, commonly used drug carriers, such as cyclodextrins [33–35] and chitosan [36,37],
may release drugs for longer durations of time, compared to polydopamine, but the inhibition zones
may be smaller. Overall, PDA modified PP meshes released levofloxacin HCL for 24 h and showed
excellent antibacterial inhibition zones of 15 and 14.5 mm for E.C and S.A, respectively. Considering
the burst release of drugs, a hernia mesh infection is necessary to control in the initial stages of mesh
implantation [32,38]. Thus, the PDA and levofloxacin HCL coated PP meshes with good drug release
properties could be useful for prevention of hernia mesh infections.

4. Conclusions

Bio-inspired PDA coated antimicrobial PP meshes for hernia repair were successfully prepared.
The oxygen plasma treated PP meshes show better results of PDA coating than the raw one. It is
proved that PDA coated PP meshes, after oxygen plasma treatment, can absorb more levofloxacin
and release the drug for a longer suitable time, which demonstrates reasonable antimicrobial release
properties. Thus, plasma treated PP meshes coated with PDA and loaded with levofloxacin may be a
good choice for prevention of hernia mesh infections.
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Abstract: With the aim of establishing a protocol for evaluating the efficacy of antifouling paints
on different organisms, a flow-through laboratory test using triangular boxes was developed for
cyprids of the barnacle Amphibalanus (=Balanus) amphitrite. Six different formulations of antifouling
paints were prepared in increasing content (0 to 40 wt.%) of Cu2O, which is the most commonly used
antifouling substance, and each formulation of paint was coated on one surface of each test plate.
The test plates were aged for 45 days by rotating them at a speed of 10 knots inside a cylinder drum
with continuously flowing seawater. The settlement behavior of 3-day-old cyprids released inside
triangular boxes made from the test plates was observed. A decreasing number of juveniles settled
on surfaces of test plates that were coated with paint containing more than 30 wt.% of Cu2O. Results
of the laboratory bioassays were consistent with those from the field experiments.

Keywords: antifouling efficacy; flow-through; triangular box; Amphibalanus amphitrite; cuprous oxide;
dynamic aging; repellant activity; raft experiment; bioassay; biofouling of ships’ hull

1. Introduction

A wide range of macrofoulers have been used as test organisms in antifouling bioassays conducted
under controlled experimental conditions [1,2]. Barnacles are typical fouling organisms that attach to
ships’ hulls and submerged artificial structures. This biofouling consequently leads to increased fuel
consumption and accidental introduction of non-indigenous species to another marine environment,
possibly causing significant and harmful changes [3–12]. Controlling the attachment of barnacles is of
great significance in the development of antifouling technology.

Internally fertilized eggs of barnacles’ hatch when embryos develop in the mantle cavity of
brooding adults, and they then start to drift in the ocean. During the planktonic larval stage, barnacles
molt through six naupliar stages before they molt to cyprids that do not feed. Cyprids attach to
a suitable substrate and metamorphose into juveniles to start a sessile life stage. This process of
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attachment and metamorphosis is most important in the life cycle of barnacles. The inhibition of this
process is the key to the development of antifouling technology on barnacles.

Many laboratory studies using cyprids have been conducted to elucidate the settlement
mechanism of barnacles and to search for anti-foulants [13–19]. The barnacle Amphibalanus amphitrite
(A. amphitrite) is widely distributed in the intertidal zones of the subtropical and temperate regions of
the globe [16–18]. The establishment of its larval rearing method has made its cyprids available in the
laboratory all year round [16]. They are also used worldwide as a model species in larval settlement
studies of barnacles [20,21]. Most studies have been carried out under a static condition [20,22–31].
Nevertheless, antifouling agents are designed to be slowly released. This means that in an evaluation
test for antifouling efficacy, the accumulation of the antifouling agent becomes a huge concern under a
static condition. Therefore, the ideal assay condition should be a flow-through water system that does
not allow the accumulation of antifouling agents in the test water. Re-circulating the test water inside
the tank was proposed as a new settlement assay method to address problems encountered under a
static water condition [18,32].

A new flow-through bioassay was reported by Pansch et al. [15] as a tool for rapid
laboratory-based screening of candidate compounds for use in antifouling coatings. In a
previous investigation, the authors designed a bioassay with a flow-through water system and
successfully assessed the efficacy of antifouling paints using the mussel—Mytilus galloprovincialis
(M. galloprovincialis) [33]. The flow-through bioassay system designed for M. galloprovincialis was
unique in that it was compact and cost-effective, since bioassay vessels that were used were small and
required a lesser amount of seawater during the test. In order to comprehensively assess the efficacy
of antifouling paints, it is important to conduct laboratory bioassays on more than one test organism,
since sensitivity to biocide may vary among fouling species. Therefore, the validation of laboratory
bioassays for assessing the efficacy of antifouling paints will require broadening the objectivity of
the laboratory experiment by including other fouling organisms. Hence, the authors designed a
flow-through bioassay system for A. amphitrite that incorporated the features of our previous system.

In this study, the authors proposed and validated a newly developed laboratory bioassay for
evaluating the efficacy of biocide-releasing antifouling paints with in a flow-through system using
A. amphitrite. In order to conduct this study, test paints containing the antifoulant cuprous oxide
(Cu2O) were prepared in varying concentrations ranging from 0 to 40 wt.%. To simulate the actual
condition of ship hulls, test plates coated with the test paints were initially cured dynamically and the
inhibition effects of the paints was evaluated using cyprid settlement as the index. A comparison of
results from laboratory bioassays using barnacle larvae and from field experiments conducted on rafts
is also discussed.

2. Materials and Methods

2.1. AF Paints and Test Plates

Six types of AF paints with vinyl copolymer coatings and containing 0, 5, 10, 20, 30, and 40 wt.%
of Cu2O were prepared, as shown in Table 1. Polyvinyl chloride (PVC) plates used in laboratory
experiments were 50 mm × 50 mm × 2 mm in size (Kasai Sangyo Co., Ltd., Osaka, Japan). For the
experimental groups, the test plates had the same size as their control counterparts, and were coated
on one side with the test paint, as specified in the Performance Standards for Protection Coatings
(PSPC) [34]. Surface treatment, measurement of Cu2O concentration and the dynamic aging process of
the plates were conducted according to the previous paper [33].
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Table 1. Composition of the test paints used [33]. Adapted with permission from [33]. Copyright
2016 PLOS.

Composition/Paint Name A-0 A-1 A-2 A-3 A-4 A-5

Cuprous oxide 0 5 10 20 30 40
Xylene 23 23.6 24 25 26 27

Methylisobutylketone 5 5 5 5 5 5
Base polymer 9 8.7 8.5 8 7.5 7

Rosin 9 8.7 8.5 8 7.5 7
Barium sulphate 50 45 40 30 20 10

Anhydrous ferric oxide 1 1 1 1 1 1
Oxidized polyethylene wax 1 1 1 1 1 1

Amide wax 2 2 2 2 2 2

Values in the table indicate mass %.

2.2. Laboratory Bioassay

2.2.1. Test Organism

Adults of A. (=Balanus) amphitrite were collected from Lake Hamana (Shizuoka, Japan: 34◦41′ N,
137◦35′ E). These were reared in the laboratory according to the method described in previous
reports [18,19,23,35–39]. Adults of A. amphitrite were transferred into a tank filled with seawater
adjusted to a temperature of 25 ◦C and were fed nauplii of the brine shrimp, Artemia salina. The
seawater used was cartridge (1 μm) filtered and seawater diluted with purified water (Milli-Q, Merck
Millipore, Burlington, MA, USA) to adjust its salinity to 28 ± 0.5. The seawater was renewed daily
to maintain the water quality in the rearing tank. To induce the release of nauplius larvae, adults
were taken out of the tank and kept dry inside the incubator at 25 ◦C for at least 6 h. Nauplius larvae
were released when adults were submerged back in the seawater adjusted to 25 ◦C. Newly hatched
nauplius larvae exhibited positive phototactic behaviour and gathered around a light source. They
were collected using a pipette and cultured according to the method described in a previous paper [19].
Briefly, clean two-liter glass beakers were used for culturing larvae of barnacles. For larval cultures
of nauplii to the cyprid stage, 0.22 μm (Nylon filter membrane, Merck, Kenilworth, NJ, USA) of
filtered seawater with the salinity adjusted to 28 using purified water was used. Streptomycin sulfate
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and Penicillin G sodium salt (FUJIFILM
Wako Pure Chemical Corporation) were added into the culture water to final concentrations of 30 and
20 μg/mL, respectively. Cyprids were obtained after 5 days when cultured following the conditions
presented in Table 2.

Table 2. Culture condition for nauplius larvae.

Condition Remarks

Seawater 0.22 μm filtered seawater (Nylon filter membrane, Merck) with the
salinity adjusted to 28 using purified water

Density of larvae 2 to 3 larvae per 1 mL

Diet and density
The diatom Chaetoceros gracilis (200,000 to 400,000 cells/mL), other
diatoms can also be used, such as Skeletonema costatum (1,000,000 to
2,000,000 cells/mL)

Antibiotics Streptomycin sulfate (30 μg/mL), Penicillin G sodium salt (20 μg/mL)

Water temperature 25 ± 1 ◦C

Light The light intensity is approximately 3000 lux., and the photoperiod was
12 h. light, 12 h. dark period

Aeration Approximately 20 mL/min.
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Cyprids were collected in a beaker filled with 0.22 μm of filtered seawater and stored in a
refrigerator at a temperature of 4 to 6 ◦C for about three days, before their use in bioassays. The
condition of cyprids used in the bioassays for each culture batch was checked by observing mortality
and settlement rates. That is, 10 individuals of 3-day-old cyprids were placed in each well of a 12-well
polystyrene plate, with each well filled with 4 mL of the filtered seawater, and the number of juveniles
that settled and dead cyprids were counted under a dissecting microscope after 48 h [40–42].

2.2.2. Evaluating the Inhibition Effects of Test Paints Using Cyprid Settlement as Index

The bioassay system consisted of the seawater storage tank (volume capacity of 20 L), peristaltic
pump, polypropylene bioassay tank (diameter × depth = 80 mm × 55 mm, volume capacity = ca. 275),
and reservoir tank (height × width × depth = 1500 mm × 900 mm × 450 mm) for waste seawater.
The seawater storage tank and reservoir tank were placed outside the incubator. The schematic
diagram of the system is shown in Figure 1. The size of the bioassay tank used was large enough
to completely submerge the test plates. The bioassay tank also had a siphon tube made of glass for
drainage. The bioassay tank was placed inside an incubator equipped with a temperature controller
to keep temperature within 25 ± 1 ◦C. The set-up was illuminated for 12 h. each day with a light
intensity of 3000 lux. During the bioassays, 0.22 μm filtered seawater was continuously charged into
the bioassay tanks at a flow rate of 7 mL/min. Three rounds of bioassays were performed. Throughout
the investigation, a control group with the control plates was always set and assessed simultaneously
with the other test plates.

 
Seawater storage 
tank

Peristaltic pump Bioassay tank

Excess water

Incubator

Reservoir tank

Figure 1. Schematic diagram of the bioassay system.

The bioassay was conducted using a triangular box, designed to enhance the settlement of cyprids
by enclosing them in a small space within the three test plates. The box had one test/control plate and
two white acrylic plates, assembled as shown in Figure 2. The triangular box was assembled so that
the test or the control surface was positioned facing inward the triangular box. We found that larvae
hardly settled on the surface of white acrylic plate (data not shown). Therefore, we used the white
acrylic plates to promote cyprid settlement on the control and test surface.

Prior to the experiment with antifouling paints, a suitable control plate was determined using the
present bioassay. Initially, the bioassay described above was used to determine a suitable control plate
for inhibition experiments. Materials tested for the selection of a control plate were the white colored
polystyrene (PS) plate, the grey colored PVC plate and the black colored PVC plate (Kasai Sangyo
Co., Ltd., Osaka, Japan). Various treatments were also applied on the surface of the control plate by
blasting with polishing agents, after the suitable material of the control plate was selected, and cyprid
settlement on treated surfaces was investigated.
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Figure 2. Assembling of the triangular box for the bioassay. (a) One test plate (or control plate) and
two white acrylic plates were assembled using a carbon adhesive tape to form a triangular box; (b) the
bottom-side of the triangular box was covered with a 100-μm mesh sized plankton net using a carbon
adhesive tape; (c) plastic rods were attached to the triangular box to serve as legs for elevation (length
of the rods from the bottom-side of the box: >10 mm).

The surfaces of the test and control plates were kept wet during the assembly of the triangular box.
The bottom of the triangular box was covered with plankton net (mesh size NXX13, pore size: 100 μm).
The test or control plate, two acrylic plates, and the plankton net were tightly adhered together using
double-sided carbon tape (Nisshin EM Co., Ltd., Tokyo, Japan) as this material does not affect the
swimming behavior of cyprids. Three plastic rods were attached to the triangular box to serve as
legs, in order to elevate the bottom-side (net side) of the box by at least 10 mm from the bottom of the
bioassay tank (Figure 3).

 

(a) (b)

Figure 3. Photographs showing the bioassay system. (a) A photograph of peristaltic pumps and the
triangular box inside the bioassay tanks placed in the incubator; (b) a photograph of the triangular box
used in the bioassay.

The triangular boxes were assembled one day prior to the bioassay and then immersed overnight
in the test seawater at room temperature. During this time, the seawater was stirred using a glass
rod to prevent its stagnation near the triangular box. The triangular box was later taken out from the
tank and immersed in 1 L of seawater for five minutes prior to the bioassay. The triangular box was
then positioned inside the bioassay tank and the tank placed inside the incubator. The seawater was
allowed to flow inside the bioassay tank from the topside of the triangular box. The flow rate was
adjusted to prevent overflowing of seawater from the triangular box, as shown in Figure 4.
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: Cyprids of the barnacle

(a) Top view

(b) Side view

Charging water

Discharging 
water

(c) 

Figure 4. The triangular box deployed in the bioassay tank. (a) Top view of a triangular box containing
cyprids deployed in the bioassay tank; (b) side view of a triangular box inside the bioassay tank; and
(c) arrows indicating the direction of the flow of the test seawater being charged inside the triangular
box and discharged from the bioassay tank.

One hundred cyprids were released inside the triangular box. Initial water temperature, salinity
(CM-14P, DKK-TOA Corp., Tokyo, Japan), and pH (HM-30P, TKK-TOA Corp., Tokyo, Japan) of the test
seawater in the bioassay tank were measured and monitored during the bioassay. Unattached cyprids
and dead individuals inside the triangular box were immediately collected after measuring the water
quality parameters at the end of the experiment. The triangular box was immediately disassembled
after retrieving the cyprids and dead individuals. The number of settled juveniles, cyprids and dead
individuals on each of the three surfaces of the triangular box and on the net were counted under a
stereo microscope.

2.2.3. Verification of the Validity of the Bioassay

The number of settled juveniles on a multi-well plate, cyprids, and dead individuals were counted.
The settlement ratio for verifying the validity of the bioassay (Rv) was calculated using Equation (1):

Rv =
a

a + b + c
× 100 (1)

where a indicates the number of juveniles settled on the surface of the multi-well plate; b, the number
of cyprids (not settled); c, the number of dead individuals; Rv, the settlement ratio for verifying the
validity of the bioassay (%).

The number of juveniles that settled on the test plate and the other surfaces (acrylic plates, edges
of the test plate and net), the cyprids and the dead individuals were counted. The settlement ratio for
test plate (Rt) was also calculated using Equation (2):

Rt =
St

St + a + b + c
× 100 (2)

where St indicates the number of settled juveniles on the surface of the test plate; a, the number of
settled juveniles on the other surfaces; b, the number of cyprids (not settled); c, the number of dead
individuals; Rt, the settlement ratio for test plate (%).

The settlement ratio for the control plate (Rc) was also calculated using Equation (3):

Rc =
Sc

Sc + a + b + c
× 100 (3)
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where Sc indicates the number of juveniles that settled on the surface of the control plate; a, the number
of juveniles that settled on the other surfaces; b, the number of cyprids (not settled); c, the number of
dead individuals; Rc, the settlement ratio for the control plate (%).

The average values of the settlement ratio in all the experimental and control rounds were
calculated using Equations (4) and (5), respectively:

At =
∑

j
j=1(Rj

t1 + Rj
t2 + · · · Rj

tn)

∑
j
j=1 nj

(4)

where j indicates the run number; Rj
tn, the settlement ratio of the n-th test plate on the j-th run (%);

nj, the number of test plates on the j-th run; At, the average value of the settlement ratio in the
experimental round (%).

Ac =
∑

j
j=1

(
Rj

c1 + Rj
c2 + · · · Rj

cn

)
∑

j
j=1 nj

(5)

where j indicates the run number; Rj
cn, the settlement ratio of the n-th control plate on the j-th run (%);

nj, the number of control plates on the j-th run; Ac, the average value of the settlement ratio in the
control round (%).

Finally, the relative settlement ratio of cyprids (R) was calculated using Equation (6):

R =
At

Ac
(6)

2.3. Statistical Analysis

Statistical analysis, including one-way analysis of variance (ANOVA), nonparametric tests, and
Holm-Sidak’s multiple comparison test (p < 0.05) in the settlement assay, calculation of correlation
coefficients, and variance analysis were performed using GraphPad Prism version 7.0 d for Mac OSX
(GraphPad Software).

3. Results

3.1. Assessment of the Efficacy of Antifouling Paint on Cyprid Settlement Ratio

3.1.1. Parameters of Water Quality of the Test Water

The water temperature, salinity, and pH of the test water in the three laboratory experiments were
controlled at 24.4 ± 1.2 ◦C, 27.4 ± 0.9, and 8.3 ± 0.1, respectively. The concentrations of Cu2O in the
test water of the control groups ranged from 2.2 to 2.5 μg/L after 48 h. Whereas, the concentrations
of Cu2O in the test water of the experimental groups were 2.3 μg/L (A-0), 2.9 μg/L (A-1), 13.3 μg/L
(A-2), 4.7 μg/L (A-3), and 12.9 μg/L (A-4) after 48 h. The concentrations of Cu2O in the test water of
the A-5 groups ranged from 20.1 to 26.0 μg/L in the three experiments.

3.1.2. The Activity of Cyprids Used in the Bioassay

Settlement ratios ranged from 80% to 93%, and mortality was 0%. Therefore, cyprids used in the
settlement assays were healthy and bioassays were verified as valid.

3.1.3. Relative Settlement Ratios (R) of Cyprids on Antifouling Paints

In the bioassay for the selection of a suitable material for the control plate, settlement ratio after
the 48-h immersion period was calculated using Equation 5. Three replicates were conducted for each
type of plate. Averages of the settlement ratios were 50.1% (SD = 16.5) for the black colored PVC, 28.8 %
(SD = 11.9) for the grey colored PVC, and 25.6% (SD = 17.5) for the white colored PS plates, respectively.
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The mortality of cyprids was less than 0.4% in each group. In another experiment, the surface of
the black colored PVC was blasted with F-40, F-36 and F-20 polishing agents [43,44] respectively,
and settlement ratios were also investigated after the 48-h immersion period. Four replicates were
prepared for each blasted plate. Averages of the settlement ratios for F-20, F-36, and F-40 blasted
plates were 53.2% (SD = 14.7), 24.9% (SD = 5.4), and 25.5% (SD = 9.7), respectively. Furthermore, the
settlement ratio for the F-20 blasted black PVC was investigated at different times for validation, with
four replicate plates tested at each time. Averages of the settlement ratios were 53.3% (SD = 14.7),
56.0% (SD = 10.7), and 44.9 % (SD = 14.5) for the three times. Time-related difference in settlement
ratios was not recognized by variance analysis (F = 1.0358, df = 3, p = 0.4181). As a result, the black
color PVC plate blasted with F-20 was used as a control plate in this bioassay.

Experiments with antifouling paints were conducted between October, November, and December
of 2014, and in February of 2015. Each experiment was replicated three times; using a total of nine test
plates for each experimental group and three test plates for the control group. To assess the inhibition
effect of the test paints, statistical analysis was conducted by comparing results from the experimental
groups with their respective controls. Results of the mortality and settlement bioassay are shown in
Figures 5 and 6, respectively. Average mortality of cyprids in the control group was less than 1%, while
mortalities in the 0, 5, 10, 20, and 30 wt.% Cu2O experimental groups were less than 5%, and that in
the 40 wt.% of Cu2O group was less than 10%.

Figure 5. Average mortalities of cyprids in the control and experimental groups. Error bars indicate SDs.

Figure 6. Settlement ratios in the control and experimental groups. Error bars indicate SDs. Pairwise
comparisons of results between each experimental group and the control were conducted to establish
significance of the difference (* p < 0.05, ** p < 0.01, and *** p < 0.001), where the symbols *, ** and ***
corresponds to significant, very significant and extremely significant, respectively.
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The settlement ratio in the control (Ac) was 40%, and settlement ratios in the 5 wt.% of Cu2O,
10 wt.% of Cu2O, and 20 wt.% of Cu2O experimental groups (At) were higher than that of the control.
The values of the settlement ratio in the 5 wt.% and 10 wt.% of Cu2O experimental groups were
significantly different from Ac (p < 0.05). In the 20 wt.% of Cu2O group, the difference between At and
Ac was very significant (p < 0.01), but there was no significant difference between Ac and At of the
30 wt.% of Cu2O group. Concentrations below 30 wt.% of Cu2O promoted settlement, whereas an
inhibition of settlement was clearly observed at 40 wt.% of Cu2O, where the difference in settlement
ratio as compared to the control was extremely significant (p < 0.0001). To evaluate the settlement
inhibition effect of the test paints, data were normalized by calculating the relative settlement ratios of
cyprids (R) in the experimental groups with respect to their respective controls.

The R values of the paints containing different concentrations of Cu2O are shown in Figure 7.
R values showed a non-linear relationship with the Cu2O content in the paint (r2 = 0.3403, non-linear
curve fitting, second-order polynomial (quadratic equation)), where R increased with increasing Cu2O
content of the paint, at up to 20 wt.%, but decreased thereafter. The results also showed that 50%
settlement inhibition (EC50) was obtained at approximately 38.0 wt.% of Cu2O through interpolation
of the fitting curve. Moreover, the R value at 40 wt.% of Cu2O was less than 0.5 and the relative
settlement ratio in this group obviously differed from that in the other experimental groups. Therefore,
R values of 0.5 and lower can be considered as inhibition settlement ratio.

Figure 7. Relative settlement ratios on paints containing different concentrations of Cu2O. Error bars
on the closed triangles indicate SDs of the relative settlement ratios of cyprids.

4. Discussion

4.1. The Concept of the Flow-Through Bioassay Designed for Barnacles in the Laboratory

Biocides have been primarily screened in-vitro for antifouling activity and toxicity using
multi-well plates [2]. Even experiments investigating the tolerance of nauplius larvae to copper
stress have been designed in a still water condition [17,45]. It is evident that literature on the evaluation
of the efficacy of antifouling agents mostly described bioassay conducted in a still water condition.

Under such a condition, the leached biocides accumulate in the experimental system as the
experimental period progresses. This increase in the concentration of biocides may affect the
physiological condition of the test organisms. As a result, it is difficult to appropriately conduct
an experimental bioassay. To address this difficult situation, the authors designed an experimental
method with a flow-through system that renewed the test water continuously inside the experimental
system. This system followed the same concept of the flow-through bioassay designed for the mussel
M. galloprovincialis [33]. It is unique compared to other flow-through bioassay systems previously
reported (e.g., [15]) due to the following features: (a) it has a low (ca. ~0.42 L/h) flow rate and is
compact (vessel volume ca. 275 mL); (b) a constant density of cyprids inside the triangular vessel can
be adjusted and ensured; and (c) enclosing cyprids inside a triangular vessel and using inert white
acrylic plates enhanced cyprid settlement on the surface of test plates, depending on the efficacy of
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the antifouling coating on the test plate. The barnacle Amphibalanus amphitrite was selected as the test
organism because it is reported as one of the major macrofoulers [46,47]. However, no literature, except
for this study, has ever reported on a barnacle settlement assay that is compact and that simulated
actual conditions of the painted surface of ship hulls. Moreover, no study prior to this has introduced
a barnacle settlement assay with a flow-through system in a small vessel, thereby using only a small
volume of seawater.

The material chosen for the control plate was black PVC because it made observation of settled
juveniles easier. The surface of the control plates was blasted with the polishing agent, F-20. This
combination of material and surface treatment of the control plates resulted in a higher settlement
ratio in the control group.

4.2. The Repellent Effect of Cu2O on Barnacles

In a toxicity study conducted under a still water condition, the mortality of barnacles from
CuSO4·5H2O, which was used as a positive control, was 10% at 1000 μg/L; and mortality was 50% at
3000 μg/L [25]. The repellent effect on barnacles was detected from 100 μg/L with 20% inhibition of
settlement [25]. The EC50 value was 300 μg/L, and 90% inhibition was at 1000 μg/L [25]. At the end
of the experiment in this study, the Cu2O concentration of the test water was 24 μg/L in the group
coated with the paint A-5 containing 40 wt.% of Cu2O. This concentration was almost 1/10 to 1/40
times lower than the value in the abovementioned still water bioassay [25]. Mortality of cyprids in the
paint A-5 group was 10% after 48 h.

In this study, the At values of 5, 10, and 20 wt.% of Cu2O groups were higher than that of the
control. Hence, the concentration below 30 wt.% of Cu2O promoted cyprid settlement. The result
indicates that tolerance to copper stress was below 20 wt.% of Cu2O content in the test paints. An
indication of the relative tolerance of various organisms to toxic paints was reported previously [48].
Amphybalanus amphitrite was reported to be more tolerant to Cu than other foulers. The total number of
adult barnacles attached to the toxic paint surface was less than 1% of those growing on the non-toxic
control. Amphybalanus amphitrite comprised more than 90% of the total adult barnacle population on
the toxic surface, although it comprised only 7.5% of the population attached to the control surface [48].
Regarding the toxic effect of copper on the larval development of barnacles, larvae in the advanced
developmental stages may have developed better physiological mechanisms to regulate the uptake or
increase the excretion of the toxicant [45]. As part of an antifouling investigation, the survival time and
O2 consumption of adult A. amphitrite exposed to different Cu concentrations were investigated [49].
The result showed that O2 consumption rate of barnacles decreased during respiration, and data
on survival time indicated that A. amphitrite was more tolerant to Cu than B. tintinnabulum. It was
argued that tolerance to Cu was derived from metallothioneins [49]. These proteins were found
to increase with exposure to metal concentrations, leading to the sequestration and detoxification
of metals to some extent [49]. The concentration of copper in barnacles from uncontaminated sites
was reported [50,51], and it demonstrated that the barnacle has the potential to accumulate high
concentrations of copper and showed strong net accumulation of copper. In this situation, all incoming
copper was accumulated for detoxification [52], and barnacles from Cu-contaminated sites had many
type B (more heterogenous in shape and always containing sulphur in association with metals that
include copper and zinc [53,54]) Cu-rich granules, probably resulting from lysosomal breakdown of
metallothionein binding copper [51].

Another possible explanation of this phenomenon is the effect as an inducer. It has been
demonstrated that chemical compounds such as epinephrine, phenylephrine, clonidine, KCl, NH4Cl,
and organic solvent induced mussel larval metamorphosis [55]. The authors explained that sub-toxic
levels of these compounds could have triggered larval metamorphosis by physiologically “shocking”
the larvae since dead larvae were observed in concentrations that induced metamorphosis [55].
In addition, the enhancement of the settlement of Capitella sp. I larvae by H2S had a sub-lethal effect [56].
It was also hypothesized that sub-lethal concentrations of H2S could trigger larval settlement and/or
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metamorphosis by physiologically “shocking” the larvae [56]. In this report, the authors explained that
the stimulus for settlement was a chemical cue associated with chemical substances to some extent.
Copper was essential for crustaceans and mollusks, and excess amounts of chemical substances were
toxic leading to the inhibition of the settlement of barnacles [52]. Such an increase in the settlement
ratio of barnacles to Cu2O content that was between 5 and 20 wt.% occurred in the present study.

In order to validate the antifouling efficacy of the test paints, results of laboratory bioassays
and field experiments were compared. The reason for this comparison is because data of biofouling
obtained from raft and patch experiments are affected by geological and seasonal variations and
assessing the performance of antifouling paints in these experiments takes time [57,58]. Details of the
field experiments were reported by the authors in a previous paper [33]. The immersion period during
the field experiments was 28 days, after which the degree of fouling on the test plates was evaluated.
Figure 8 shows the relationship between R and ranks of fouling. Both the R and the ranks of fouling
showed a similar decreasing tendency with increasing Cu2O content at more than 20 wt.% at St.1 and
St.2 (St.1: r2 = 0.9759, non-linear curve fitting, one-phase decay; St.2: r2 = 0.9135, non-linear curve
fitting, one-phase decay [33]). As a result, the proposed method using barnacles can sufficiently verify
the repellant effect of test paints within 48 h. This method can also be used on other fouling species,
such as algae, in future studies prior to the field experiment [59].

Figure 8. The relative settlement ratio of barnacle larvae and the degree of fouling in the field
experiment on relation to the concentration of Cu2O on the test paints. The relative settlement ratios
from bioassay experiments (�) and the degrees of fouling at St. 1 (�) and St.2 (�) cited from a previous
paper [32] were plotted in relation to the concentration of Cu2O in the paints. Error bars on the open
triangles indicate SDs.

5. Conclusions

The newly proposed method for evaluating the efficacy of biocide-releasing antifouling paints in
a flow-through system using A. amphitrite was validated. A reproduceable and effective laboratory
bioassay was established by evaluating the antifouling efficacy of test paints that were prepared
with varying Cu2O contents. To simulate the actual condition of ship hulls, dynamic aging of test
plates was conducted. A positive correlation between the Cu2O content and the repellant effect of the
paint on barnacle larvae was observed at concentrations of more than 30 wt.%. Comparison of the
results between laboratory bioassays using barnacle larvae and of field experiments revealed a highly
consistent relationship between the two. Our results support the use of barnacles in evaluating the
efficacy of antifouling paints because this bioassay does not test toxicity and is precise in that it imitates
the exposed condition of paint on ship hulls, when the ship is in a stationary state after voyage. The
novelty of this method lies in the aspect of assessing antifouling efficacy of paints by the evaluation of
the behavior of barnacles inside the triangular box in a flow-through system, and so far, this is the only
study that evaluates barnacle larval behavior to antifouling paints in situ in a flow-through system.
This study also proved to be a significantly consistent method for assessing the effectiveness of present
or future antifouling paints.
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Abstract: Metal nanoparticles have been reported to have a high antimicrobial activity against fungi,
bacteria, and yeasts. In this study, we aimed to synthesize silver nanoparticles (AgNPs) using a
chemical reduction method at 90 ◦C. The obtained AgNPs were used as an antifungal coating on
packaging paper, to control the growth of Colletotrichum gloeosporioides in cut orchid flowers during
the shipping process. The AgNPs were characterized by a UV-Vis spectroscopy and atomic force
microscope (AFM). The results indicated that their shape was spherical and homogenous, with an
average size of 47 nm. An AgNPs concentration of 20 and 50 particles per million (ppm), mixed with
starch, was prepared as the coating solution. The paper coated with a concentration of 50 ppm
exhibited a significant antifungal activity against C. gloeosporioides compared to 20 ppm. The coated
paper had a higher water resistance and better mechanical properties compared to the uncoated paper.
Additionally, we observed a significant reduction in the number of orchid inflorescence anthers,
infected by C. gloeosporioides, when stored in the coated boxes. The current study demonstrates that
paper boxes, coated with AgNPs, can be used in controlling the C. gloeosporioides infection during
storage of cut orchid flowers.

Keywords: black anther disease; orchid cut flower; silver nanoparticles

1. Introduction

The orchid is one of the most important commercially viable ornamental plants in Thailand,
especially the cut flowers and potted plants [1,2]. Around 1300 species and 180–190 orchid genera
have been reported, that are grown widely across the country [3]. Thailand is one of the world’s
largest exporters of cut orchid flowers and has had a long history of orchid trading around the
world [2]. The total orchid flower export business is valued at around 59–70 million US$ (approximately
1949–2307 million Thai Baht) [2]. In addition, the exports of cut orchid flowers experienced a decrease
of about 24.2 million tons, valued at approximately 67.5 million US$ (approximately 2228 million
Thai Baht), in 2017. Black anther, caused by the phytopathogen Colletotrichum gloeosporioides, causes a
significant reduction in the postharvest quality of cut orchid flowers, especially during the rainy
season [3,4]. The symptoms of this disease include a black spot on the anther of the flower [5],
lowering the quality and a shorter vase life, and in turn, a reduction in the export value.

Synthesized fungicides, such as thiabendazole, prochloraz, azoxystrobin, and chlorothalonil,
have been commonly used to control the growth of C. gloeosporioides in the orchid, during postharvest
shelf life; however, their excessive use has resulted in the fungi becoming increasingly resistant to the
fungicides. At the same time, there has been an increasing concern related to consumer safety [5,6].
The development of an antimicrobial packaging paper, with properties that can prolong the shelf life of
the product during storage or transportation, while maintaining an acceptable quality, has been gaining
the attention of researchers [7,8]. Different types of antimicrobial agents, such as silver nanoparticles
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(AgNPs) [6,9,10], zinc pyrithione [11], benzimidazole [12], organic acids [13], borate [14], and plant
extraction [15], have been reported to be potential coating material in paper boxes, in order to control
the growth of C. gloeosporioides. However, organic and natural biological antimicrobials have been
reported to be less stable at higher temperatures and have high volatility, compared to inorganic
ones [16,17], which may result in a limited application.

To our knowledge, studies related to the use of antimicrobial coating on paper boxes for the
inhibition of C. gloeosporioides in harvested orchid flower packaging in Thailand have yet to be made.
Therefore, the main objective of this study was to synthesize AgNPs by a chemical reduction method
and use it as an antifungal agent. The packaging paper was coated with an appropriate amount
of AgNPs, mixed with a starch solution, to increase its antifungal properties. The morphology,
basis weight, thickness, mechanical properties, and water resistance of the paper were evaluated.
Additionally, the antifungal activity of coated paper, to combat C. gloeosporioides, by disc diffusion, was
evaluated. Finally, the efficacy of the antifungal coating, in inhibiting the proliferation of black anther
disease in stored cut orchid flowers, was also investigated.

2. Materials and Methods

2.1. Materials

Uncoated paper (134 g/m2), commonly used for the storage of orchid flowers, was obtained
from Mahachai Kraft Paper Co. Ltd. (Samutsakorn, Thailand). Hydrophobic starch (FILMKOTE
370TM) was supplied by National Starch and Chemical (Thailand) Co. Ltd. (Samutprakan, Thailand).
Chemicals used to prepare AgNPs, i.e., Silver nitrate (AgNO3) and Sodium hydroxide (NaOH), were
purchased from Merck Co. (Darmstadt, Germany). Trisodium citrate (Na3C6H5O7) and sodium
borohydride (NaBH4) were purchased from Ajax Finechem Co. (Victoria, Australia). Potato dextrose
agar (PDA) was purchased from HiMedia Laboratories Pvt. Ltd. (Mumbai, India). C. gloeosporioides
was obtained from the Department of Agriculture, Ministry of Agriculture and Cooperatives (Bangkok,
Thailand). The cut orchid flowers (Dendrobium sonia) were collected from the Siamtaiyoo farm Co. Ltd.
(Samut Sakhon, Thailand).

2.2. Synthesis of Silver Nanoparticles

AgNPs were prepared by the chemical synthesis method outlined in Agnihotri et al. [18]. Briefly,
a mixture of aqueous solution containing 24 mL of sodium borohydride (2 × 10−3 mol·dm−3) and
24 mL of trisodium citrate (4.28 × 10−3 mol·dm−3) was heated to 60 ◦C for 30 min, in the absence
of light. Silver nitrate (1 × 10−3 mol·dm−3) solution (2 mL) was then added to the mixture, and
heated from 60 to 90 ◦C. The reaction was allowed to continue for an additional 20 min and then
cooled down to room temperature. The UV–visible spectrum properties of the synthesized AgNPs
solution were determined, using a spectrophotometer (UV-1800, Shimadzu Corp., Kyoto, Japan), at
wavelengths ranging between 300–700 nm. The dimensions of AgNPs were examined through an
atomic force microscope (MFP-3D (Bio), Asylum Research Corp., Santa Barbara, CA, USA). A drop of
AgNP solution was placed on a glass plate and dried in a desiccator for 24 h, prior to an analysis in the
atomic force microscope (AFM), set on the tapping mode and a scan rate of 0.80 Hz.

2.3. Preparation of Antifungal Coating Solution

The antifungal coating solution was prepared using 8 g of hydrophobic starch, added to 100 mL
of deionized water. The mixture was then heated and stirred at 90 ± 3 ◦C for 30 min. The obtained
starch solution was cooled down to 65 ± 3 ◦C and the AgNP solution added to the predetermined
quantity (0, 20, and 50 ppm) before use.
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2.4. Preparations of Antifungal Coating Papers

The blended solution was coated on multiple papers (180 × 180 mm) using the bar coating method.
The coated papers were then dried in an oven at 105 ± 2 ◦C for 15 min. All the coated papers had a
constant coated weight of 4 ± 0.5 g/m2. The morphology of both the surface and the cross-section of
the paper samples were examined through a field emission scanning electron microscope (FE-SEM)
(Su8020, Hitachi, Tokyo, Japan), at an accelerating voltage of 5 kV. The paper samples were sputtered
with a platinum coating of 10 nm thickness.

2.5. Antifungal Activity of the Coated Paper

The antifungal activity of the coated paper, against a fungal stain of C. gloeosporioides, was
evaluated using the disc diffusion method. Briefly, a PDA disc of diameter 6 mm, containing
C. gloeosporioides, was placed on the surface of a PDA plate (90 mm diameter) using a sterile cork borer.
The coated paper discs, of diameter 6 mm, were placed at the center of the PDA medium. This plate
was incubated at 25 ◦C for 7 days and the growth diameter was measured 3, 5, and 7 days after the
incubation, with the experiment being repeated five times. The percentage inhibition was calculated
using the equation:

Inhibition (%) = (A − B/A) × 100 (1)

where A is the fungal colony radius of the control plate containing the PDA without the paper sample
and B is the colony radius in the test plate containing the PDA and paper sample.

2.6. Basis Weight and Thickness

Basis weight and thickness of the uncoated and coated papers was measured according to ISO
536:2012 [19] and ISO 534:2011 standards [20], respectively. The weight of 10 individual papers was
measured and the mean values were calculated. The thickness of the papers was measured using a
micrometer (Lorentzen & Wettres, Stockholm, Sweden). Each paper was randomly measured at five
different places and the mean thickness of a single paper was calculated.

2.7. Tensile and Bursting Test

A universal testing machine (Vantage NX, Thwing-Albert Instrument Co. Ltd., Philadelphia, PA,
USA) was used to test the tensile strength, according to the ISO 1924-2:2008 standard [21]. The gauge
length was 10 cm and the crosshead speed set at 50 mm/min. The papers were cut to a width of
15 ± 0.1 mm and length of 180 ± 1 mm. For the bursting strength was tested using a burst test
machine (MTA-2000, Regmed Indústria Técnica de Precisão Ltda., Osasco, Brazil), according to the
ISO 2758:2001 standard [22]. The measurement was done on 10 replicates of sample papers.

2.8. Water Absorptiveness

The water absorptiveness of the uncoated and coated papers was determined using the Cobb
method according to the ISO 535:1991 standard [23]. The papers were cut into squares of size
14 × 14 cm2 and clamped inside the ring of a Cobb tester, having an area of 100 m2. Into the ring,
100 mL of distilled water was poured the water was absorbed for 120 s. The excess water was then
poured out and a wet paper was placed between the blotting papers in order to remove the excess
surface water on the paper. The Cobb value was measured in terms of the amount of distilled water in
g/m2 and the experiment was repeated 10 times.

2.9. Antifungal Activity of the Coated Paper

The cut orchid flowers (Dendrobium sonia) were collected from Siamtaiyoo farm Co. Ltd. (Samut
Sakhon, Thailand) to test the antifungal efficacy of the paper. Healthy flowers were selected based on
a long stem (45 cm), flower with approximately 7 ± 1 blooms, and 5 ± 1 buds per stem (export quality
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grade). Boxes of dimensions 52 cm × 40 cm × 60 cm (height × width × length), generally used for
shipping the flowers, size of, were obtained from Siamtaiyoo farm Co. Ltd. (Samut Sakhon, Thailand).
AgNPs coated sample papers were placed in the entire inside of the boxes, using a double sided tape.
Forty stems of freshly cut orchid flowers were prepared for the packaging test, and placed in boxes
with and without AgNPs coating. From each box, one flower bloom was selected and its anther was
wounded by puncturing with a sterilized pin. Twenty μL of spore suspension (106 spore/mL) was
then dropped into the wound. The sample boxes were stored at a room temperature of 25 ± 2 ◦C and
50% RH for 7 days. Table 1 shows the treatments used during the packaging test, with the experiment
repeated five times. The percentage infection was calculated from the equation:

Infection (%) = (B/A) × 100 (2)

where A is all the orchid flower blooms and B is the number of orchid flower blooms infected with
the fungi.

Table 1. The treatments used during the packaging test.

Treatment Packaging Pulsing Solution

T0 Uncoated Distilled water
T1 Uncoated 8-HQS 225 ppm + AgNO3 30 ppm + Sucrose 4%
T2 Uncoated 8-HQS 225 ppm + AgNPs 20 ppm + Sucrose 4%
T3 AgNPs coated 8-HQS 225 ppm + AgNO3 30 ppm + Sucrose 4%
T4 AgNPs coated 8-HQS 225 ppm + AgNPs 20 ppm + Sucrose 4%

2.10. Statistical Analysis

All the data were statistically analyzed using a completely randomized design (CRD). A one way
analysis of variance (ANOVA) was performed and the means were compared in each treatment, using
the Duncan’s new multiple ranges test (DMRT) (at a significance level of 0.05).

3. Results

3.1. Synthesis of AgNPs

The synthesis of AgNPs was carried out using the chemical reduction of NaBH4 and Na3C6H5O7.
The formation of light yellow colored AgNPs in an aqueous solution was determined by UV-Vis
spectroscopy, set to the absorbance mode of the surface plasmon resonance (SPR) peak. It was observed
that the SPR peak in the UV-visible spectrum of the AgNPs was at a wavelength of 403 nm (Figure 1a).
Generally, the absorption of AgNPs depends on the size of the particles [24]. Previous studies have
reported that the absorption spectrum peaks at wavelengths between 400–430 nm and can be attributed
to the size of AgNPs, which ranges between 20 and 60 nm [18,25,26]. The particle size of AgNPs was
measured and further confirmed by an atomic force microscope (AFM). The size of synthesized AgNPs
varied between 20 and 70 nm, with an average of 47 ± 9.06 nm, and were topologically spherical in
shape (Figure 1a,b).

3.2. Antifungal Activity of Coated Paper

In this study, the antifungal activity of paper against C. Gloeosporioides, coated with 20 and 50 ppm
of AgNPs, was investigated by observing the growth of the fungal colony diameter. Results are shown
in Figure 2 and Table 2. As seen in the figure, the growth of fungi in a paper coated with 50 ppm
AgNPs was significantly inhibited (p < 0.05), compared with a paper coated with 20 ppm, after an
incubation period of 2 days. According to these results, a 50 ppm AgNP coating strongly reduced the
fungal growth.
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Figure 1. (a) UV–visible spectrum as measured by UV-Vis spectroscopy with an atomic force microscope
(AFM) image (1 × 1 μm2) of the synthesized AgNPs and (b) particle size distribution of the AgNPs.

 
Figure 2. Antifungal activity in a control plate (no AgNP coating) and test plate with different
concentrations of AgNPs coated paper, for 7 days of incubation.

Table 2. Inhibition efficacy (% relative to control) of AgNPs coated paper (20 and 50 ppm) to
Colletotrichum Gloeosporioides fungi.

Days

Inhibition (%Relative to Control)

AgNPs Coated Paper (ppm)

20 50

1 ND ND
2 12.00 ± 2.70 a 36.00 ± 2.18 b

3 3.92 ± 1.79 a 18.95 ± 2.73 b

4 4.88 ± 2.44 a 11.22 ± 2.99 b

5 4.26 ± 1.73 a 10.08 ± 2.21 b

6 2.72 ± 1.42 a 6.80 ± 3.27 b

7 0.00 ± 0.00 a 3.33 ± 1.83 b

Data are presented as mean ± standard deviation, followed by the same letters in the row, indicating that
the numbers are not significantly different (p > 0.05, based on Duncan’s new multiple ranges test (DMRT)),
ND–Not determined.

3.3. Morphology of Uncoated and Coated Paper

FE-SEM micrographs of the surface of an uncoated paper indicated that the surface was rough
and had a porous fibrous structure, as shown in Figure 3a. After coating the paper with a solution of
AgNPs, at about 4.0 g/m2 of coating weight, the paper showed a relatively smoother surface compared
to the uncoated paper (Figure 3b). This smoothness is probably a result of the coating solution filling
the pores on the entire surface of the paper, making it homogeneous (Figure 3c) [27,28].
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Figure 3. Field emission scanning electron microscope (FE-SEM) micrographs of (a) uncoated paper,
(b) paper coated with AgNPs, and (c) cross-section of the surface coated with a layer of AgNPs.

3.4. Basis Weight and Thickness

Table 3 shows the basis weight, thickness, coated weight, and coating thickness of an uncoated
and coated paper. The uncoated paper had a basis weight of 134 g/m2 and a thickness of 174 μm,
which were used as a baseline value. When the paper was coated with a coating bar (No. 3), the basis
weight and thickness was 137 g/m2 and 180 μm, respectively. This indicated that the weight of the
coated paper increased by 4 g/m2.

Table 3. The basis weight, thickness, coated weight, and coating thickness of the uncoated and
coated paper.

Properties
Paper

Uncoated Coated

Basis weight (g/m2) 133.88 ± 1.25 a 137.61 ± 1.34 b

Thickness (μm) 174.28 ± 0.95 a 180.00 ± 0.72 b

Coating weight (g/m2) ND 3.73 ± 0.32
Coating thickness (μm) ND 5.72 ± 1.15

Data are presented as mean ± standard deviation, followed by the same letters in the row, indicating that the
numbers are not significantly different (p > 0.05, based on the DMRT); ND–Not determined.

3.5. Tensile and Burst Strength

The tensile and burst strengths of uncoated and coated paper are shown in Table 4. The tensile
index of the uncoated paper along the machine direction (MD) and cross machine direction (CD)
was 56.33 ± 2.33 and 23.74 ± 1.02 N·m/g, respectively. For the coated paper, the tensile index in
MD and CD was 56.02 ± 3.56 and 25.94 ± 0.98 N·m/g, respectively. The tensile index significantly
increased with increasing coating weight in CD (p < 0.05), while the tensile index did not change in MD.
The bursting index of the uncoated paper was 2.79 ± 0.13 kPa·m2/g, which significantly increased to
3.08 ± 0.08 kPa·m2/g (p < 0.05) when the paper was coated. This was due to the solution creating an
excellent film on surface of the paper, which increased the bursting strength [29].

3.6. Water Absorptiveness

The water resistance of an uncoated and coated paper was determined using the Cobb test, and
are shown in Figure 4. The resistance of the top side of a coated paper was significantly different
(p < 0.05) compared to an uncoated paper, and the value decreased from 34.97 ± 1.35 g/m2 for the
uncoated paper to 32.81 ± 0.86 g/m2 for the coated paper. The water absorptiveness of the bottom side
of an uncoated and coated paper was not significantly different (p > 0.05), with the value decreasing
from 39.82 ± 1.58 g/m2 for the uncoated paper to 38.65 ± 0.78 g/m2 for the coated paper. The results
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indicate that the starch can reduce the water absorptiveness and can effectively improve the moisture
barrier properties of hydrophilic films [30,31].

Table 4. The bursting and tensile index of the uncoated and coated paper.

Properties
Paper

Uncoated Coated

Tensile index (Nm/g) – –
MD 56.33 ± 2.33 a 56.02 ± 3.56 a

CD 23.74 ± 1.02 a 25.94 ± 0.98 b

Bursting index (kPa·m2/g) 2.79 ±0.13 a 3.08 ± 0.08 b

Data are presented as mean ± standard deviation followed by the same letters in the row, indicating that the
numbers are not significantly different (p > 0.05, based on the DMRT).

 
Figure 4. Water absorptiveness values for the uncoated and coated paper as obtained from the
Cobb’s test.

3.7. Effect of AgNP Coating on C. Gloeosporioides

Table 5 shows the percentage of infected orchid flowers during the packaging test, conducted for
7 days. The highest infection percentage was calculated at 40% for the T0 treatment. While T3 and
T4 treatments resulted in a lower infection percentage at 12.5% and significant difference (p < 0.05)
compared to T0, T1, and T2 treatments. Therefore, a packaging coated with 50 ppm of AgNPs, combined
with a pulsing solution (containing AgNO3 and AgNPs), could inhibit the growth of C. gloeosporioides
mycelium. Photographs of orchid flowers and their respective anthers are shown in Figure 5, used to
further determine the hyphae of filamentous of C. gloeosporioides on the anther. Hyphae formations
were found for T0, T1, and T2 treatments. On the other hand, no C. gloeosporioides hyphae formation
was observed on the anther for T3 and T4 treatments. This validated the speculation that a paper,
coated with a concentration of 50 ppm of AgNPs, has good antifungal activity.

Table 5. Percentage of infected cut orchid flowers during the packaging test conducted for 7 days.

Treatments Packaging Pulsing Solution Infection 1 (%)

T0 Uncoated Distilled 40.00 ± 0.00 a

T1 Uncoated 8-HQS 225 ppm + AgNO3 30 ppm + Sucrose 4% 29.17 ± 1.44 a

T2 Uncoated 8-HQS 225 ppm + AgNPs 20 ppm + Sucrose 4% 31.67 ± 3.82 a

T3 AgNPs coated 8-HQS 225 ppm + AgNO3 30 ppm + Sucrose 4% 12.50 ± 0.00 b

T4 AgNPs coated 8-HQS 225 ppm + AgNPs 20 ppm + Sucrose 4% 12.50 ± 0.00 b

1 Average ± standard deviation followed by the same letters in column indicating that the numbers are not
significantly different (p > 0.05, based on DMRT).
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Figure 5. Photographs of cut orchid flowers (left) and respective anthers (right), after being stored for
7 days during the packaging test. Hyphae formations can be observed for T0, T1, and T2 treatments.
On the other hand, no C. gloeosporioides hyphae formation is observed on the anther for T3 and
T4 treatments.

4. Conclusions

The AgNPs, synthesized in this study, which were spherical in shape and 47 nm in diameter, were
prepared using chemical reduction and a stabilizing solution at 90 ◦C. Results from the UV-visible
spectrography and AFM analysis confirmed the presence of AgNPs and their topology. The paper
coated with 50 ppm of AgNPs had an excellent antifungal activity against C. gloeosporioides, under
culture conditions. The AgNPs-starch coating increased the water resistance, tensile strength in CD,
and bursting strength, of the paper. The paper coated with AgNPs, was successful in decreasing the
infection caused by C. gloeosporioides, on cut orchid flowers. Therefore, AgNP coated paper has a
great potential to be used widely in the packaging industry for producing boxes which can inhibit the
C. gloeosporioides infection that plagues cut orchid flowers and other crops.
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Abstract: Biocidal coatings that are based on quaternized ammonium copolymers were developed
after blending and crosslinking and studied as a function of the ratio of reactive groups and the
type of biocidal groups, after curing at room temperature or 120 ◦C. For this purpose, two series
of copolymers with complementary reactive groups, poly(4-vinylbenzyl chloride-co-acrylic acid),
P(VBC-co-AAx), and poly(sodium 4-styrenesulfonate-co-glycidyl methacrylate), P(SSNa-co-GMAx),
were synthesized via free radical copolymerization and further modified resulting in covalently bound
(4-vinylbenzyl dimethylhexadecylammonium chloride, VBCHAM) and electrostatically attached
(hexadecyltrimethylammonium 4-styrene sulfonate, SSAmC16) units. The crosslinking reaction
between the carboxylic group of acrylic acid (AA) and the epoxide group of glycidyl methacrylate
(GMA) of these copolymers led to the stabilization of the coatings through reactive blending. The so
developed coatings were cured at room temperature and 120 ◦C, and then immersed in ultra-pure
water and aqueous NaCl solutions at various concentrations for a time period up to three months.
Visual inspection of the integrity of the materials coated onto glass slides, gravimetry, scanning
electron microscopy (SEM) characterization, as well as the determination of total organic carbon
(TOC) and total nitrogen (TN) of the solutions, were used to investigate the parameters affecting
the release of the materials from the coatings based on these systems. The results revealed that
curing temperature, complementary reactive groups’ content, and type of antimicrobial species
control the release levels and the nature of releasable species of these environmentally-friendly
antimicrobial coatings.

Keywords: antimicrobial action; quaternary ammonium groups; acrylic acid; glycidyl methacrylate;
crosslinking reaction; coating

1. Introduction

Research on antimicrobial polymeric materials and surfaces is intensive [1–7], since such
materials are important for diverse applications, like health care/biomedical devices, food packaging,
agriculture/aquaculture, marine biofouling, etc. [8–11]. Among the numerous examples of antimicrobial
polymers that were evaluated for such potential applications [12–14], polymers based on quaternary
ammonium groups [15–18] are possibly the most widely studied, concerning synthetic biocidal
polymeric materials [19].

A critical issue regarding infection-related health is the formation of bacterial biofilms on surfaces.
To overcome this problem, an urgent need for the development of coatings that are able to prevent
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biofilm formation or eliminate already-constructed biofilms is well established [20–22]. Efficient
antimicrobial coatings can prevent bacteria adhesion or kill the bacteria before or after contact with the
surface, although many strategies include both mechanisms [23–26].

To better tune biocidal activity and duration, research nowadays focuses on dual-action biocidal
materials and surfaces, i.e., materials with a simultaneous contact-killing and released-based biocidal
action. The contact-killing action is usually based on quaternary ammonium groups that are covalently
incorporated into a polymeric chain or polymeric substrate [27–29], whereas the released-based biocidal
action is often introduced through the use of biocidal agents capable of leaching from the polymeric
surfaces or materials, such as metallic/inorganic nanoparticles, antibiotics, or others [30].

Having this in mind, our research group is focusing on the potential use of quaternary ammonium
groups with contact-based action, released-based action, as well as the combination of both actions.
Thus, hexadecyltrimethylammonium (cetyl trimethylammonium) cations (AmC16) electrostatically
bound onto an anionic poly(styrene sulfonate) (PSS) backbone have been evaluated as potential
released-based polymeric biocidal materials, while polymers of 4-vinylbenzyl chloride (VBC) modified
with N,N-dimethylhexadecylamine (HAM) have been developed to achieve the contact-based action [31].
Moreover, random or block copolymers of the respective units, hexadecyltrimethylammonium styrene
sulfonate (SSAmC16) and 4-vinylbenzyl dimethylhexadecylammonium chloride (VBCHAM), have been
designed for the combination of both actions [32].

Recently, we have shown that we can take advantage of the reactive blending concept, in order to prepare
self-standing crosslinked membranes containing both released-based hexadecyltrimethylammonium
groups and contact-based VBCHAM biocidal units [33]. Thus, polymeric precursors of the two biocidal
species with complementary chemical functions, e.g., carboxylic groups of acrylic acid (AA) units
and epoxide groups of glycidyl methacrylate (GMA) units, were initially synthesized. Blends of these
copolymers, P(SSAmC16-co-GMAx) and P(VBCHAM-co-AAx) were then formed, and were cured
at solid state at the desired temperature, leading to the final crosslinked membranes (Scheme 1), as
a consequence of the reaction between the carboxylic and the epoxide groups. These membranes
presented strong antimicrobial activity against S. aureus and P. Aeruginosa, while when applied as
coatings on aquaculture nets exhibited high antifouling action as compared to blank net [33]. An
interesting observation in that work was that the observed release in salt solution was maintained
in much lower levels than the release in pure water, offering an additional advantage for potential
antifouling applications in sea water.

Scheme 1. Reaction between P(VBCHAM-co-AAx) and P(SSAmC16-co-GMAx) copolymers after curing
at 120 ◦C.
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Motivated by the aforementioned encouraging initial findings, our aim in the present work is to
investigate in more detail this methodology by using different copolymers’ composition and blending
ratio, in order to get a deeper understanding on the structural factors affecting the release behavior.
Such knowledge is a prerequisite in order to optimize the efficacy and duration of the antifouling
action of these novel polymeric biocidal coatings.

2. Materials and Methods

2.1. Materials

The monomers glycidyl methacrylate (GMA), sodium 4-styrene sulfonate (SSNa), acrylic
acid (AA) and 4-vinylbenzyl chloride (VBC), the initiator azobisisobutyronitrile (AIBN), the
surfactant hexadecyltrimethylammonium (cetyl trimethylammonium) bromide (AmC16), the amine
N,N-dimethylhexadecylamine (HAM), the salt NaCl; as well as deuterium oxide (D2O), and deuterated
chloroform (CDCl3) were purchased from Aldrich, and were used as received. The solvents
N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), chloroform (CHCl3), hexane and acetone
were purchased from Fischer and used as received. Micro glass slides with size ± 26 mm × 76 mm
were acquired from Sigma-Aldrich. Ultra-pure water was obtained by means of an SG apparatus water
purification unit.

2.2. Synthesis of the Precursors

The copolymers poly(4-vinylbenzyl chloride-co-acrylic acid) and poly(sodium 4-styrenesulfonate-
co-glycidyl methacrylate) were synthesized through free radical polymerization in CHCl3 at 70 ◦C and
DMF/pure H2O (50/50) or DMSO at 80 ◦C, respectively, using AIBN as initiator. These copolymers
(Table 1) will be denoted as P(VBC-co-AAx) and P(SSNa-co-GMAx), where x is the mole fraction of
AA and GMA units in the copolymer, as determined by the 1H NMR characterization in CDCl3 and
D2O, respectively. The experimental procedures for the synthesis and characterization of copolymers
have been described previously [31,33].

Table 1. Characterization results for the P(VBCHAM-co-AAx) and P(SSAmC16-co-GMAx) complementary
antimicrobial copolymers.

Precursors
Feed Composition %

(mol AA or GMA)

1H NMR Composition
% (mol AA or GMA)

Mw PDI
Antimicrobial
Copolymers

P(VBC-co-AA7) 10 7 22,000 1.7 P(VBCHAM-co-AA7)
P(VBC-co-AA20) 20 20 28,200 2.7 P(VBCHAM-co-AA20)

P(SSNa-co-GMA6) 5 6 27,800 1.9 P(SSAmC16-co-GMA6)
P(SSNa-co-GMA20) 15 20 12,200 1.8 P(SSAmC16-co-GMA20)

2.3. Introduction of Antimicrobial Species

2.3.1. Covalently Bound Antimicrobial Groups

The quaternization process of P(VBC-co-AAx) copolymers has been described previously [31]. Briefly,
the copolymers were dissolved in CHCl3 and quaternized with an excess of N,N-dimethylhexadecylamine
(HAM) at 60 ◦C for 48 h. The quaternized polymers, denoted P(VBCHAM-co-AAx), were recovered
by precipitation in acetone, thoroughly washed with hexane, and dried in a vacuum oven at 60 ◦C
for 24 h.

2.3.2. Electrostatically Attached Antimicrobial Groups

The introduction of electrostatically attached quaternary ammonium cations on the P(SSNa-co-GMAx)
copolymers or PSSNa homopolymer was achieved through an ion exchange reaction in aqueous solution
between the sodium cations of SSNa units and an excess of quaternary hexadecyltrimethylammonium
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cations (AmC16). The final products, denoted P(SSAmC16-co-GMAx), were obtained through filtration,
washed thoroughly with ultra-pure water and dried in a vacuum oven at 60 ◦C for 24 h. The experimental
procedures are described in detail elsewhere [33,34].

2.4. Preparation of Antimicrobial Coatings

Mother solutions of series of the two copolymers P(VBCHAM-co-AAx) and P(SSAmC16-co-GMAx)
were prepared in CHCl3 at a 10% (w/v) concentration and left overnight at room temperature under
mild stirring. Afterwards, the mother solutions of the complementary copolymers were mixed at
various compositions. The compositions of P(VBCHAM-co-AAx) and P(SSAmC16-co-GMAx) were
expressed as weight/weight ratio (w/w) and set at the desired values (20/80, 40/60, 85/15) (Table 2).
Subsequently, an appropriate volume of each mixture (1 mL) was incorporated onto the surface of
micro glass slides and was left at room temperature for 24 h until complete solvent evaporation. Then,
the coated slides were cured at 120 ◦C. For comparison reasons, uncured coated slides were used.

Table 2. Composition and curing conditions of the P(VBCHAM-co-AAx) and P(SSAmC16-co-GMAx)
complementary antimicrobial copolymers coated onto glass slides.

Complementary Copolymers Composition, % w/w Curing Temperature
and Time of Curing

Polymeric Coating

P(SSAmC16-co-GMA20) P(VBCHAM-co-AA7) 40/60
RT (1 day) C1-RT

120 ◦C (1 day) C1-120

P(SSAmC16-co-GMA6) P(VBCHAM-co-AA20) 40/60
RT (1 day) C2-RT

120 ◦C (1 day) C2-120

P(SSAmC16-co-GMA20) P(VBCHAM-co-AA20)
40/60

RT (1 day) C3-RT
120 ◦C (1 day) C3-120

85/15 120 ◦C (1 day) C4-120
20/80 120 ◦C (1 day) C5-120

Note: RT, Room temperature.

2.5. Immersion of Coatings in Ultra-Pure Water and Aqueous NaCl Solutions

The uncured and cured coated glass slides were immersed in ultra-pure water and aqueous NaCl
solutions at 1 M, 0.5 M, and 0.25 M concentrations for significant time periods up to three months
(1 day, 7 days, 30 days, 60 days). The volume was set at 130 mL, until complete coverage of the coated
glass slides’ surface was achieved. Finally, the immersed coated glass slides were taken out at the
specific time period, immersed in ultra-pure water for the removal of NaCl when necessary and dried
at room temperature for two days.

2.6. Characterization Techniques

2.6.1. Scanning Electron Microscopy (SEM) Examination

Scanning electron microscopy (SEM, Zeiss SUPRA 35VP instrument equipped with an
Energy-dispersive X-ray spectroscopy, EDS, detector, Carl Zeiss AG, Oberkochen, Germany) was
performed in order to investigate the polymeric coatings’ surface morphologies.

2.6.2. Release Studies

The coated glass slides were immersed in ultra-pure water or aqueous NaCl solutions and left for
different time intervals up to three months. The glass slides were removed at the specific time period,
washed (in the case of NaCl solutions) and dried. The soluble fraction % (w/w) of the membranes in
ultra-pure water or aqueous NaCl solutions was evaluated gravimetrically from the equation soluble
fraction % (w/w) = |w−w0|

w0
%, where W0 and W are the measured weights of the coatings before and

after the immersion, respectively.
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2.6.3. Total Organic Carbon (TOC) and Total Nitrogen (TN) Measurements

Simultaneous analyses of TOC and TN were carried out using a Shimadzu TOC analyzer
(TOC-VCSH) coupled to a chemiluminescence detector (TNM-1 TN unit). TOC analysis was performed
using the Combustion-Infrared method. The principle of this method is that a microportion of the sample
is injected into a heated reaction chamber packed with an oxidative catalyst, Pt/Al2O3. The organic and
inorganic carbon is oxidized to CO2, and is measured by means of a nondispersive infrared analyzer
(NDIR analyzer). TN analysis was performed using the Pyrolysis-Chemiluminescence detection method.
Oxidative pyrolysis converts chemically bound nitrogen to nitric oxide (NO). Nitric oxide is contacted
with ozone (O3) to produce metastable nitrogen dioxide (NO2*). As NO2* decays, the emitted light is
detected by a photomultiplier tube.

3. Results and Discussion

The selection of the copolymers that will be used as the blends components was made in such a
way that the initial biocidal activity was assured. More specifically, the copolymers with high content
of electrostatically attached ammonium groups were used (see Table 1) that were previously tested
and showed high biocidal activity in the range of 5–6 logarithmic reduction for all microbial that were
tested [31]. The respective copolymers with covalently bound ammonium groups P(VBCHAM-co-AAx)
have shown high activity against E. faecalis and P. aureginosa [31]. Additionally, all of the random
copolymers [31] and coatings [33] having both types of ammonium groups in a comparable ratio have
shown extremely high biocidal activity, as shown in the previous publications [31,33].

The main goal of the present work is a deeper understanding of the factors affecting the release
rate of crosslinked antimicrobial polymeric coatings with dual contact-based and release-based
antimicrobial activity. For this purpose, as was shown previously [33], the complementary reactive
antimicrobial polymers P(VBCHAM-co-AAx) and P(SSAmC16-co-GMAx) were used for the coating
development and stabilization. More specifically, new series of copolymers with AA and GMA groups
contents from 6% up to 20% (see Table 1) were synthesized. The respective solutions in CHCl3 of
blends of the above copolymers were stirred for adequate time until complete homogenization. Then,
they were casted on glass slides and the coated glass slides, after treatment either at room temperature
(uncured) or at 120 ◦C (cured), were tested in respect to their release behavior by immersion in aqueous
NaCl solutions or ultra-pure water for a period of time up to three months.

In order to understand the behavior, the initial solubility of the copolymers with the highest
amount of the reactive groups e.g., P(SSAmC16-co-GMA20) and P(VBCHAM-co-AA20), was tested
applying the same coating and release procedure in aqueous NaCl 1 M solution and ultra-pure
water for 30 days. The results are shown in Figure 1 in terms of soluble fraction % (w/w) and total
organic carbon (TOC) evolution. As expected, despite the presence of the hydrophilic AA groups,
the solubility of hydrophobic P(VBCHAM-co-AA20) is marginal in water and salt solution, as a
consequence of the hydrophobic character of VBCHAM units. On the other hand, the copolymer
P(SSAmC16-co-GMA20) is readily soluble in salt solution, since it is well-known that the addition of
electrolytes weakens the interactions between polyelectrolytes and oppositely charged surfactants [35].
Interestingly, at the low polymer concentration that was applied for these studies, this copolymer
is also soluble in pure water. This behavior has been also observed for the complexation of CTAB
with copolymers of SSNa with methyl methacrylate (MMA) [36] and possibly originates from the
copolymer structure of the polyelectrolyte, leading to the disruption of the synergistic character of
the polyelectrolyte/surfactant complexation. As an additional step in this initial study, the release
of a PSSAmC16/P(VBCHAM-co-AA20) 40/60 w/w was also followed under similar conditions.
The homopolymer PSSAmC16 was used in this case, instead of the copolymer, in order to avoid
any crosslinking possibility even at room temperature. As seen, a significant fraction of the blend,
comparable to the PSSAmC16 content of the blend, is solubilised in pure water. Moreover, the soluble
fraction in salt solution is very low and comparable to that of P(VBCHAM-co-AA20), besides the high
solubility of PSSAmC16 in aqueous NaCl 1 M solution. The investigation of these intriguing solubility
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characteristics, already observed earlier with similar crosslinked membranes [33], is one of the main
goals of the present work.
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Figure 1. (a) Evolution of the soluble fraction % (w/w) after immersion of P(SSAmC16-co-GMA20),
P(VBCHAM-co-AA20) and PSSAmC16/P(VBCHAM-co-AA20) 40/60 w/w polymeric coatings in
ultra-pure water and aqueous NaCl 1 M solution for different time periods; and, (b) Evolution of the
total organic carbon (TOC) values of the solutions for the same studies.

Three systems of the complementary antimicrobial polymers were initially investigated (C1-C3).
In these systems, the ratio of the complementary reactive units varied significantly, whereas the
content of the two types of biocidal units, i.e., releasable SSAmC16 groups or immobilized quaternary
ammonium VBCHAM units, was rather constant, since they were prepared at a fixed mixing weight
ratio (40/60, see Table 2). The polymeric coatings presented different mechanical integrity after
their immersion, depending on the curing temperature and the salinity of the aqueous solution.
A characteristic example is depicted in Figure 2 for the C3 polymeric coatings, i.e., the uncured (C3-RT)
and cured (C3-120) P(SSAmC16-co-GMA20)/P(VBCHAM-co-AA20) 40/60 w/w polymeric coatings.
It is evident that in ultra-pure water the C3-RT disintegrate after a few minutes (Figure 2a), whereas
the C3-120 detach while preserving its integrity (Figure 2b). This behavior is mostly attributed to the
crosslinking effect at 120 ◦C. On the other hand, both C3-RT and C3-120 polymeric coatings remain
intact in the aqueous NaCl 1 M solution (Figure 2c,d).

(a) (b)

(c) (d)

Figure 2. Photos of (a,c) Uncured C3-RT or (b,d) Cured C3-120 polymeric coatings, after immersion in
ultra-pure water (a,b) or aqueous NaCl 1 M solution (c,d) for 7 days.
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The release of leachable species of the C1-C3 polymeric coatings in pure water or aqueous NaCl
1 M solution was also followed as a function of time. The evolution of the soluble fraction, determined
gravimetrically from the weight change of the coatings, is presented in Figure 3. The observed release
trends were also verified from the TOC and TN values determined in the solutions for the same
periods (Figures S1 and S2). The dashed lines correspond to the P(SSAmC16-co-GMAx) content and
represent the upper release limit when considering full solubility for these copolymers and marginal
solubility for the complementary P(VBCHAM-co-AAx) copolymers. As seen, both for cured and
uncured coatings, the release in water is higher than in NaCl 1 M solution, while the soluble fraction
levels do not differentiate substantially with the change of treatment temperature. In addition, the
soluble fraction levels are not significantly affected by the chemical composition of the complementary
copolymers, i.e., the content of reactive units.

a b
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Figure 3. Evolution of the soluble fraction % (w/w) after immersion in ultra-pure water and aqueous
NaCl 1 M solution for different time periods. (a) Uncured C1-RT, C2-RT, C3-RT polymeric coatings,
(b) Cured C1-120, C2-120, C3-120 polymeric coatings.

These observations, in combination with the behavior presented in Figure 1 for the
PSSAmC16/P(VBCHAM-co-AA20) coating, indicate that the release of leachable species is not
controlled by the possible crosslinking reaction between the complementary reactive units, but it
is the result of non-covalent interactions between the two complementary copolymers. However, the
crosslinking reaction is a crucial factor, concerning the mechanical integrity of the coatings: the visual
inspection of coatings shows a clear difference between the cured and uncured coatings, with the
coatings being developed at 120 ◦C to be more robust. For that reason, the release study for this type
of coatings that was performed for three months showed a slow release after the first 10 days, but the
quality of the coatings remained unchanged for the whole period of testing.

In order to understand these behaviors in terms of the releseable species [37], the C/N molar
ratio was calculated from the TOC/TN ratio and plotted versus time, as shown in Figure 4. The C/N
molar ratio is releated either to the cetyl trimethylammonium ions (AmC16) or to the whole polymeric
chain. As a consequence, the expected values are 19 for the cetyl units (dotted line) and about 27–28
for the whole polymeric chains of both complemetary polymers (dashed area). As seen in this Figure,
the release comes in most cases from the liberation of the cetyl trimethylammonium ions (C/N molar
ratios about 16–20). The release of these cations in the case of coatings cured at 120 ◦C is expected in
aqueous NaCl 1 M solutions, since they can be ion exchanged with the Na+ cations of the salt, while
the polymeric chains cannot be released as they are crosslinked. However, the explanation for the
release of cetyl trimethylammonium cations is not straightforward when the same coatings are treated
with ultra-pure water. Possibly, in these systems, an ion rearrangement takes place, allowing for the
internal complexation of the positive VBCHAM and negative styrene sulfonate ions immobilized onto
the different polymeric backbones of the coating. This helps the release of cetyl trimethylammonium
cations (from SSAmC16 units) with Cl− anions (from VBCHAM units) as counterions. In the case of
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the coatings cured at room temperature, the crosslinking conditions are very mild, and crosslinking,
if any, is expected to be very low. In fact, in these systems the main trends of the C/N molar ratios
are quite similar to those observed for the PSSAmC16/P(VBCHAM-co-AA20) 40/60 w/w coating
(Figure S3). Thus, in the case of this coating and the coatings cured at room temperature, the ion
rearrangement described previously could also take place in ultra-pure water, leading to the release
of AmC16 cations, as evidenced by the observed values of C/N molar ratios (~18–20). In contrast,
when these coatings are treated with aqueous NaCl 1 M solutions, high C/N molar ratios are observed
(~25–27). In these cases, the release (though low) is made from the whole polymeric chain (PSSAmC16

in Figure S3 and P(SSAmC16-co-GMAx) in Figure 4). Apparently, when crosslinking cannot be applied
(PSSAmC16) or the crosslinking conditions are very mild (coatings treated at room temperature), the
respective polymers (PSSAmC16 or P(SSAmC16-co-GMAx)) turn to water-soluble in salt solution, as
discussed in Figure 1. In fact, the solubilization of the whole polymeric chain seems to be gradual
for the P(SSAmC16-co-GMAx)/P(VBCHAM-co-AAx) coatings, since the high C/N molar ratios are
observed at large releasing times, whereas these ratios are of the order of 19 for shorter releasing
times. Alhough more detailed studies are needed, this observation possibly indicates the potentiality
to develop self-eroding biocidal coatings using such materials.
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Figure 4. Evolution of the C/N molar ratio, determined from the TOC/ total nitrogen (TN) studies,
after immersion in ultra-pure water and NaCl 1 M for different time periods of uncured C1-RT, C2-RT,
C3-RT polymeric coatings and cured C1-120, C2-120, C3-120 polymeric coatings.

The influence of the blend composition and more specifically the ratio between the electrostatically
and covalently bound quaternary ammonium biocidal species of the initial copolymers on the release
properties was examined using the system P(SSAmC16-co-GMA20)/P(VBCHAM-co-AA20), after
curing at 120 ◦C. The release characteristics of three coatings with weight compositions 85/15 (C4-120),
40/60 (C3-120), and 20/80 (C5-120) were evaluated for 30 days (Figure 5). The system C5-120 with the
lower content of the exchangeable ammonium groups shows the same behavior as before with higher
release rate in water than in NaCl 1 M. In this case, the soluble fraction is lower when compared to
C3-120, as a consequence of the lower content in P(SSAmC16-co-GMA20). On the contrary, for the
system C4-120 with high P(SSAmC16-co-GMA20) content, a significant acceleration of the release rate
was found and the selectivity observed between water and NaCl 1 M was vanished. In fact, this system
shows the same release rate in both of the solutions used in this study, but the released fraction at
30 days is almost half of the P(SSAmC16-co-GMA20) content.
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The influence of the blend composition is more clearly depicted in Figure 6, where the soluble
fraction % (w/w) after seven days testing in ultra-pure water or aqueous NaCl 1 M solution is plotted as
a function of the P(VBCHAM-co-AA20) content of the P(SSAmC16-co-GMA20)/P(VBCHAM-co-AA20)
coatings. The respective TOC and TN values are also plotted, for reasons of comparison. As seen, the
trends of all techniques used are in agreement. Moreover, the results show that the released material
decreases with the increase of the P(VBCHAM-co-AA20) content, supporting the previous discussions
that this material originates from the P(SSAmC16-co-GMA20) copolymer.
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Figure 6. Influence of the P(VBCHAM-co-AA20) % (w/w) content of P(SSAmC16-co-GMA20)/
P(VBCHAM-co-AA20) 40/60 w/w polymeric coatings on the soluble fraction (%) and the TOC, TN
values of the solutions after immersion of the coatings for 7 days in ultra-pure water and aqueous NaCl
1 M solutions. Apart from pure copolymers, all other coatings were cured at 120 ◦C.
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The C/N molar ratio for the C3-C5 coatings, cured at 120 ◦C after seven days immersion in
ultra-pure water or salt solution is shown in Figure 7a as a function of the P(VBCHAM-co-AA20) %
(w/w) content of the coatings. Similar results are also obtained for 30 days immersion, as shown in
Figure 7b. As seen, for the rich in P(VBCHAM-co-AA20) coatings (C3-120 and C5-120), the values of
the C/N molar ratio are in the region 16–20, suggesting the release of AmC16 cations in these cases.
Due to the high content of reactive units of the copolymers, crosslinking reaction is expected to take
place in a large extent. Moreover, most P(SSAmC16-co-GMA20) chains are expected to be crosslinked
for these coatings and release of the whole polymeric chain is not possible. On the other hand, for
the C4-120 coating containing P(SSAmC16-co-GMA20) in a large excess, it is possible that a part of
these chains are not crosslinked. As a consequence, in salt solution they turn to water-soluble and
they can be dissolved, leading to the observation of a C/N molar ratio of ~27. Finally, regardless of
blend composition, a C/N molar ratio of ~20 is observed for all of the coatings in ultra-pure water,
suggesting the release of cetyl trimethylammonium cations, as discussed earlier.
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Figure 7. (a) Influence of the P(VBCHAM-co-AA20) % (w/w) content of the cured P(SSAmC16-
co-GMA20)/P(VBCHAM-co-AA20) 40/60 w/w polymeric coatings on the C/N molar ratio determined
from the TOC and TN values of the solutions after immersion of the coatings for seven days in
ultra-pure water and aqueous NaCl 1 M solutions, (b) Evolution of the C/N molar ratio, determined
from the TOC/TN studies, after immersion in ultra-pure water and NaCl 1 M for different time periods
of cured C3-120, C4-120, C5-120 polymeric coatings.

Since the salinity of the aqueous solution is a decisive parameter controlling the release levels
of the coatings that are developed in the present study, the influence of NaCl concentration was also
investigated, using the C3-120 coating. It is reminded that only the AmC16 cations may be released
from this coating, see Figure 4. The evolution of the soluble fraction in ultra-pure water and aqueous
NaCl solutions of varying concentrations (0.25 M, 0.50 M and 1 M) is shown in Figure 8a. Moreover, the
variation of the soluble fraction with the NaCl concentration after treatment for 7 days are depicted in
Figure 8b, and are compared with the respective TOC variation. It is clear that for NaCl concentrations
higher than 0.5 M the release levels are low and do not depend significantly on the salt concentration.
However, as the salt concentration decreases below 0.5 M, the release levels progressively increase to
attain the maximum release fraction observed in ultra-pure water.

The morphology of the coatings in terms of SEM examination of the self-supported membranes
was also studied. Thus, the initial membranes of the C3 system (cured and uncured) together with the
respective membranes after treatment for 60 days are depicted in Figure 9. As it is observed, the initial
membranes differ depending on their initial thermal treatment. The uncured C3–RT sample shows a
particulate structure, while the cured C3-120, due to the higher temperature during thermal treatment,
shows a more homogeneous structure. In both cases, the samples after 60 days in aqueous solutions
show a more homogeneous structure, as revealed by the cross section images shown in Figure 9. This is
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mainly due to the swelling of the membrane, as it is seen by the thickness increase from about 20 μm
to 40 μm for the C3-120 sample. Thus, the release of the active groups cannot be visualized by SEM,
since their competition to swelling vanishes the ability to show any difference.
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Figure 8. (a) Soluble fraction % (w/w) after immersion in ultra-pure water and NaCl 0.25 M, 0.5 M, 1 M
for different time periods of cured C3-120 polymeric coatings; (b) Soluble fraction % (w/w) with the
NaCl concentration after treatment for seven days when compared with the respective TOC variation.

Figure 9. Scanning electron microscopy (SEM) images of uncured C3-RT and cured C3-120 polymeric
coatings before and after immersion in ultra-pure water and NaCl 1 M for 60 days.

As a closing remark, it should be noticed that the synthetic protocols of the coatings and
characterization protocols concerning the release in aqueous solutions of varying salinity were
established in the present work, using covalently attached and releasable hexadecylammonium
moieties. Nevertheless, respective units with alternative alkyl chains, for instance, dodecyl chains can
also be applied to modulate biocidal activity and its interrelation to the release rate.

4. Conclusions

Different coatings based on covalently and electrostatically bound ammonium groups at various
ratios were developed by combination and crosslinking of the respective copolymers bearing the
proper active biocidal groups together with reactive acrylic acid and glycidyl methacrylate moieties.
The stabilization of the coating was performed by curing at 120 ◦C, and the release of the active groups

81



Coatings 2018, 8, 8

was studied for periods up to three months in ultra-pure water and NaCl 1 M solutions in comparison
to the uncured analogues. The rate of the release, as well as the type of the releasable species, was
monitored by a combination of analytic techniques, like gravimetric and TOC, TN analysis. The ratio of
TOC/TN was used as a decisive factor for the type of the releasable species. Depending on the mobile
and immobilized ammonium groups’ content and the curing temperature, coatings with controllable
release behavior were developed. More interestingly, the release rate in NaCl 1 M solutions was lower
than the respective in ultra-pure water, mainly because the internal complexation of immobilized
oppositely charged species results in the release of AmC16 groups, even in ultra-pure water. This
phenomenon together with the low release rate in NaCl 1 M solutions makes these biocidal coatings
potentially useful candidates both for freshwater and sea water applications.

Supplementary Materials: The following are available online at www.mdpi.com/2079-6412/8/1/8/s1, Figure S1:
Evolution of the TOC values of the solutions, after immersion in ultra-pure water and aqueous NaCl 1 M solution
for different time periods of: (a) Uncured C1-RT, C2-RT, C3-RT polymeric coatings and (b) Cured C1-120, C2-120,
C3-120 polymeric coatings, Figure S2: Evolution of the TN values of the solutions, after immersion in ultra-pure
water and aqueous NaCl 1 M solution for different time periods of: (a) Uncured C1-RT, C2-RT, C3-RT polymeric
coatings and (b) Cured C1-120, C2-120, C3-120 polymeric coatings, Figure S3: Evolution of the C/N molar ratio,
determined from the TOC/TN studies, after immersion in ultra-pure water and NaCl 1 M for different time
periods of uncured polymeric coatings PSSAmC16/P(VBCHAM-co-AA20) 40/60 w/w.
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Abstract: Biodegradable polymers are gaining interest as antimicrobial carriers in active packaging.
In the present study, two active films based on chitosan (1.5% w/v) and methylcellulose (3% w/v)
enriched with natamycin were prepared by casting. The antimicrobial’s release behavior was evaluated
by immersion of the films in 95% ethanol (v/v) at different temperatures. The natamycin content
in the food simulant was determined by reversed-high performance liquid chromatography with
diode-array detection (HPLC-DAD). The apparent diffusion (DP) and partition (KP/S) coefficients
were calculated using a mathematical model based on Fick’s Second Law. Results showed that the
release of natamycin from chitosan based film (DP = 3.61 × 10−13 cm2/s) was slower, when compared
with methylcellulose film (DP = 3.20 × 10−8 cm2/s) at the same temperature (p < 0.05). To evaluate
the antimicrobial efficiency of active films, cheese samples were completely covered with the films,
stored at 20 ◦C for 7 days, and then analyzed for moulds and yeasts. Microbiological analyses showed
a significant reduction in yeasts and moulds (7.91 log CFU/g) in samples treated with chitosan active
films (p < 0.05). The good compatibility of natamycin with chitosan, the low Dp, and antimicrobial
properties suggested that the film could be favorably used in antimicrobial packagings.

Keywords: active packaging; chitosan; methylcellulose; natamycin

1. Introduction

Antimicrobial food packaging is one of the most promising applications of active packaging, and acts
to reduce, inhibit or retard microorganism growth that could contaminate the packaged food [1–3].

During recent decades, due to the environmental and economic implications of the use
of materials made from petrochemical derivatives, various research groups have been looking
toward green polymers as alternatives to film and coating manufacturing for plastic packages [4–9].
Bio-based packaging materials can be created on the basis of polymers directly extracted/removed
from natural materials [10]. Elaboration of these films and coatings has been possible thanks to the
filmogenic capacity of natural biopolymers, which have a good aptitude for forming a continuous
and cohesive matrix with adequate mechanical properties [10,11]. Chitosan is a natural weak cationic
polysaccharide, derived from deacetylation of chitin, which is the major component of the shells of
crustaceans such as crab, shrimp, and crawfish [2,12]. It is non-toxic, biodegradable, biofunctional,
and biocompatible [13,14]. Chitosan-based films have good mechanical properties, and has some
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advantages over other biomolecule-based polymers used as packaging materials due to its antibacterial
behavior [13–16]. Methylcellulose application as a film and coating component is also very attractive.
It is one of the most important commercial cellulose ethers, and it has been used in many industrial
applications [17]. Methylcellulose films have a flexible and transparent character. They also possess low
ox18ygen and moisture vapor transmission rates when compared to other hydrophilic edible films [18].

Biodegradable packaging materials can act as supporters of antimicrobials [19]. Much research
has been devoted to the design of antimicrobial packaging containing natural antimicrobial agents
for specific or broad microbial inhibition [20]. Bacteriocins are an attractive option, as they constitute
natural preservatives, avoiding the addition of synthetic compounds to food [3,21]. These antimicrobial
proteins/peptides, produced by bacteria, are nontoxic and nonantigenic to humans, and have GRAS
(generally recognized as safe) status [3,22]. Natamycin, produced during fermentation by the bacterium
Streptomyces natalensis, is a naturally occurring antifungal agent classified as a macrolide polyene,
which acts through the specific interaction with ergosterol of yeast membranes [23,24]. According to
Directive 95/2/EC, natamycin may be used for the surface treatment of semi-hard and semi-soft cheese
and dry cured sausage at a maximum level of 1 mg/dm2 in the outer 5 mm of the surface [25,26].
Natamycin has no adverse effect on the rind or the flavor of the cheese. The depth of penetration
of this antimicrobial compound depends on of the initial concentration, cheese type and storage
time [27]. Incorporation of antimicrobials in food interfaces by the use of films helps to decrease
the rate of diffusion from the surface to the bulk of the product assuring the maintenance of high
concentrations of the active agent where it is required [28]. In addition, due to the low water solubility
of natamycin, the incorporation into a coating improves distribution in the cheese and, therefore,
the surface protection from mould growth [4]. This antimicrobial agent has been successfully used
in different active systems [29–31]. Chitosan coating containing natamycin decreased mold/ yeast
population on Saloio cheese after 27 days of storage [4]. Moreover, the application of chitosan films
determined an increase of the shelf life of different cheese types, such as Mozzarella [32], Emmental [33],
Regional Saloio [34], and Apulia spreadable cheese [35]. Furthermore, natamycin-impregnated
cellulose-based films showed inhibitory effects against Penicillium roquefortii on the surface of
Gorgonzola cheese [36] and, in combination with nisin, prolonged the shelf life of sliced mozzarella
cheese by 6 days compared to the control [37]. Methylcellulose and wheat gluten films containing
natamycin showed ability in the prevention and control of toxigenic moulds on dairy products [18].

For the selection of an antimicrobial, the possible interactions among the antimicrobial,
the film-forming biopolymer, and other food components, which can modify the antimicrobial
activity and the characteristics of the film, must be considered [15]. Diffusion (D) and partition (K)
coefficients for antimicrobials in packaging films can help to design efficient active packaging and
to predict the shelf-life of food products [19,38]. Therefore, the aim of this study was to develop two
active films, based on chitosan and methylcellulose, incorporating natamycin as antimicrobial agent,
and to study the release behavior of antimicrobial agents from the active films. The antimicrobial
effectiveness of chitosan and methylcellulose films containing natamycin to prevent yeast and mould
growth on cheese surface was also investigated.

2. Materials and Methods

2.1. Materials

The materials used to prepare the active films were: Chitosan with a degree of deacetylation
of approximately 75–85% (medium molecular weight, 200–800 mPa·s viscosity, soluble in 1% Acetic
acid aqueous solution) (Sigma chemicals, St-Louis, MO, USA); Glycerol (molecular biology grade,
Calbiochem); Methylcellulose (3500–6000 mPa viscosity) (Sigma-Aldrich, Darmstadt, Germany).
Natamycin was provided by Sigma (Steinheim, Germany). Ethanol (analytical grade), Methanol (HPLC
grade), Acetonitrile (HPLC grade) were provided by Merck (Darmstadt, Germany). Acetic acid solution
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(HPLC grade) was provided by Sigma-Aldrich (Germany). The water used to prepare all solutions
was purified by a Milli-Q water purification system (Millipore) (Bedford, MA, USA).

2.2. Preparation of Films

Chitosan films (1.5% w/v) were prepared by dissolving chitosan in acetic acid aqueous solution
1% (v/v). Subsequently, the solution, containing glycerol as plasticizer (0.2 g/g biopolymer), was kept
under stirring for 2 h at a constant temperature at 80 ◦C and then 12 h at room temperature until the
chitosan was fully dissolved.

Methylcellulose (3% w/v) was mixed with a water-ethanol solution (50:50 v/v) and then
homogenized for 5 min. After the addition of glycerol (0.4 g/g biopolymer), the solution was kept
under stirring, and heated to 80 ◦C for 2 h. Natamycin was incorporated at room temperature into the
film solutions to reach the final concentration of 0.01% (w/v). The solutions were then cast in 8.5 cm
polyacrylic plates and dried at 30 ◦C for 12 h. A saturated solution of magnesium nitrate was put in
the oven to achieve a relative humidity of 53%.

2.3. Film Thickness Measurement

The thickness of the samples was determined using a manual digital micrometer (0.001 mm,
Mitutoyo, Mizonokuchi, Japan). Measurements were repeated in 5 different regions of each sample
and then an average value was calculated.

2.4. Experimental Procedure for Kinetics of Natamycin Release

During migration tests, the films were fixed in glass tubes so that both sides of the tested films
were in contact with food simulant. According to EU Commission Regulation No 10/2011 [39],
ethanol 95% (v/v) was used as a substitute food simulant for fatty food. Chitosan and methylcellulose
films were cut into pieces of 14.7 cm2 area and immersed into 20 mL of ethanol 95% (v/v). The migration
kinetics of the antimicrobial agent from methylcellulose film were studied at different temperatures:
10, 20 and 40 ◦C (±0.2 ◦C). To compare the release behavior between the different active films,
natamycin migration test from chitosan film was performed at 40 ◦C (±0.2 ◦C).

To determine the amount of natamycin released, aliquots (500 μL) of the food simulant were
taken out from the tubes at preset times, filtered and injected by HPLC-DAD (high-performance liquid
chromatographic with diode-array detection). The analytical conditions were obtained by modification
of a previously reported method [40]. The preserving agent released from the film into the simulant
was determined as follows: the calculation of the final migration level included the correction for
changing simulant volume, as well as for the amount of natamycin taken during the previous sampling.
Then, to calculate the remaining amount in the film, a piece of film was introduced in a glass tube
containing 20 mL of ethanol 80% (v/v) solution at 40 ◦C for 24 h. The experiment was performed
in duplicate.

HPLC-DAD Analysis

An HPLC HP1100 system (Hewlett Packard, Waldbronn, Germany) equipped with a quaternary
pump, a degassing device, an autosampler, a column thermostating system, a diode-array detector (DAD),
and Agilent Chem-Station for LC and LC/MS systems software (Agilent, Santa Clara, CA, USA),
was used. Separation was performed on a Kromasil ODS (C18) (150 × 3.20 mm2 i.d., 5 mm particle
size) column thermostatted at 25 ◦C. Acetonitrile (A) and Milli-Q water (B) were used as mobile phase.
The injection volume was 20 μL. Samples were eluted in gradient mode under the following conditions:
0 min (20% A–80% B); 10 min (60% A–40% B); 15 min (60% A–40% B); 20 min (20% A–80% B).
The flow rate was 0.6 mL/min. Three selected wavelengths were set in DAD detector, 291, 304 and
319 nm, corresponding to the three absorption peaks of the characteristic natamycin spectrum [40].
The wavelength used to quantify the antifungal was 304 nm.
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2.5. Diffusion Coefficient (D) and Partition Coefficient (K) Measurement

The diffusion coefficients of natamycin from the active films into the substitute food simulant
ethanol 95% (v/v) were calculated using a mathematical model based on Fick’s Second Law (1):

∂Cp

∂t
= D

∂2Cp

∂x2 (1)

where Cp is the concentration of the migrant in the film at time t and position x.
An analytical solution of this differential equation, that describes the diffusion kinetics,

was proposed by Crank [41]. After a slight modification, this can be expressed by the following
Equations (2) and (3) [42]:
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where mF,t is the mass of the migrant transferred from P into F after time t, (μg); A is the area of P in
contact with F (cm2); CP,0 is the initial concentration of the migrant in P (mg/kg); ρP is the density of P
(g/cm3); t is the migration time (s); dp is the thickness of P (cm); VP is the volume of P (cm3); VF is the
volume of F (cm3); qn is the positive root of the equation tan qn = −α·qn; DP is the diffusion coefficient
for the migrant in the polymer (cm2/s); KP/F is the partition coefficient for the migrant between P
and F.

Partition coefficient between the film and food simulant (KP/S) was calculated according to the
following Equation (4):

KP/S =
CP
CS

(4)

where CP is the concentration of a substance in the film at equilibrium, in μg/g; CS is the concentration
of a substance in the simulant at equilibrium, in μg/g.

Experimental data were fitted to the proposed model using Solver function of the commercial
software Microsoft Excel 2007® (Redmond, WA, USA).

To measure the fit between the experimental and estimated data the root of mean-square error %
(RMSE (%)) was calculated according to the following Equation (5):

RMSE(%) =
1

MP,0

√
1
n

n

∑
i=1

((mF,t)exp,i − (mF,t)pred,i)
2 × 100 (5)

where n is the number of experimental points per migration/release curve; i is the number of
observations; MP,0 is the initial amount of the migrant in the polymer (μg).

2.6. Microbiological Analysis

A commercial semi-hard cheese was purchased from a local supermarket and stored in a
refrigerator (4 ◦C) until use. Fifteen pieces of cheese were randomly assigned to five treatments:
samples coated with Polyethylene (used as blank), samples coated with chitosan and with
methylcellulose films, and finally samples coated with chitosan and with methylcellulose films
containing natamycin.

Cheese samples (10 g) were completely covered with the films (28.26 cm2), sealed in polyethylene
bags, and finally stored at 20 ◦C for 7 days.

At the times of bacterial enumeration, cheese samples were aseptically removed from their
packaging and the films were separated from cheese slices with sterile forceps. An aliquot (10 g) of
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cheese was aseptically collected and placed in 400 mL homogenizing bag along with 90 mL of 0.1%
(w/v) of peptone water and massaged for 60 s at high speed in a Stomacher (AES Chemunex, Coburg,
FR, Germany). Decimal dilutions were prepared from the initial homogenate. After that, 0.1 mL were
spread onto potato dextrose agar (PDA) plates and incubated at 25 ◦C for 3 days, before counting
colonies. Three samples of each treatment were analyzed.

2.7. Statistical Analysis

Statistical analysis of data was performed with package SPSS 15.0 (SPSS Inc., Chicago, IL, USA).
ANOVA test was applied to determine significant differences (p < 0.05) according to the release rate
of antimicrobial agent from methylcellulose films at different temperatures, and from chitosan and
methylcellulose film at the same temperature, according to mould/yeast counts.

3. Results and Discussion

3.1. Film Appearance Characterization

All of the films were transparent. The average thickness ranged between 38 and 51 μm for
chitosan, and from 56 to 76 μm for methylcellulose films.

Natamycin was added to the film solutions at concentrations of 6.6 and 3.3 mg per gram of
chitosan and methylcellulose, respectively. The increase in natamycin concentration (from 0.01% to
0.1% and 1%), affected the appearance of both types of films, making them opaque and unsuitable
for use. This behavior has also been observed by other authors [24]. For the migration kinetics,
it is essential to determine the initial concentration of the active compound in the developed films.
The concentrations of natamycin in the chitosan and methylcellulose films prior to the migration assays
were 0.6% (w/w) and 0.3% (w/w), respectively.

3.2. Natamycin Release Kinetics

Figures 1 and 2 illustrate the release profiles of natamycin from chitosan and methylcellulose films
in the substitute food simulant (Ethanol 95% (v/v)) at different storage temperatures as a function
of time.

Figure 1. Release profiles of natamycin from methylcellulose films (MC) at different temperatures.
Each dot represents the mean of the experimental data with an error bar of 2 replications.
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Figure 2. Release profiles of natamycin from chitosan film (CHIT) at 40 ◦C. Each dot represents the
mean of the experimental data with an error bar of 2 replications.

With respect to the migration kinetics, results showed that the release of natamycin from
the chitosan-based films was slower, when compared with the methylcellulose films at the same
temperature (p < 0.05). In addition, after 12 h at 40 ◦C, methylcellulose film released about 90% of the
natamycin, while less than 15% of the initial amount of natamycin in the chitosan film was released
when equilibrium conditions were reached.

The diffusion and the transport mechanism of the active agents from the film matrix to the food
surfaces are the most important factors in developing an antimicrobial food packaging. The diffusion
coefficient indicates the rate at which the release of the active agent takes place. Diffusivities can
be used to quantify the release behavior of the antimicrobials, and also to obtain information about
polymeric networks [11]. The partition and apparent diffusion coefficients of natamycin from chitosan
(at 40 ◦C) and methylcellulose films (at 10, 20, 40 ◦C) are included in Table 1. For methylcellulose films,
in order to test the linearity between the Dp and the temperature, an Arrhenius-type equation was
applied, and R2 = 0.9384 was obtained.

Table 1. Partition (KP/S) and apparent diffusion (DP) coefficients (mean values) of natamycin from the
active films in food simulant at different temperatures (T).

Films T DP (cm2/s) KP/S RMSE (%)

chitosan + natamycin 40 ◦C 3.61 × 10–13 1054.11 0.63
methylcellulose + natamycin 10 ◦C 7.30 × 10–10 271.64 5.38
methylcellulose + natamycin 20 ◦C 1.14 × 10–9 127.85 4.59
methylcellulose + natamycin 40 ◦C 3.20 × 10–8 3.74 10.93

According to the literature [19], for each tested temperature, and for the same temperature (40 ◦C),
the diffusion coefficients of natamycin from methylcellulose films were higher, when compared to
chitosan films. As expected, the diffusion process of natamycin from methylcellulose films generally
occurred faster at higher temperatures (p < 0.05). However, literature data showed that the temperature
variations could result in a negligible change in the diffusion coefficient of antimicrobial compound
from chitosan film [19].

The low release of natamycin from chitosan film could be related to different factors.
Apparent diffusion coefficients for natamycin from alginate/chitosan film into water at an order
of magnitude in the range of 10−11–10−12 have been reported [11]. These values are considered very
low when compared with diffusivities of other antimicrobials incorporated in polymeric matrices,
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suggesting a chemical interaction between natamycin and chitosan [11]. Chen et al. [43] attributed
this fact to a possible electrostatic interaction between NH3

+ groups of chitosan and COO− groups
of antimicrobials. Methylcellulose carries no electrical charge [44], and the possibility of interactions
between the polymer and the antimicrobial is lower.

Diffusion coefficients at an order of magnitude of 10−10 and 10−12 cm2/s have been reported for
natamycin from chitosan films to phosphate-buffered saline solution and cheese, respectively [4].
The diffusion coefficient was higher for the phosphate-buffered saline solution because of the
swelling effect in the release phenomenon [4]. Similar results were obtained by Hanušova et al. [45]
with polyvinyl dichloride lacquer coatings also used as a natamycin carrier in cheese packaging.
Water-ethanol solution 95% (v/v), used as substitute food simulant in our study, exhibits lower water
activity, which subsequently results in lower degradation, swelling and solubilization phenomena
in biopolymers, making the antimicrobial diffusion through the film matrix difficult [38]. Moreover,
chitosan maintains its structure in a neutral environment, but is solubilized and degraded in an acidic
medium [46]. As the water–ethanol solution used in the present study had a neutral pH, chitosan film
demonstrated higher stability with a compact structure and, therefore, lower diffusion coefficient
values [19]. A major advantage of slow release over direct addition of the antimicrobial into the
food is continuous microbial inhibition obtained over an extended period [47]; in contrast, a rapid
release may cause migration of the active agent to internal parts of the food, reducing the protection at
the surface [1].

The partition coefficient (KP/S) indicates the ratio between the concentration of the active
compound in the film and the concentration in the food simulant at equilibrium [48,49]. The partition
coefficients, shown in Table 1, correspond to the values predicted by the mathematical model
used. Higher KP/S values are achieved with higher concentrations of the active agent in the film;
in contrast, a lower KP/S indicates that more migrant is absorbed into food from the polymer. However,
various parameters, such as temperature, pH, the chemical structure of the migrant, molecular size
and structure, and the fat content of foods, can influence the partition coefficient [49].

In order to measure the fit between the experimental and estimated data, the root of mean-square
error % (RMSE (%)) was calculated. Generally, acceptable values were obtained. In particular, the best
fit between the experimental and estimated data was found for chitosan films [8].

3.3. Antimicrobial Activity of Films

The microbial assays were performed under accelerated conditions at 20 ◦C. The mean values
of the counts obtained for moulds and yeasts were 7.91 log (CFU/g) and 8.25 log (CFU/g),
respectively, for chitosan and methylcellulose films containing natamycin. Values slightly higher for
mould/yeast counts were observed in cheese coated with chitosan (8.30 log CFU/g), methylcellulose
(8.95 log CFU/g) and polyethylene (8.27 log CFU/g) films, when compared to the active films.
It is important to note that results were obtained under no-inoculation conditions. Therefore,
large differences in the counts were not to be expected for the whole cheese, and not only on the
cheese surface [4].

Antimicrobial agents can be applied by dipping, spraying, or brushing to food surfaces for
controlling microbial growth [18]. However, these techniques are laborious, and have limited benefits,
because of a rapid loss of activity resulting from the interaction between the antimicrobial compound
and food components, and from a dilution phenomenon occurring when the additive diffuses to
the bulk of the food [24,29]. The use of packaging films containing antimicrobial agents could better
control the migration of the agents away from the surface [50]. In earlier studies, antimycotic activity of
natamycin-incorporating films has been shown against several moulds [30–32]. The low antimicrobial
activity of methylcellulose films could be explained by the rapid release, which may cause migration
of the active agent to internal parts of the food, reducing the protection at the surface [1]. On the
contrary, the slow release of natamycin from chitosan film into the food surface determined a significant
(p < 0.05) reduction of mould/yeast counts with respect to polyethylene films, which were used as
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a blank. Chitosan has been tested as a carrier of other natural antimicrobials, e.g., lysozyme [51],
lysozyme and EDTA [52], essential oils [13,38], and nisin [19]. In particular, several studies have
reported that chitosan antimicrobial films containing natamycin possess the potential ability to inhibit
microorganisms on food products [4,11,24]. The incorporation of natamycin in chitosan-based film
could act as an additional post-processing safety measure, once the inhibitory effect on microbial
growth of both components [4].

Antimicrobial films or coatings resulted in more effective microorganism inhibition when applied
to nutrient media than when applied to real systems, owing to the complex structure of foods [18].
In fact, the minimum inhibitory concentration of natamycin against A. niger and P. roquefortii was
found to be two times higher in cheese application with respect to in vitro studies [18].

4. Conclusions

Briefly, the kinetics results showed that, at the same temperature, the release of natamycin from
chitosan-based film (DP = 3.61 × 10−13 cm2/s) was slower, when compared with methylcellulose film
(DP = 3.20 × 10−8 cm2/s) (p < 0.05). Moreover, a significant reduction in yeast and mould was observed
in cheese samples treated with chitosan films containing natamycin (p < 0.05). The controlled release of
natamycin from chitosan film would address the limitation of rapid loss of natamycin applied directly
to the cheese surface. However, further studies are needed to measure their antimicrobial activities on
selected microorganisms and on other real food surfaces.
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Abstract: The rising rate of individuals with chronic kidney disease (CKD) and ineffective treatment
methods for catheter-associated infections in dialysis patients has led to the need for a novel approach
to the manufacturing of catheters. The current process requires moulding, which is time consuming,
and coated catheters used currently increase the risk of bacterial resistance, toxicity, and added
expense. Three-dimensional (3D) printing has gained a lot of attention in recent years and offers the
opportunity to rapidly manufacture catheters, matched to patients through imaging and at a lower cost.
Fused deposition modelling (FDM) in particular allows thermoplastic polymers to be printed into the
desired devices from a model made using computer aided design (CAD). Limitations to FDM include
the small range of thermoplastic polymers that are compatible with this form of printing and the high
degradation temperature required for drugs to be extruded with the polymer. Hot-melt extrusion
(HME) allows the potential for antimicrobial drugs to be added to the polymer to create catheters
with antimicrobial activity, therefore being able to overcome the issue of increased rates of infection.
This review will cover the area of dialysis and catheter-related infections, current manufacturing
processes of catheters and methods to prevent infection, limitations of current processes of catheter
manufacture, future directions into the manufacture of catheters, and how drugs can be incorporated
into the polymers to help prevent infection.

Keywords: 3D printing; catheters; dialysis; extrusion; infections; manufacturing

1. Introduction

In the United Kingdom, there are currently around 30,000 people on dialysis [1]. Over the last
50 years, the provision of chronic dialysis has steadily increased with over 2 million people worldwide
being treated with dialysis [2]. Dialysis is a procedure used to remove waste products and excess fluid
from the blood when there is decreased kidney function. With over 3000 kidney transplants taking
place every year in the United Kingdom and 5000 on the waiting list, Chronic Kidney Disease (CKD) is
a pressing issue [3]. The National Health Service (NHS) England estimated spending of approximately
£1.45 billion on CKD in 2009–2010 [4]. CKD is present in about 65% of people over 85 years of age [5].
CKD is estimated to affect 11–13% of the population and is forecast to become the fifth leading cause of
death worldwide by 2040 [6].

After the age of 18, nephrons in the kidney decline by around 7000 per year. Nephrons cannot be
regenerated by the body. Renal blood flow also declines after the age of 40 and there is an increased
vascular resistance, so the level of blood that reaches glomeruli for filtration is reduced [5]. Therefore,
an aging population may also be a factor in the increasing number of CKD patients as renal function
declines with age. The two most common types of dialysis include Haemodialysis (HD) and peritoneal
dialysis (PD). In HD, by using a central venous catheter (CVC), the catheter is inserted into a large vein
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usually in the chest. The catheter is made up of two lumens, one in which the blood is taken out of the
body and filtered by an external machine. Filtered blood is then returned through the other lumen.
In PD, the inside lining of the abdomen is used as a filter, where a catheter is placed in the abdomen,
through which fluid is pumped, and as blood passes through vessels lining the peritoneal cavity, waste
products and excess fluid are drawn out of blood and into dialysis fluid [7].

There are mainly two types of dialysis catheters (Figure 1A). A tunnelled catheter is one that is
tunnelled under the skin to a separate exit site; it is preferred for long-term use due to increased stability
with most of the catheter being in the body. Non-tunnelled catheters (NTHCs) are inserted into the
body with the majority of the catheter present outside the body. NTHCs are used mainly for temporary
vascular access. The type of catheter that is used in patients can also have an effect on the rate of
infection. Tunnelled dialysis catheters are often used in patients with end-stage kidney disease and used
as a longer-term vascular access route. Tunnelled catheters have a lower risk of infection as they have
subcutaneous tunnels that increase the distance between the bloodstream and skin [8]. NTHC is used
when urgent vascular access is required and is usually used for short-term vascular access. However,
due to an increased risk of complications, NTHCs are the least preferred form of vascular access for
chronic HD patients. On a recent study, done on a cohort of 154 patients receiving renal replacement
therapy with acute kidney disease, patients with tunnelled dialysis catheters had significantly better
delivery of the therapy compared to those with the NTHCs [9]. There was better blood flow and a
significantly lower number of complications with tunnelled catheters [10]. A comparable study showed
that there was no difference in the first occurrence of infection for tunnelled and NTHCs. However,
tunnelled catheters were removed less often [11]. One of the major concerns with the treatment of
CKD through HD and PD is the risk of infection.

Figure 1. (A) Tunnelled catheter and non-tunnelled catheter. (B) Catheter Insertion sites.

1.1. Infections

In patients who undergo dialysis, infections after insertion of the catheter is a prominent issue.
Bacteraemia can occur in patients between 0.6 to 6.5 episodes per 1000 catheter days [12] and 87.3%
of catheter-related infections are caused by Gram-positive bacteria, such as Staphylococcus aureus;
however, Gram-negative microorganisms, such as Escherichia coli, can also be the cause of bacteraemia
in patients [13]. Catheter infection complications can occur in 15–40% of cases. These are most often
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present in infections caused by S. aureus [14]. In a study done on patients with end-stage kidney
disease, 12.8% of the population developed Staphylococcus aureus bacteraemia (SAB) [15]. There was
not a significant difference in the risk of SAB between cuffed and non-cuffed catheters, with the risk
being higher in patients with central venous catheters (CVCs) than peritoneal catheters [15].

Bacteria that are antibiotic-resistant, which can increase the difficulty of treatment, often cause
catheter-associated infections. The cost to the NHS in the United Kingdom of methicillin-resistant
Staphylococcus aureus (MRSA) in HD patients is estimated at £1.4 million [4]. According to the same
report, annual costs per patient are £24,043 for HD and £20,078 for PD.

The risk of infection can also rise according to the position in which the catheter is inserted. The
risk of infection is higher for the subclavian site (chest) of insertion and lower for femoral (groin) and
jugular (neck) (Figure 1B). Insertion success is also significantly higher for femoral and jugular sites
compared to subclavian [16]. However, a controversial study has stated that there is no statistically
significant relationship between infection and insertion site of the device [17].

Around 64% of hospital-acquired infections are caused by viable bacteria attaching to medical
devices and implants [18]. Catheter-related infections are typically distinguished from colonisation—tip
culture yielding >103 CFU [19]. Therefore, it is important to find a solution that prevents bacteria
from attaching to the surface of medical devices, such as catheters with antimicrobial properties that
prevent bacteria from being able to proliferate. Biofilm formation is characteristic of around 80% of all
human infection. Bacterial biofilms are protected by a matrix of polymeric substances on their surface
and enable multidrug resistance to occur within these matrices [20]. Figure 2A shows an example of a
peritoneal dialysis catheter-related infection. A factor that contributes to the high risk of infection in
dialysis patients is fibrin sheath formation (Figure 2B).

 

Figure 2. (A) Example of peritoneal dialysis catheter exit site infection. (B) Fibrin sheath formation
was detected around the tip of the removed catheter (arrow). Reproduced with permission from: Lok
et al. [21] and Mogi et al. [22]. Copyright 2018 Elsevier.

1.2. Fibrin Sheath Formation

Fibrin sheath formation is a complication that occurs with HD catheters. It is common in cases
of late catheter dysfunction [23]. A fibrin sleeve can form around the catheter, which can affect the
function of the catheter and cause ineffective HD. Fibrin sheath formations can occur from 14 days of
catheter insertion, according to animal studies [24]. At the earlier stages of fibrin formation, the sheath
may be non-occlusive but can cause occlusions at later stages [25]. One method that has been used to
prevent fibrin sheath formation is the use of water-infused surface protection (WISP) on CVCs. WISP
creates a boundary layer on the inner lumen of CVCs, so that blood does not come into contact with the
lumen walls. This method showed a significant reduction in the surface density of adhering proteins
and therefore had a negative effect on fibrin sheath formation [12]. May et al. has also shown the
addition of Sharklet micropatterns onto the surface of the catheter to have 86% and 80% reduction in
platelet adhesion and fibrin sheath formation, respectively. In addition to the reduction in fibrin sheath
formation, this method also reduced bacterial adhesion of S. aureus and Staphylococcus epidermidis [26].
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2. Current Processes

Current processes for the manufacture of catheters require moulding. Molten polymer is poured
into a rubber mould and cured. The curing process is time consuming, as the heat needs to flow from
outside the catheters through the entire body by thermal conduction or by infrared radiation (IR) [27].
Injection moulding has also been used for the manufacture of catheters, and is the process by which
molten polymer is injected into a mould [27].

Catheters are made with silicone, polyurethane (PU), or latex. Latex allergy is common among
individuals so pre-manufactured catheters may create added complications to patient treatment if
allergy occurs. A study done on ventricular catheters by Weisenberg et al. stated that ventricular
catheters currently are made from a silicone material and are available as straight tubes, which can then
be cut appropriately for the dedicated use, in angular configurations or a set length [28]. Thermoplastic
elastomers are often used due to their elasticity, which allows the catheters to be inserted with more
ease and lower risk of damaging blood vessels. Due to inertness in the body, flexible properties, and
blood compatibility, PU has been identified as a good polymer for use in medical devices [29].

Rough edges can encourage bacterial adhesion as well as increased risk of damage to vessels;
therefore, smooth surfaces on catheters are preferred. Hydrophilic coatings are sometimes used on
catheters as they provide more lubrication, so a lower insertion force is required and there will be
lower friction on insertion. A method used currently to help prevent infection occurring in patients
with dialysis catheters is the use of coatings around the catheters.

2.1. Catheter Coatings

Coatings are used in catheter manufacturing to support the reduction of infection. These coatings
can consist of antimicrobial agents that can help prevent adherence of bacteria onto the surface
of catheters. Although coatings have been proven to prevent adherence of bacteria in most cases,
coatings have some limitations. Currently depending on the type of coating, a concentration of 2%
(w/w) is needed for an antimicrobial effect, whereas a study with 3D-printed catheter tips has shown
antimicrobial properties present from as little as 1% (w/w) [30].

2.1.1. Pyrogallol Coating

Pyrogallol (PG) coating on a catheter works effectively against S. aureus, but much higher
concentrations are required in order to work effectively against E. coli. However, as these are some of
the most common pathogens causing catheter-related infections, it is important to use an antimicrobial
agent that is effective against a wide range of pathogens [17]. PG-coated catheters are dependent
on concentration for an antimicrobial effect, with a concentration of 125 μg/mL required to have
an antimicrobial effect against both S. aureus and E. coli [31]. PG can be used as an antibiotic free
coating and so reduce the potential for antibiotic resistance to occur. Balne et al. used PG- and metal
ion-coated catheters with the coating having similar properties to the non-coated catheter with added
wettability [31]. The coated catheters also showed significant activity against MRSA strains, which are
common bacterial strains associated with catheter infection. PG was tested at concentrations of 0.1%,
1%, and 2% (w/v), with higher concentrations having a greater zone of inhibition. The antimicrobial
properties of PG and PG with antimicrobial metal ions were proven to have broad-spectrum activity [31].

2.1.2. Heparin Coating

Heparin-coated catheters have been shown to decrease fibrin deposits that may increase biofilm
formation and are the form of catheter used currently in hospitals to minimise infection. Antimicrobial
coated catheters are associated with a lower rate of colonisation and catheter-related infection [19].
Animal studies have shown a decreased rate in thrombus formation with heparin-coated catheters.
As HD catheters may remain inserted for several months, heparin has the potential to cause adverse
effects [32]. As heparin is an anticoagulant, it can cause bleeding, allergic reactions, and increase the risk
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of osteoporosis with long-term use. However, it is often used in heparin-bonded catheters to prolong
the usefulness of a catheter [33]. Heparin-induced thrombocytopenia (HIT) can occur when patients
are exposed to any level of heparin [34]. However, in a study on 130,000 patients with heparin-bonded
grafts, the incidence rate of HIT was <0.1%. This is because HIT occurs after systematic administration
of heparin. Therefore, in the case of intravenous catheters, there would be a higher risk of developing
HIT and so it is a greater cause for concern when administering HD and PD catheters [35].

2.1.3. Silver Particles

Silver particles have antimicrobial activity against both Gram-positive and Gram-negative bacteria.
Additionally, this material shows low cytotoxicity. Therefore, silver particles have the potential to be
included in catheter coatings [36]. Figure 3 shows a schematic representation of the known mechanisms
of antibacterial action of silver nanoparticles, which are: (1) The silver nanoparticles adhere to the
bacterial surface; (2) DNA within the bacterial cell is damaged due to the silver nanoparticles; (3)
Ag+ ions are released, which have antimicrobial properties. These ions interact with the proteins
in the bacterial cell wall, causing the cell wall to lose functionality; (4) Ag+ ions disrupt the proton
electrochemical gradient in bacteria, resulting in reduced ATP synthesis, which can lead to cell death.

Figure 3. Schematic representation of the known mechanism(s) of antibacterial action of silver
nanoparticles and released ionic silver. The numbers 1–4 correspond to the mechanisms described in
the paragraphs above. Grey circles indicate silver nanoparticles (NPs) and Ag+ implies ionic silver
released from the NPs. Reproduced with permission from Reidy et al. [37].

The antimicrobial activity is dependent on the dose of silver nanoparticles [38]. Nonetheless,
higher doses have been associated with increased cytotoxicity [38]. Interestingly, Kuehl et al. showed
that silver coatings had limited activity against S. aureus with combination therapy of silver alongside
an antibiotic such as vancomycin, producing greater activity against MRSA [39].

Freitas et al. used the sol–gel method for deposition of titanium onto the surface of central venous
catheters, followed by the addition of silver particles by irradiation. The results showed that this
method did not produce a homogenous coating on the catheters. Further antimicrobials tests also
showed that these catheters did not have antimicrobial activity [40]. Additionally, a meta-analysis
showed that silver impregnated catheters, which have been used to reduce the risk of infection,
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were not associated with reduced rates of bacterial colonization or catheter-related bloodstream
infections [41]. Therefore, there are still some questions around whether silver nanoparticles have
significant antimicrobial activity when incorporated into coatings. Although there are many articles
showing the antimicrobial activity of silver nanoparticles, not all of these are tested in vivo [39,40,42].
Additionally, microorganisms vary in their sensitivity to silver [43]. A recent study showed that
silver nanoparticles had antimicrobial activity against E. coli, Klebsiella pneumonia, Acinetobacter sp.,
and Pseudomonas aeruginosa at concentrations of 0.5–2.5 μg/μL. However, there was no significant
activity against S. aureus, i.e., a Gram-positive bacterium, and, as discussed above, infections are most
commonly caused by Gram-positive bacteria [42]. Another recent work also confirmed that silver
nanoparticles were less effective in S. aureus than in E. coli [44]. This may be due to the presence of the
thicker peptidoglycan layer in Gram-positive bacteria, which may provide some added protection
to the bacteria in comparison to Gram-negative bacteria [45]. Various studies have also shown that
there is a cause for concern with the increased use of silver nanoparticles in medical devices, as silver
resistance strains of bacteria may form [46–48]. Silver nanoparticles have also been shown to create
histopathologic abnormalities in the liver, spleen, and lung, as well as toxicity in the muscle. However,
there are few studies on the potential toxicities of silver nanoparticles and range of doses that may
cause toxicity [49]. Due to these limitations, silver particles are not frequently used in current catheter
coating processes.

2.2. Limitations of Coated Catheters

There are limitations to the use of coated catheters. If used over a long period, there is potential
for the antimicrobial agent to cause toxicity [32]. A large amount of antimicrobial agent is also required
to have a significant antimicrobial effect. The volume of antimicrobial agent required to coat catheters
before providing a significant antimicrobial effect is high in comparison to additive manufacturing
(AM) techniques.

A major problem with coated catheters is the development of resistance to antimicrobials with
catheter-associated infections [31]. Over time, as the antimicrobial agent is released from the coating,
the coating becomes thinner, resulting in a lower rate of release of drug. This change in rate of release
can increase the potential for antibiotic resistance. Slow drug release from catheter coatings presents
the issue of finding the balance between a sufficient amount of drugs in the coating for antimicrobial
effect and limiting the coating thickness to ensure physical properties of the catheter remain [50].

Catheter coating also requires the modification of both the inner and outer surfaces of the catheter
for optimal effect against bacteria, which lengthens the manufacturing process. Bacterial growth on
the inner surface of catheters also requires a higher concentration of antibiotics to stop growth than on
the outer surface [51].

It is important to note that the current manufacturing process is generic and is not adapted to the
patient’s needs. Moreover, it is expensive to create drug-coated polymers as well as there being an
increased wastage of material during the coating process. Due to these limitations, it is obvious that
there is a need to develop new technologies for catheter manufacture.

3. Future Directions for Catheter Manufacture: Challenges and Expected Impact

3.1. Additive Manufacturing

One of the novel technologies of AM includes 3D printing. This technique is a process in which a
digital file made using computer-aided design (CAD) can be printed into a physical object. This allows
for a representation of the model to be created using computer software before its final release, which
reduces the time for developmental stages of manufacture [52]. As the pharmaceutical and medical
devices industries are moving towards personalized medicine and medical devices, the future direction
of AM will enable the use of imaging of patients, to design patient-matched devices through computer
modelling software and 3D print these devices. 3D Printing is an AM technique in which polymers
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can be extruded and deposited in multiple layers to create an object. Fused deposition modelling
(FDM), to the best of our knowledge, is the only AM technology with published data in the area of
catheters and with a promising future in this area. However, use of other 3D printing technologies
(e.g., Selective laser sintering (SLS)) might be possible in the near future. The three main principles
through which FDM works is the extrusion of polymer, depositing material in successive layers, and
cooling of material on the printer bed to solidify structure.

FDM could be used in the manufacturing of catheters, allowing flexibility in the choice of
polymer-used design specifications, according to the patient. Table 1 outlines the advantages and
disadvantages of FDM.

Table 1. Table summarising advantages and disadvantages of fused deposition modelling.

Advantages Disadvantages

Rapid Manufacture Drug needs to have similar or higher melting point to polymer
Less expensive Small range of thermoplastic polymers

On-demand Fabrication Lower resolution than stereolithography
Patient Matched Device Difficult to produce small diameter filament

Risk of infection would persist; therefore, antimicrobial properties are required to reduce infection
rates. FDM allows the potentials of antimicrobial filaments to be used in which the polymer has an
antimicrobial drug mixed-in. One way in which antimicrobial filaments can be created is through
hot-melt extrusion (HME).

The use of additive manufacturing for catheter preparation has been barely described in the
literature. There are two papers describing the use of this technology for catheter preparation [30,53].
These basic studies are proof of concept studies and accordingly contain many aspects that should be
improved before this technology can be applied to patients. The catheters described in this study are
prepared using poly(lactic acid) (PLA), methotrexate, and gentamicin (Figure 4). PLA is not the most
appropriate candidate for catheter manufacturing for several reasons that will be discussed further
below. Moreover, the resulting catheters showed high surface roughness (Figure 4A,B). This factor
should be improved as surface irregularities promote bacterial adhesion and biofilm accumulation [54].
However, there are simple ways to reduce surface roughness for FDM-produced devices [55,56]. Finally,
the resulting catheters showed gentamicin release over a period of up to five days. However, the
authors did not check if the catheters retained its antimicrobial activity after five days. This is another
important point that needs to be considered for future works.

 

Figure 4. Photograph of the methotrexate-laden three-dimensional (3D)-printed catheter (A). Scanning
electron microscope images of gentamicin-laden 3D-printed catheters (B,C). Multiple amorphous
defects seen at 35× magnification suggest gentamicin incorporation into the catheter structure (B,
arrows). This is confirmed at 20,000×magnification, which highlights the amorphous configuration of
gentamicin (C, circles). Reproduced with permission from Weisman et al. [30]. Copyright 2019 Elsevier.
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3.2. Hot-Melt Extrusion

HME is a process in which heat and pressure are applied to create molten material and force
it through an orifice to create uniform filaments. Figure 5 shows a medical tubing extrusion line.
Traditional methods such as spray drying (spraying equipment, such as spraying drying, is also
being used for coating stents and catheters) involve the use of organic solvents, creating disposal
and environmental issues. As HME is a solvent-free process, it is a preferred method due to the
reduced waste of organic solvent and its environmentally friendly nature [57]. It is a process in which
an active drug can be processed with a polymer as a carrier [58]. A recent study done on wound
dressings made from polymer extrudates with antimicrobial metal ions showed the potential for
creating patient-specific devices with HME materials [59]. HME extrusion has been used to create
filaments for FDM 3D printing. A study by Melocchi et al. uses HME to produce filaments using ethyl
cellulose (Eudragit RL), polye(thylene oxide) (PEO), and poly(vinyl alcohol) (PVOH), which were then
successfully 3D printed into discs using an FDM printer [52]. HME has also been used to improve the
compatibility of certain polymers for FDM printing. For example, pure Eudragit is too brittle to be
printed; however, when combined with a plasticizer using HME, filaments are produced with more
desirable properties for FDM printing [60]. Alhijjaj et al. also explored the creating altered drug release
rates from FDM-printed objects by altering the polymer blends through HME. PEG, PEO, and Tween
80 with Eudragit or Soluplus were studied, as well as blends with PVA, which is commonly used in
FDM printing [61]. This method of HME can be used to combine a wide range of polymers to produce
filaments with differing mechanical properties to suit the application [62].

 
Figure 5. Typical medical tubing extrusion line. This type of extrusion line contains several pieces of
equipment, including a drying system, an extruder, a die, a cooling tank, a take-up device (puller), and
a winder or cutter.

4. Suitable Materials for Additive Manufacturing

As described above, there are not many reports on the use of AM for catheter manufacturing.
However, this promising technology can be a good alternative to prepare medical materials on
demand, including catheters. Several materials can be used for this purpose. These materials are
mainly polymers that have been used before for 3D printing applications and have been proven to
be biocompatible.

4.1. Poly(Lactic Acid)

Poly(lactic acid) (PLA) (Figure 6) is a polymer that is biodegradable and bioresorbable [63,64].
PLA is an inexpensive polymer and easily accessible, that melts in the range of 180–220 ◦C, making it a
suitable polymer for 3D printing. The products of degradation from PLA are easily excreted out of the
body by kidneys and products of degradation are non-toxic to the body [65]. Considering that renal
function is compromised in CKD patients, the use of biodegradable polymers is not ideal. Moreover,
the surface of the catheter will be eroded over time. Accordingly, these types of catheters will not be
recommended for prolonged use. Moreover, as PLA can be hydrolysed, it is important to consider the
storage of PLA in humid environments as the moisture from the air could hydrolyse the polymer [66].
In biomedical applications, PLA has been used for tissue engineering, sutures, and prostheses [67].
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PLA is also generally recognised as a safe material by the food and drug administration (FDA) [68].
Potential drawbacks of PLA include its poor thermal stability and brittleness, which make it less
favourable for large-scale manufacturing. However, it is a popular material used in AM and has been
proven to be effective in FDM [56]. A study on microfluidic devices has shown the use of PLA through
FDM to manufacture medical devices, with less than 1% variability shown between replicate prints [69].
PLA stents have also been produced through FDM, with a printing temperature of 220 ◦C [70]. This
shows that PLA can be successfully used in the process of FDM. PLA has also been proven for its uses
within HME, with studies showing the manufacture of dexamethasone implants for the controlled
release of immunosuppressive and anti-inflammatory drugs [71,72]. Moreover, PLA has been recently
used to manufacture 3D-printed catheters containing a chemotherapeutic agent (methotrexate) or
an antibiotic (gentamicin sulphate) to be used as a type of personalized medicine in interventional
radiology [30].

Figure 6. Chemical structures of poly(lactic acid) (PLA), poly(caprolactone) (PCL), poly(vinyl chloride)
(PVC), poly(siloxane), and poly(urethane).

4.2. Poly(Caprolactone)

Poly(caprolactone) (PCL) (Figure 6) has a low melting point of ca. 60 ◦C, which is good for
extrusion [63]. PCL is biodegradable and thermally stable so it can withstand the high temperatures
used in FDM and HME. PCL also has a low glass transition temperature at −60 ◦C, making it a more
flexible material [73], and has been used to print stents through FDM effectively at a temperature
of 220 ◦C [70]. The stents produced achieved 85–90% accuracy through the FDM printing process.
Additionally, Fu et al. produced a progesterone-loaded filament through HME at 190 ◦C, which was
then printed into vaginal rings using FDM at a printing temperature of 195 ◦C [74].

4.3. Poly(Vinyl Chloride)

Poly(vinyl chloride) (PVC) (Figure 6) is a thermoplastic material with a melting point of
around 240 ◦C. When PVC is plasticised, it can have some advantageous properties, such as good
biocompatibility, flexibility, and strength, and has been used in biomedical applications for catheters,
gloves, and blood bags [75]. Sharma et al. has shown the effective extrusion of PVC granules into
filaments, and further processed the PVC filaments through FDM [76]. This study also tested the
mechanical properties of the PVC-printed constructs, highlighting the potential use in HME and FDM.
The first plastic catheter manufactured in 1945 using PVC and PU, but nowadays, these catheters are
in disuse due to their rigidity/stiffness, thrombogenic capacity, and for causing bacterial adherence.
In general, plasticisers can leach from the polymer matrix, as they are not covalently bonded to the
polymer. There is also a risk of drugs in the body migrating into plastics, which could lead to drugs
falling below the therapeutic threshold [77].
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4.4. Thermoplastic Poly(Urethane)

Polyurethanes (PU) are a family of polymers that are widely used in the manufacture of biomedical
devices (Figure 6). Thermoplastic polyurethane (TPU) is a polymer commonly used in the manufacture
of catheters with a melting point of around 200 ◦C. They are popular in the manufacture of catheters for
dialysis as well as urinary catheters, due to their flexibility, good blood compatibility, and strength. In
fact, the incidence of catheter-related bloodstream infection is lower for PU catheters than those made
of PVC or PU and so it is the current material of choice in manufacturing of catheters, particularly due
to its potential to form sustained release polymers through HME, which has been proven in medical
tubing [78]. One study in particular outlines the use of TPU in HME and its potential for use in FDM
printing [79]. To conclude, TPU filament is suitable for 3D printing and has potential for creating
customised and repeatable products.

4.5. Silicone

Silicone, is an inert polymer with good thermal stability, moisture resistance, and flexibility [80].
An alternative name for this type of polymer is poly(siloxane) (Figure 6). Silicone has a glass transition
at around −127 ◦C and a melting point at around −43 ◦C [81]. It is resistant to temperature from −55
to around 300 ◦C. Silicone has been extensively used for the production of catheters; for example,
on the production of antimicrobial graphene nanoplatelet coatings for silicone catheters, and on the
surface modification of silicone with colloidal polysaccharide formulations for the development of
antimicrobial urethral catheters. Silicone has been proven to have effective use in FDM printing [82,83].
There was a study done to show the effective use of moisture-cured silicone in extrusion based AM [82].
It also has minimal leaching of plasticisers from its matrix.

4.6. Latex

Latex is used in the manufacture of catheters, as it is a soft flexible material with a melting point
of around 180 ◦C. Latex has a high stretch ratio, is impermeable to water, and is a resilient material [84].
This is the original material used in the manufacture of Foley urinary catheters. An issue with latex
catheters is cytotoxicity, due to elute from the rubber. Therefore, latex is not as commonly used today
as PU or silicone catheters. Some latex catheters may be covered with a layer of silicone in order to
minimise cytotoxicity. However, as latex is a rubber, it is not ideal for the processes of HME and FDM.
Once latex becomes molten and sets, it cannot be melted again. Therefore, latex is not considered as a
thermoplastic elastomer.

5. Regulatory Considerations on 3D-Printed Medical Devices

Since the FDA first approved a 3D-printed drug (Spritam®, Aprecia Pharmaceuticals, Blue Ash, OH,
USA) in 2015, there has been a growing interest in 3D printing of pharmaceutical products and devices.
This has also provided a major breakthrough in the regulation of 3D-printed pharmaceuticals [85].
3D printing offers the potential to produce multiple devices daily using one process with flexibility
within the device design process. However, this also opens up the opportunity for variability to
occur [86]. Therefore, the FDA have released guidance documentation on AM of medical devices. The
guidance focuses around design and manufacturing considerations and device testing considerations
for 3D-printed medical devices. The guidance covers areas such as file format conversions, validating
and automating software processes, material controls, device testing considerations, and material
characterisation. As the potential to create patient-matched devices is a major advantage of AM, the
FDA states that when imaging a patient, a risk-based approach should be used to assess scenarios
in which a worst-case match to the patient would be produced. Quality must be maintained for
all devices by performing process validation for all devices and components built in a single build
cycle, between build cycles, and between machines. For all validated processes, there should be clear
documentation on the data and monitoring and control methods. Revalidation must be performed
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when there have been any changes made to the manufacturing process to assess any risks the changes
may bring. Throughout the documentation, there are also references to current guidance that already
exists for medical devices; therefore, the guidance provided on AM should be supplemented with
existing guidance on a particular medical device [87].
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Abstract: Fresh fish is extensively consumed and is one of the most-traded food commodities in the
world. Conventional preservation technologies include vacuum and modified atmosphere packaging,
but they are costly since requires capital investment. In the last decade, research has been directed
towards the development of antimicrobial packaging systems, as an economical alternative to these.
This paper outlines antimicrobial films and coatings applied so far on fresh fish, their efficacy
against targeted microorganism/group and effects on chemical quality of the product. Findings
show that edible films/coatings incorporated with different active agents applied to fresh fish
are able to inhibit the microbial growth and decrease the rate of fish nutrients degradation, thus
preventing the formation of chemical metabolites; a shelf-life extension of 6 to 13 days was obtained
for fish fillets, depending on the species on which the active packaging materials were applied.
The manufacturing use of these formulations could lead to a significant reduction in fish waste,
consequently, a diminution of economic losses for fish traders and retailers. Therefore, their industrial
production and commercialization could be an exploitable sector by the packaging industry.

Keywords: edible films; edible coatings; antimicrobial agents; fresh fish; spoilage; shelf-life

1. Introduction

Fish is one of the most-traded food commodities worldwide [1]. Capture fisheries and aquaculture
provide valuable economic and social benefits to those who work in these industries [2]. However,
post-harvest handling, processing, and storage of fish lead to food losses and waste [3]. Post-harvest
losses occur at all stages in the fish supply chain from capture to consumer [4]. The losses can be
physical, economical, or nutritional and are caused by spoilage or poor processing [5]. Spoilage is the
process in which fish deteriorates to the point that becomes unacceptable for human consumption
(with altered taste, smell, appearance, or texture) [6]. Globally, fish losses that are caused by spoilage
account for around 10% (10 to 12 million tons per year) of the total production from capture fisheries
and aquaculture [7].

Fresh fish is a highly perishable product due to its high water activity, nutrient availability,
nearly neutral-pH (factors that influence microbial growth) and the presence of autolytic enzymes;
hence, it is susceptible to post-harvest losses [8,9]. Under normal refrigerated storage conditions,
its shelf-life is limited by the development of enzymatic (caused by endogenous or microbial enzymes)
and chemical reactions [10]. The main initial causative factor for fish spoilage is microbial growth
and invasion, followed by the autolytic enzymes and then by chemical reactions, such as oxidation or
hydrolysis [11,12].
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Post-harvest losses of fresh fish due to microbial spoilage are a matter of great importance to the
fishing industry [13]. So, specific requirements and preservation techniques are needed to minimize
the activity of spoilage bacteria. Fresh fish products are presently stored on ice or under refrigeration
during their distribution and marketing. In these conditions, their shelf-life is limited to 5–10 days
(depending on species, harvest location, and season) and they can result in enormous economic losses
to fish traders and retailers [14,15]. Therefore, the fish-process industry is actively seeking alternative
methods of shelf-life preservation and marketability of fresh fish [16].

Packaging plays a critical role in the fish supply chain and is part of the solution to tackle food
waste [17,18]. Vacuum packaging (VP) and modified atmosphere packaging (MAP) are very commonly
used as a supplement to ice or refrigeration to inhibit the normal spoilage flora and extend the shelf-life
of fresh fish products [14,19,20]. MAP technology has, however, some disadvantages, such as added
costs for packaging equipment, gases, and packaging materials; it also requires special training for
food operators [21].

Packaging innovation and new technologies is a necessity for the fishing industry. In recent
years, a variety of active packaging systems have been developed to prolong storage life and enhance
the safety of fish products. These have a variety of advantages such as biodegradability, edibility,
biocompatibility, and aesthetic appearance, respectively, barrier properties against oxygen and physical
stress [22]. The purpose of this paper is to provide an overview of published research about edible
films and coatings applied to fresh fish. The antimicrobial films and coatings that are used for fish
packaging and their effects on chemical quality of fresh fish are reviewed and discussed (Figure 1).

Figure 1. Antimicrobial films and coatings used to extend the shelf-life of fresh fish fillets.

2. Microbiological Issues

Fresh fish spoils due to the action of a group of microorganisms, the so-called specific spoilage
organisms (SSOs). These organisms have the ability to dominate the fish flora and produce metabolites
that directly affect the sensory properties of the product resulting in its rejection by consumers [23].
During storage, the microflora changes owing to different capacities of the microorganisms to tolerate
the preservation conditions [24]. Under aerobic iced storage, the flora of fish is composed almost
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exclusively of Pseudomonas spp. and Shewanella putrefaciens (SSOs) regardless of whether it was
caught or harvested in temperate or sub-tropical and tropical waters. At ambient temperature (25 ◦C),
microflora is dominated by mesophilic Vibrionaceae, and, particularly if the fish is caught in polluted
waters, by mesophilic Enterobacteriaceae [25].

Microbial spoilage is due to the proliferation of microorganisms after the death of fish as a result
of the immune system collapsing, followed by the microbial invasion of the fish body through the
skin [12]. Fish have a unique osmoregulatory mechanism to avoid dehydration in marine environments
and waterlogging of tissue in freshwater; it contains osmoregulatory compounds, like trimethylamine
oxide (TMAO) and urea [26]. Microbial enzymes that are present in fish can break down TMAO to
trimethylamine (TMA) and urea to ammonia, volatile organic compounds associated with microbial
spoilage [12]. Many other volatile compounds can be formed by microbial enzymatic degradation of
other substrates, such as hydrogen sulphide (from cysteine), methanethiol and methyl sulphide (from
methionine), histamine (from histidine), acetate, carbon dioxide and water (from carbohydrates and
lactate), hypoxanthine (from inosine and inosine-5′-monophosphate), esters, ketones, aldehydes (from
amino acids, like glycine, serine, and leucine), as well as ammonia (from amino acids and urea) [12,26].
These molecules are responsible for sweet, fruity, ammonia-like, putrid, and sulphuric off-flavours in
spoiled fish [27].

3. Antimicrobial Films and Coatings Applied on Fresh Fish

This chapter provides an overview of previous research on the antimicrobial packaging of fresh
fish. Table 1 lists active edible films and coatings applied to fresh fish fillets (of rainbow trout, silver
carp, grass carp, beluga sturgeon, salmon, pike-perch, Japanese sea bass, red drum, golden pomfret,
and hake) to extend its shelf-life. These films and coatings were produced from edible polymers like
gelatin, chitosan, chitosan-gelatin, gelatin-alginate, carrageenan, quince seed mucilage, whey protein
concentrate, and whey protein isolate incorporated with various active agents (essential oils (EOs) of
clove, cinnamon, oregano, thyme, and lemon, glycerol monolaurate, α-tocopherol, lactoperoxidase,
citric acid, licorice extract, grape seed extract, and tea polyphenols). Their antimicrobial efficacy was
investigated in situ against spoilage and pathogenic microorganisms. Different levels of effectiveness
were noticed, depending on the active agent used, its concentration, storage temperature, atmosphere
composition (normal or modified), and targeted microorganism/group.

3.1. Efficacy against Tested Microorganism/Group at the End of Monitoring Time

3.1.1. Efficacy against Spoilage Microorganisms

Several authors have investigated the potential of edible films/coatings in extending the shelf-life
of fresh fish fillets by retarding the growth of spoilage bacteria. Jouki et al. (2014) [28] have tested
the efficacy of films based on 1% quince seed mucilage incorporated with different concentrations
of oregano and thyme EOs (1%, 1.5%, and 2%) against Pseudomonas spp., H2S producing bacteria,
and lactic acid bacteria in rainbow trout fillets; Kazemi & Rezaei (2015) [29] of films based on 3%
gelatin and 1.5% alginate containing 1.5% oregano EO against Pseudomonas spp. and lactic acid
bacteria; Volpe et al. (2015) [30] of the coating based on 1% carrageenan incorporated with 1%
lemon EO against H2S producing bacteria and lactic acid bacteria; Yıldız & Yangılar (2016) [31]
of coatings based on 8% whey protein concentrate/glycerol in ratios of 1:1 and 2:1 against lactic acid
bacteria. On grass carp fillets, Yu et al. (2017) [32] have evaluated the efficacy of coatings based
on 2% chitosan incorporated with different concentrations of glycerol monolaurate (0.1% and 0.3%)
against Pseudomonas spp. and H2S producing bacteria. In a study on pike-perch fillets, Shokri & Ehsani
(2017) [33] have tested the efficacy of coatings based on 10% whey protein isolate incorporated with
2.5% lactoperoxidase, 1.5% and 3.0% α-tocopherol, respectively, combinations of lactoperoxidase and
α-tocopherol (2.5%/1.5% and 2.5%/3.0%) against Pseudomonas spp. and H2S producing bacteria.
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Edible films/coatings incorporated with 2% thyme EO [28], 1.5% oregano EO [29], respectively
1% lemon EO [30] applied on rainbow trout fillets, 0.3% glycerol monolaurate [32] on grass carp
fillets, and 2.5% lactoperoxidase [33] on pike-perch fillets have been proven to be the most effective
against Pseudomonas spp. The most effective against H2S producing bacteria were edible films/coatings
incorporated with 2% thyme EO [28] applied on rainbow trout fillets, 0.3% glycerol monolaurate [32]
on grass carp fillets, and 2.5% lactoperoxidase [33] on pike-perch fillets, but against lactic acid bacteria,
the ones incorporated with 2% thyme EO [28], 1.5% oregano EO [29], 1% lemon EO [30], and 8% whey
protein concentrate/glycerol, 2:1 [31] applied on rainbow trout fillets.

In a recent study, Carrión-Granda et al. (2018) [34] have examined the efficacy of coatings based on
10% whey protein isolate incorporated with different concentrations of oregano and thyme EOs (1% and
3%) under air and MAP conditions against Pseudomonas spp., H2S producing bacteria, and lactic acid
bacteria in hake fillets. The application of coating with 1% thyme EO under MAP has shown the best
results against Pseudomonas spp. but against H2S producing bacteria and lactic acid bacteria, the one
with 3% oregano EO under the MAP. Different inhibitory effects displayed by an essential oil against
various bacteria are most probably due to its chemical composition [35]. The antimicrobial mechanism
of action of plant EOs is related to the hydrophobicity of their components [36], which enables them to
migrate in the lipids of the bacterial cell membrane and mitochondria, disturbing their structures and
rendering them more permeable [37]; leakage of ions and intracellular constituents can thus occur [38].

3.1.2. Efficacy against Pathogenic Microorganisms

According to current literature, few studies on the efficacy of active packaging materials against
pathogenic microorganisms in fresh fish have been published. Findings of such in situ investigations
are presented in Table 1. Gómez-Estaca et al. (2009) [39] have tested the efficacy of edible films based
on 8% gelatin and 8% gelatin/chitosan, both incorporated with 7.5% clove EO on salmon fillets, in vitro
against Listeria innocua and Escherichia coli, then in situ against total viable organisms. The film based
on gelatin was more effective against both bacteria than the one based on gelatin/chitosan; the ionic
and hydrogen bonds that were formed between gelatin and chitosan diminished the solubility of the
resulting film, thus reducing the amount of clove EO released. However, in the in situ experiment,
they used the film based on gelatin/chitosan for storage trials. Their previous studies revealed that the
low water solubility of the gelatin/chitosan matrix gives the film stability under fish contact conditions
during chilled storage.

There are also some studies on fish fillets challenged with pathogenic bacteria. Han et al.
(2013) [40] have investigated the efficacy of films based on 6.75% (w/w) gelatin, with and without
nisin-incorporated, against Listeria monocytogenes in rainbow trout fillets that were challenged with
2 log CFU/g inoculum before and after coating. The edible film incorporated with 18 μg/cm2 nisin,
applied before inoculation, showed the highest inhibitory effect on Listeria monocytogenes.

The efficacy of gelatin coatings containing different concentrations of oregano EO (0.5%, 1.0%,
and 2.0% v/v) was also investigated by Min and Oh (2009) [41], in catfish fillets that were inoculated
with Salmonella typhimurium and Escherichia coli O157:H7. The coating based on 3% (w/v) gelatin
containing 2% oregano EO exhibited the best inhibitory effect on both bacteria.

3.1.3. Efficacy against Spoilage and/or Pathogenic Microorganisms

The following groups of microorganisms we have included into this category: total viable
organisms, total mesophilic bacteria, total psychrotrophic bacteria, Enterobacteriaceae (including
coliform bacteria), respectively total yeasts and moulds. Against total viable organisms, the most
effective edible films/coatings were those that were incorporated with 2% thyme EO [28], 1.5% oregano
EO [29], 1% lemon EO [30], and 1.5% cinnamon EO [42] applied on rainbow trout fillets, 0.3% glycerol
monolaurate [32] on grass carp fillets, 2.5% lactoperoxidase [33] on pike-perch fillets, 0.2% tea
polyphenols [43] on red drum fillets, 0.5% citric acid on Japanese sea bass fillets [44] and beluga
sturgeon fillets [45], and 3% oregano EO under MAP conditions [34] on hake fillets. Edible coatings
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based on chitosan [46] applied to salmon fillets, respectively chitosan-gelatin [47] to golden pomfret
fillets exhibited an antimicrobial effect compared to uncoated controls.

Regarding total psychrotrophic bacteria, the most effective were edible films/coatings
incorporated with 2% thyme EO [28], 1.5% oregano EO [29], and 1.5% cinnamon EO [42] applied on
rainbow trout fillets, 0.3% glycerol monolaurate [32] on grass carp fillets, 1.5% cinnamon EO on beluga
sturgeon fillets [45], and 2.5% lactoperoxidase [33] on pike-perch fillets.

Edible coatings with 8% whey protein concentrate/glycerol, 2:1 applied on rainbow trout
fillets [31], 1% chitosan [48] on salmon fillets, and 2% nanochitosan on silver carp fillets [49] have
shown to be effective against both total psychrotrophic bacteria and total mesophilic bacteria.

The most effective edible films/coatings against Enterobacteriaceae (including coliform bacteria)
were those incorporated with 2% thyme EO [28], 1.5% oregano EO [29], and 1% lemon EO [30] that
were applied on rainbow trout fillets. Edible coating with 8% whey protein concentrate/glycerol,
2:1 has also shown to be effective against Enterobacteriaceae in rainbow trout fillets as compared with
the other formulations tested in the study [31].

When tested against total yeasts and moulds, the edible coating based on 0.4% chitosan and 3.6%
gelatin applied to golden pomfret fillets was the most effective among all formulations [47].

In the work of Carrión-Granda et al. (2018) [34], the edible coating incorporated with 3% oregano
EO was the most effective against total viable organisms, total psychrotrophic bacteria, as well as
Enterobacteriaceae when applied under the MAP conditions.

The results of these investigations are not comparable, since, on the same fish species, were applied
edible films/coatings with different polymer matrices, respectively active agents and evaluated in
different storage conditions (temperature, atmosphere composition, and storage time). We noticed,
however, some tendencies that allow us to affirm that:

• edible films/coatings with the highest concentration of active agent tested have shown the greatest
antimicrobial efficacy;

• antimicrobial films/coatings were more effective at lower temperatures when tested in different
storage temperature conditions; and,

• under modified atmosphere packaging conditions, antimicrobial films/coatings were more
effective than under air conditions.

Other authors have noticed that the effectiveness of antimicrobial packaging material depends
also on the initial microbial load [40], chemical composition, and pH of tested food products [37].
Generally, the susceptibility of bacteria to the antimicrobial effect of EOs is increased in products with
low-fat content and low pH, respectively.
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3.2. Efficacy of Edible Films/Coatings on Enhancing the Shelf-Life of Fresh Fish

The application of above-mentioned edible films and coatings to fish fillets resulted in an extension
of their shelf-life as compared to uncoated controls. The film based on 1% quince seed mucilage
incorporated with 2% thyme EO prolonged the shelf-life of rainbow trout fillets by 12 days [28] and the
one based on 3% gelatin and 1.5% alginate incorporating 1.5% oregano EO by 6 days [29]; the coating
based on 2% chitosan incorporated with 1.5% cinnamon EO by 8 days [42], the one based on 1%
carrageenan incorporated with 1% lemon EO by 12 days [30], and the one based on 8% whey protein
concentrate/glycerol, 2:1 by 6 days [31]. In these cases, the shelf-life was stated considering a maximum
acceptable level of 7.0 log CFU/g for the total viable count.

Shelf-lives of silver carp and grass carp fillets were extended by 6 and 13 days, respectively,
when coatings based on 2% nanochitosan [49] and 2% chitosan incorporated with 0.3% glycerol
monolaurate [32] was used.

When applied to salmon fillets, the film based on 8% gelatin/chitosan, 3:1 incorporated with 7.5%
clove EO [39] and coatings based on 1%, 1.5%, and 2% chitosan [46] enhanced the shelf-lives by 6 days.

On beluga sturgeon fillets, the coating based on 8% whey protein concentrate incorporated with
1.5% cinnamon EO [45] extended the shelf-life by 12 days.

The study of Shokri & Ehsani (2017) [33] on pike-perch fillets show a shelf-life prolongation
by 8 days when a packaging material based on 10% whey protein isolate incorporated with 2.5%
lactoperoxidase was used for coating.

Another study, carried out by Qiu et al. (2014) [44], has shown an increased storage stability (from
8 to 12 days) of Japanese sea bass fillets coated with a solution containing 1.5% chitosan and 0.5% citric
acid [44].

The coating formulation of Li et al. (2013) [43], also based on 1.5% chitosan but incorporated with
0.2% tea polyphenols, prolonged the microbiological shelf-life of red drum fillets by 8 days.

In a study on hake fillets, Carrión-Granda et al. (2018) [34] reported a shelf-life prolongation by
8 days when a coating based on 10% whey protein isolate incorporated with 3% oregano EO was used
under MAP conditions.

Our review also revealed some studies in the existing literature focused on the application of
synthetic films to fresh fish fillets. Cardoso et al. (2017) [50] have tested the efficiency of films based
on poly(butylene adipate-co-terephthalate) incorporated with different levels of oregano EO (2.5%,
5.0%, 7.5%, and 10%) in lessening coliform bacteria, Staphylococcus aureus, and total psychrotrophic
bacteria in fish fillets. The film incorporated with 10% (w/w) oregano EO showed the highest inhibitory
effect on all bacteria leading to a shelf-life extension of 6 days for wrapped samples. The shelf-life was
established considering a maximum acceptable level of 5.0 log CFU/g for Staphylococcus aureus.

In another study, Rollini et al. (2016) [51] have evaluated the efficacy of film based on
polyethylene terephthalate coated with 3% (w/v) lysozyme and lactoferrin water solution, respectively,
coextruded multilayer film based on polypropylene incorporated with 4.8% carvacrol against total
mesophilic bacteria, total psychrotrophic bacteria, Enterobacteriaceae (including coliform bacteria),
lactic acid bacteria, Pseudomonas spp., and H2S producing bacteria. The film that was coated
with 3% lysozyme-lactoferrin has shown the best antibacterial results on total mesophilic bacteria,
total psychrotrophic bacteria, lactic acid bacteria, and H2S producing bacteria, but the one incorporated
with 4.8% carvacrol on Enterobacteriaceae (including coliform bacteria) and Pseudomonas spp. All of the
samples were stored for up to four days; therefore, no extension of shelf-life was possible to notice for
treated samples in such a short period of storage.

At high levels of incorporation with EOs, active films/coatings may impart foreign flavours to the
products on which are applied. Of all the studies that are mentioned in Table 1, only two mentioned
their effects on the sensory attributes of fresh fish. The study of Jouki et al. (2014) [28] revealed no
significant negative effect of films based on 1% quince seed mucilage incorporated with oregano and
thyme EOs in concentrations of up to 2% on the organoleptic acceptability of rainbow trout fillets.
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Similar observations were also reported by Ojagh et al. (2010) [42] when a coating based on 2% chitosan
incorporated with 1.5% cinnamon EO treatment was applied.

3.3. Effects of Edible Films/Coatings on the Chemical Quality of Fresh Fish

Table 2 summarizes the effects of the above-mentioned edible films and coatings on the chemical
quality of fresh fish. Chemical indicators of lipid oxidation (TBARS—thiobarbituric acid reactive
substances), degradation of nitrogen-containing compounds (TVB-N—total volatile basic nitrogen and
TMA-N—trimethylamine nitrogen), and adenosine triphosphate breakdown (k-value) were measured
during storage of fish fillets.

The thiobarbituric acid reactive substances (TBARS) assay is commonly used to evaluate
malondialdehyde (MDA) content. MDA is one of the most significant products of lipid damage [52].
Several researchers [28,33,42] have proposed maximum permitted levels for TBARS although the
threshold criteria have not yet received regulatory approval; values <3 mg MDA/kg for perfect quality
material, 3 ≤ MDA/kg < 5 for good quality material, and 5 ≤ MDA/kg < 8 for suitable for human
consumption. In the published data reviewed in the current paper, TBARS values ranged from 0.2 to
0.9 mg MDA/kg for rainbow trout fillets, 3.0 to 4.0 mg MDA/kg for silver carp fillets, 0.9 to 1.2 mg
MDA/kg for grass carp fillets, 0.06 to 0.12 mg MDA/kg for beluga sturgeon fillets, 1.1 to 1.8 mg
MDA/kg for salmon fillets, 1.0 to 2.5 mg MDA/kg for pike-perch fillets, 0.2 to 2.0 mg MDA/kg
for Japanese sea bass fillets, and 0.8 to 1.8 mg MDA/kg for red drum fillets; samples meeting the
requirements for good quality material, respectively perfect quality material.

Total volatile base nitrogen (TVB-N) is one of the most widely used fish spoilage indicator [53].
It represents the sum of ammonia, methylamine, dimethylamine, trimethylamine, and other basic
nitrogenous volatile compounds resulted from fish degradation [54,55]. Commission Regulation (EC)
2074/2005 [56] set limits for TVB-N only for redfish, flatfish, Atlantic salmon, hake, and gadoids; values
≤25 mg N/100 g for Sebastes spp., Helicolenus dactylopterus, and Sebastichthys capensis, ≤30 mg N/100 g
for species belonging to the Pleuronectidae family (with the exception of halibut: Hippoglossus spp.),
and ≤35 mg N/100 g for Salmo salar, species belonging to the Merlucciidae family, and species belonging
to the Gadidae family. Since no limits of acceptability for rainbow trout, grass carp, beluga sturgeon,
pike-perch, Japanese sea bass, and red drum have been established by EC Regulation 2074/2005 [56],
the values that were reported previously in the literature were taken as threshold limits by Ojagh et al.
(2010) [42], Jouki et al. (2014) [28], Kazemi & Rezaei (2015) [29], Volpe et al. (2015) [30], Yıldız &
Yangılar (2016) [31], Yu et al. (2017) [32], Bahram et al. (2016) [45], Shokri and Ehsani (2017) [33],
Qiu et al. (2014) [44], and Li et al. (2013) [43]; levels of 25–35 mg N/100 g for rainbow trout, ≤15 mg
N/100 for grass carp, levels of 35–40 mg N/100 g for beluga sturgeon, ≤35 mg N/100 for pike-perch,
levels of 30–35 mg N/100 g for Japanese sea bass, and ≤25 mg N/100 for red drum. TVB-N values
reported in the reviewed studies ranged from 10 to 65 mg N/100 g for rainbow trout fillets, 44 to 60 mg
N/100 g for silver carp fillets, 15 to 28 mg N/100 g for grass carp fillets, 50 to 70 mg N/100 g for beluga
sturgeon fillets, 28 to 33 mg N/100 g for salmon fillets, 35 to 45 mg N/100 g for pike-perch fillets, 30 to
100 mg N/100 g for Japanese sea bass fillets, 34 to 51 mg N/100 g for red drum fillets, and 11 to 94 mg
N/100 g for golden pomfret fillets.

Most marine fish contain TMAO [57]. TMAO is also found, with few exceptions, in freshwater
fish, but only in small concentrations [58]. Certain bacteria that occur naturally on the skin, in the
guts of fish, and in water can break down TMAO to TMA. The amount of trimethylamine nitrogen
(TMA-N) produced is a measure of the activity of spoilage bacteria in the flesh and so is an indicator of
the degree of spoilage [57]. There are no regulatory limits available for TMA level in fish. The rejection
limit proposed by Jouki et al. (2014) [28] was <5 mg N/100 g and by Souza et al. (2010) [46] ≤5 mg
N/100 g.

122



Coatings 2018, 8, 366

T
a

b
le

2
.

Ef
fe

ct
s

of
an

ti
m

ic
ro

bi
al

pa
ck

ag
in

g
on

ch
em

ic
al

qu
al

it
y

of
fr

es
h

fis
h.

T
e

st
e

d
F

is
h

P
ro

d
u

ct

A
n

ti
m

ic
ro

b
ia

l
P

a
ck

a
g

in
g

M
a

te
ri

a
ls

S
to

ra
g

e
C

o
n

d
it

io
n

s

M
L

O
b

ta
in

e
d

fo
r

T
B

A
R

S
d

u
ri

n
g

S
to

ra
g

e
T

L
V

fo
r

T
B

A
M

L
O

b
ta

in
e

d
fo

r
T

V
B

-N
d

u
ri

n
g

S
to

ra
g

e
T

L
V

fo
r

T
V

B
-N

M
L

O
b

ta
in

e
d

fo
r

T
M

A
-N

d
u

ri
n

g
S

to
ra

g
e

T
L

V
fo

r
T

M
A

-N

M
L

O
b

ta
in

e
d

fo
r

K
-V

a
lu

e
d

u
ri

n
g

S
to

ra
g

e

T
L

fo
r

K
-V

a
lu

e
R

e
f.

F
il

m
/C

o
a

ti
n

g
A

ct
iv

e
A

g
e

n
t/

C
o

n
ce

n
tr

a
ti

o
n

R
ai

nb
ow

tr
ou

t
fil

le
ts

C
oa

ti
ng

ba
se

d
on

2%
(w

/v
)c

hi
to

sa
n,

ac
et

ic
ac

id
,a

nd
gl

yc
er

ol

C
in

na
m

on
EO

/1
.5

%
(v

/v
)

4
◦ C

/1
6

da
ys

1.
5%

(v
/v

)c
in

na
m

on
EO

(~
0.

2
m

g
M

D
A

/k
g)

<
un

co
at

ed
co

nt
ro

l(
be

lo
w

0.
25

m
g

M
D

A
/k

g)
<

co
nt

ro
l

(b
el

ow
0.

25
m

g
M

D
A

/k
g)

5
m

g
M

D
A

/k
g-

go
od

qu
al

it
y;

8
m

g
M

D
A

/k
g-

su
ita

bl
e

fo
r

hu
m

an
co

ns
um

pt
io

n

1.
5%

(v
/v

)c
in

na
m

on
EO

(~
10

m
g

N
/1

00
g)

<
co

nt
ro

l(
~2

0
m

g
N

/1
00

g)
<

un
co

at
ed

co
nt

ro
l

(~
40

m
g

N
/1

00
g )

25
m

g
N

/1
00

g
–

–
–

–
[4

2]

Fi
lm

ba
se

d
on

1%
(w

/w
)q

ui
nc

e
se

ed
m

uc
ila

ge
,g

ly
ce

ro
l,

an
d

Tw
ee

n
80

O
re

ga
no

EO
/1

%
,

1.
5%

,a
nd

2%
(v

/v
)

Th
ym

e
EO

/1
%

,
1.

5%
,a

nd
2%

(v
/v

)

4
◦ C

/1
8

da
ys

2%
(v

/v
)o

re
ga

no
EO

(~
0.

4
m

g
M

D
A

/k
g)

<
1.

5%
(v

/v
)

or
eg

an
o

EO
(~

0.
4

m
g

M
D

A
/k

g)
<

%
(v

/v
)t

hy
m

e
EO

(b
el

ow
0.

5
m

g
M

D
A

/k
g)

<
1%

(v
/v

)
or

eg
an

o
EO

(b
el

ow
0.

5
m

g
M

D
A

/k
g)

<
1.

5
(v

/v
)

th
ym

e
EO

(b
el

ow
0.

6
m

g
M

D
A

/k
g)

<
1%

(v
/v

)
th

ym
e

EO
(b

el
ow

0.
6

m
g

M
D

A
/k

g)
<

co
nt

ro
l(

~0
.8

m
g

M
D

A
/k

g)
<

un
co

at
ed

co
nt

ro
l(

~0
.9

m
g

M
D

A
/k

g)

be
lo

w
5

m
g

M
D

A
/k

g

2%
(v

/v
)t

hy
m

e
EO

(b
el

ow
20

m
g

N
/1

00
g)

<
1.

5
(v

/v
)t

hy
m

e
EO

(b
el

ow
25

m
g

N
/1

00
g)

<
2%

(v
/v

)o
re

ga
no

EO
(b

el
ow

25
m

g
N

/1
00

g)
<

1%
(v

/v
)t

hy
m

e
EO

(b
el

ow
30

m
g

N
/1

00
g )

<
1.

5%
(v

/v
)o

re
ga

no
EO

(b
el

ow
30

m
g

N
/1

00
g )

<
1%

(v
/v

)o
re

ga
no

EO
(b

el
ow

35
m

g
N

/1
00

g )
<

co
nt

ro
l

(b
el

ow
35

m
g

N
/1

00
g )

<
un

co
at

ed
co

nt
ro

l
(b

el
ow

45
m

g
N

/1
00

g )

25
m

g
N

/1
00

g

2%
(v

/v
)t

hy
m

e
EO

(~
5

m
g

N
/1

00
g )

<
1.

5%
(v

/v
)t

hy
m

e
EO

(~
6

m
g

N
/1

00
g )

<
2%

(v
/v

)o
re

ga
no

EO
(~

6
m

g
N

/1
00

g )
<

1%
(v

/v
)t

hy
m

e
EO

(b
el

ow
8

m
g

N
/1

00
g )

<
1.

5%
(v

/v
)o

re
ga

no
EO

(b
el

ow
8

m
g

N
/1

00
g )

<
1%

(v
/v

)o
re

ga
no

EO
(~

8
m

g
N

/1
00

g )
<

un
co

at
ed

co
nt

ro
l

(~
12

m
g

N
/1

00
g )

<
co

nt
ro

l
(~

12
m

g
N

/1
00

g )

be
lo

w
5

m
g

N
/1

00
g

–
–

[2
8]

Fi
lm

ba
se

d
on

3%
(w

/v
)g

el
at

in
an

d
1.

5%
(w

/v
)a

lg
in

at
e,

gl
yc

er
ol

,a
nd

Tw
ee

n
80

O
re

ga
no

EO
/1

.5
%

(w
/v

)
4
◦ C

/1
5

da
ys

–
–

1.
5%

(w
/v

)o
re

ga
no

EO
(~

60
m

g
N

/1
00

g )
<

co
nt

ro
l

(~
65

m
g

N
/1

00
g )

<
un

co
at

ed
co

nt
ro

l(
~6

5
m

g
N

/1
00

g )

35
m

g
N

/1
00

g
–

–
–

–
[2

9]

C
oa

ti
ng

ba
se

d
on

1%
(w

/w
)

ca
rr

ag
ee

na
n

Le
m

on
EO

/1
%

(w
/w

)
4
◦ C

/1
5

da
ys

–
–

1%
(w

/w
)l

em
on

EO
(2

0
m

g
N

/1
00

g)
<

co
nt

ro
l

(b
el

ow
35

m
g

N
/1

00
g )

<
un

co
at

ed
co

nt
ro

l
(4

0
m

g
N

/1
00

g )

25
m

g
N

/1
00

g
–

–
–

–
[3

0]

C
oa

ti
ng

ba
se

d
on

8%
(w

/w
)w

he
y

pr
ot

ei
n

co
nc

en
tr

at
e

C
oa

ti
ng

ba
se

d
on

8%
(w

/w
)w

he
y

pr
ot

ei
n

co
nc

en
tr

at
e/

gl
yc

er
ol

,
1:

1
an

d
2:

1

–
4
◦ C

/1
5

da
ys

8%
(w

/w
)w

he
y

pr
ot

ei
n

co
nc

en
tr

at
e/

gl
yc

er
ol

,2
:1

(0
.4

m
g

M
D

A
/k

g)
<

8%
(w

/w
)w

he
y

pr
ot

ei
n

co
nc

en
tr

at
e/

gl
yc

er
ol

,1
:1

(0
.5

m
g

M
D

A
/k

g)
<

8%
(w

/w
)w

he
y

pr
ot

ei
n

co
nc

en
tr

at
e

(0
.6

m
g

M
D

A
/k

g)
<

un
co

at
ed

co
nt

ro
l(

0.
7

m
g

M
D

A
/k

g)

–

8%
(w

/w
)w

he
y

pr
ot

ei
n

co
nc

en
tr

at
e/

gl
yc

er
ol

,2
:1

(2
1.

1
m

g
N

/1
00

g)
<

8%
(w

/w
)w

he
y

pr
ot

ei
n

co
nc

en
tr

at
e/

gl
yc

er
ol

,1
:1

(2
4.

6
m

g
N

/1
00

g)
<

8%
(w

/w
)

w
he

y
pr

ot
ei

n
co

nc
en

tr
at

e
(2

7.
4

m
g

N
/1

00
g )

<
un

co
at

ed
co

nt
ro

l(
32

.5
m

g
N

/1
00

g )

25
m

g
N

/1
00

g
–

–
–

–
[3

1]

123



Coatings 2018, 8, 366

T
a

b
le

2
.

C
on

t.

T
e

st
e

d
F

is
h

P
ro

d
u

ct

A
n

ti
m

ic
ro

b
ia

l
P

a
ck

a
g

in
g

M
a

te
ri

a
ls

S
to

ra
g

e
C

o
n

d
it

io
n

s

M
L

O
b

ta
in

e
d

fo
r

T
B

A
R

S
d

u
ri

n
g

S
to

ra
g

e
T

L
V

fo
r

T
B

A
M

L
O

b
ta

in
e

d
fo

r
T

V
B

-N
d

u
ri

n
g

S
to

ra
g

e
T

L
V

fo
r

T
V

B
-N

M
L

O
b

ta
in

e
d

fo
r

T
M

A
-N

d
u

ri
n

g
S

to
ra

g
e

T
L

V
fo

r
T

M
A

-N

M
L

O
b

ta
in

e
d

fo
r

K
-V

a
lu

e
d

u
ri

n
g

S
to

ra
g

e

T
L

fo
r

K
-V

a
lu

e
R

e
f.

F
il

m
/C

o
a

ti
n

g
A

ct
iv

e
A

g
e

n
t/

C
o

n
ce

n
tr

a
ti

o
n

Si
lv

er
ca

rp
fil

le
ts

C
oa

ti
ng

ba
se

d
on

2%
(w

/v
)

ch
it

os
an

an
d

gl
yc

er
ol

C
oa

ti
ng

ba
se

d
on

2%
(w

/v
)

na
no

ch
it

os
an

an
d

gl
yc

er
ol

–
4
◦ C

/1
2

da
ys

2%
(w

/v
)c

hi
to

sa
n

(b
el

ow
3

m
g

M
D

A
/k

g)
<

2%
(w

/v
)

na
no

ch
it

os
an

(b
el

ow
3

m
g

M
D

A
/k

g)
<

un
co

at
ed

co
nt

ro
l(

be
lo

w
4

m
g

M
D

A
/k

g)
<

1%
gl

ac
ia

l
ac

et
ic

ac
id

(~
4

m
g

M
D

A
/k

g)

–

2%
(w

/v
)n

an
oc

hi
to

sa
n

(4
4.

4
m

g
N

/1
00

g)
<

2%
(w

/v
)c

hi
to

sa
n

(3
0.

8
m

g
N

/1
00

g)
<

1%
gl

ac
ia

l
ac

et
ic

ac
id

(b
el

ow
60

m
g

N
/1

00
g)

<
un

co
at

ed
co

nt
ro

l(
~6

0
m

g
N

/1
00

g)

–
–

–
–

–
[4

9]

G
ra

ss
ca

rp
fil

le
ts

C
oa

ti
ng

ba
se

d
on

2%
(w

/v
)

ch
it

os
an

,a
ce

ti
c

ac
id

,a
nd

gl
yc

er
ol

G
ly

ce
ro

l
m

on
ol

au
ra

te
/

0.
1%

an
d

0.
3%

4
◦ C

/
20

da
ys

0.
3%

gl
yc

er
ol

m
on

ol
au

ra
te

(~
0.

9
m

g
M

D
A

/k
g)

<
0.

1%
gl

yc
er

ol
m

on
ol

au
ra

te
(~

0.
9

m
g

M
D

A
/k

g)
<

on
tr

ol
(~

0.
9

m
g

M
D

A
/k

g)
<

un
co

at
ed

co
nt

ro
l(

be
lo

w
1.

2
m

g
M

D
A

/k
g)

–

0.
3%

gl
yc

er
ol

m
on

ol
au

ra
te

(1
5

m
g

N
/1

00
g )

<
0.

1%
gl

yc
er

ol
m

on
ol

au
ra

te
(b

el
ow

20
m

g
N

/1
00

g )
<

co
nt

ro
l

(~
22

.5
m

g
N

/1
00

g )
<

un
co

at
ed

co
nt

ro
l(

~2
7.

5
m

g
N

/1
00

g )

15
m

g
N

/1
00

g
–

–

0.
3%

gl
yc

er
ol

m
on

ol
au

ra
te

(~
69

%
)<

0.
1%

gl
yc

er
ol

m
on

ol
au

ra
te

(7
7.

7%
)<

co
nt

ro
l(

78
.2

%
)

<
un

co
at

ed
co

nt
ro

l(
90

.5
%

)

<2
0%

-v
f;

<6
0%

-m
f;

>6
0%

-r
p

[3
2]

Be
lu

ga
st

ur
ge

on
fil

le
ts

C
oa

ti
ng

ba
se

d
on

8%
(w

/v
)

w
he

y
pr

ot
ei

n
co

nc
en

tr
at

e,
gl

yc
er

ol
,a

nd
Tw

ee
n

80

C
in

na
m

on
EO

/1
.5

%
(v

/v
)

4%
◦ C

/
20

da
ys

1.
5%

(v
/v

)c
in

na
m

on
EO

(b
el

ow
0.

06
m

g
M

D
A

/k
g)

<
co

nt
ro

l(
be

lo
w

0.
1

m
g

M
D

A
/k

g)
<

un
co

at
ed

co
nt

ro
l(

be
lo

w
0.

12
m

g
M

D
A

/k
g)

–

1.
5%

(v
/v

)c
in

na
m

on
EO

(~
50

m
g

N
/1

00
g )

<
co

nt
ro

l
(b

el
ow

70
m

g
N

/1
00

g )
<

un
co

at
ed

co
nt

ro
l

(~
70

m
g

N
/1

00
g )

35
–4

0
m

g
N

/1
00

g
–

–
–

–
[4

5]

Sa
lm

on
fil

le
ts

C
oa

ti
ng

ba
se

d
on

1.
0%

,1
.5

%
,

an
d

2%
(w

/v
)

ch
it

os
an

,l
ac

ti
c

ac
id

so
lu

ti
on

,
an

d
Tw

ee
n

80

-
0
◦ C

/
18

da
ys

A
ll

tr
ea

te
d

sa
m

pl
es

(1
.1

m
g

M
D

A
/k

g )
<

un
co

at
ed

co
nt

ro
l

(1
.8

m
g

M
D

A
/k

g )

1
m

g
M

D
A

/k
g

A
ll

tr
ea

te
d

sa
m

pl
es

(2
8

m
g

N
/1

00
g)

<
un

co
at

ed
co

nt
ro

l
(3

3
m

g
N

/1
00

g )

30
m

g
TV

B-
N

/1
00

g

A
ll

tr
ea

te
d

sa
m

pl
es

(5
m

g
N

/1
00

g )
<

un
co

at
ed

co
nt

ro
l

(6
m

g
N

/1
00

g )

5
m

g
N

/1
00

g

A
ll

tr
ea

te
d

sa
m

pl
es

(4
6%

)<
un

co
at

ed
co

nt
ro

l(
50

%
)

40
%

[4
6]

Pi
ke

-p
er

ch
fil

le
ts

C
oa

ti
ng

ba
se

d
on

10
%

(w
/v

)
w

he
y

pr
ot

ei
n

is
ol

at
e,

gl
yc

er
ol

,
an

d
Tw

ee
n

80

La
ct

op
er

ox
id

as
e/

2.
5%

(v
/v

)
4
◦ C

/
16

da
ys

3%
(v

/v
)α

-t
oc

op
he

ro
l

(b
el

ow
1

m
g

M
D

A
/k

g)
<

2.
5%

(v
/v

)l
ac

to
pe

ro
xi

da
se

an
d

3%
(v

/v
)α

-t
oc

op
he

ro
l

(b
el

ow
1

m
g

M
D

A
/k

g)
<

1.
5%

(v
/v

)α
-t

oc
op

he
ro

l(
~1

m
g

M
D

A
/k

g)
<

2.
5%

(v
/v

)
la

ct
op

er
ox

id
as

e
an

d
1.

5%
(v

/v
)α

-t
oc

op
he

ro
l(

~1
m

g
M

D
A

/k
g)

<
co

nt
ro

lf
or

ot
he

r
co

at
in

gs
(b

el
ow

2.
5

m
g

M
D

A
/k

g)
<

co
nt

ro
lf

or
co

at
in

g
w

it
h

la
ct

op
er

ox
id

as
e

(b
el

ow
2.

5
m

g
M

D
A

/k
g)

<
2.

5%
(v

/v
)

la
ct

op
er

ox
id

as
e

(~
2.

5
m

g
M

D
A

/k
g)

be
lo

w
3

m
g

M
D

A
/k

g-
pe

rf
ec

t
qu

al
it

y
m

at
er

ia
l;

be
lo

w
5

m
g

M
D

A
/k

g-
go

od
qu

al
ity

m
at

er
ia

l

2.
5%

(v
/v

)l
ac

to
pe

ro
xi

da
se

(b
el

ow
35

m
g

N
/1

00
g)

<
2.

5%
(v

/v
)l

ac
to

pe
ro

xi
da

se
an

d
1.

5%
(v

/v
)α

-t
oc

op
he

ro
l

(b
el

ow
40

m
g

N
/1

00
g )

<
co

nt
ro

l
fo

r
co

at
in

g
w

it
h

la
ct

op
er

ox
id

as
e

(~
40

m
g

N
/1

00
g )

<
co

nt
ro

lf
or

ot
he

r
co

at
in

gl
(~

40
m

g
N

/1
00

g )
<

3%
(v

/v
)α

-t
oc

op
he

ro
l

(b
el

ow
45

m
g

N
/1

00
g )

<
1.

5%
(v

/v
)α

-t
oc

op
he

ro
l

(b
el

ow
45

m
g

N
/1

00
g )

<
2.

5%
(v

/v
)l

ac
to

pe
ro

xi
da

se
an

d
3%

(v
/v

)α
-t

oc
op

he
ro

l
(b

el
ow

45
m

g
N

/1
00

g )

35
m

g
N

/1
00

g
–

–
–

–
[3

3]

C
oa

ti
ng

ba
se

d
on

10
%

(w
/v

)
w

he
y

pr
ot

ei
n

is
ol

at
e,

gl
yc

er
ol

,
et

ha
no

l,
an

d
Tw

ee
n

80

α
-T

oc
op

he
ro

l/
1.

5%
(v

/v
)

α
-T

oc
op

he
ro

l/
3%

(v
/v

)
La

ct
op

er
ox

id
as

e
an

d
α

-t
oc

op
he

ro
l/

2.
5%

(v
/v

)
an

d
1.

5%
(v

/v
)

La
ct

op
er

ox
id

as
e

an
d

α
-t

oc
op

he
ro

l/
2.

5%
(v

/v
)a

nd
3%

(v
/v

)

124



Coatings 2018, 8, 366

T
a

b
le

2
.

C
on

t.

T
e

st
e

d
F

is
h

P
ro

d
u

ct

A
n

ti
m

ic
ro

b
ia

l
P

a
ck

a
g

in
g

M
a

te
ri

a
ls

S
to

ra
g

e
C

o
n

d
it

io
n

s

M
L

O
b

ta
in

e
d

fo
r

T
B

A
R

S
d

u
ri

n
g

S
to

ra
g

e

T
L

V
fo

r
T

B
A

M
L

O
b

ta
in

e
d

fo
r

T
V

B
-N

d
u

ri
n

g
S

to
ra

g
e

T
L

V
fo

r
T

V
B

-N

M
L

O
b

ta
in

e
d

fo
r

T
M

A
-N

d
u

ri
n

g
S

to
ra

g
e

T
L

V
fo

r
T

M
A

-N

M
L

O
b

ta
in

e
d

fo
r

K
-V

a
lu

e
d

u
ri

n
g

S
to

ra
g

e

T
L

fo
r

K
-V

a
lu

e
R

e
f.

F
il

m
/C

o
a

ti
n

g
A

ct
iv

e
A

g
e

n
t/

C
o

n
ce

n
tr

a
ti

o
n

Ja
pa

ne
se

se
a

ba
ss

fil
le

ts

C
oa

ti
ng

ba
se

d
on

1.
5%

(w
/v

)
ch

it
os

an
an

d
ac

et
ic

ac
id

C
it

ri
c

ac
id

/0
.5

%
(w

/v
)

Li
co

ri
ce

ex
tr

ac
t/

1%
(w

/v
)

4
◦ C

/
12

da
ys

0.
5%

(w
/v

)c
it

ri
c

ac
id

(~
0.

2
m

g
M

D
A

/k
g)

<
%

(w
/v

)l
ic

or
ic

e
ex

tr
ac

t(
~0

.2
m

g
M

D
A

/k
g)

<
co

nt
ro

l
(b

el
ow

1.
5

m
g

M
D

A
/k

g)
<

un
co

at
ed

co
nt

ro
l

(b
el

ow
2.

0
m

g
M

D
A

/k
g)

–

0.
5%

(w
/v

)c
it

ri
c

ac
id

(2
9.

7
m

g
N

/1
00

g)
<

1%
(w

/v
)l

ic
or

ic
e

ex
tr

ac
t

(4
8.

0
m

g
N

/1
00

g )
<

co
nt

ro
l

(6
0.

5
m

g
N

/1
00

g )
<

un
co

at
ed

co
nt

ro
l

(1
00

.2
m

g
N

/1
00

g )

30
–3

5
m

g
N

/1
00

g
–

–
–

–
[4

4]

R
ed

dr
um

fil
le

ts

C
oa

ti
ng

ba
se

d
on

1.
5%

ch
it

os
an

,a
ce

ti
c

ac
id

,a
nd

gl
yc

er
ol

G
ra

pe
se

ed
ex

tr
ac

t/
0.

2%
(w

/v
)

Te
a

po
ly

ph
en

ol
s/

0.
2%

(w
/v

)

4
◦ C

/2
0

da
ys

0.
2%

(w
/v

)t
ea

po
ly

ph
en

ol
s

(~
0.

8
m

g
M

D
A

/k
g)

<
0.

2%
(w

/v
)g

ra
pe

se
ed

ex
tr

ac
t(

~1
.0

m
g

M
D

A
/k

g)
<

un
co

at
ed

co
nt

ro
l

(~
1.

8
m

g
M

D
A

/k
g)

–

0.
2%

(w
/v

)t
ea

po
ly

ph
en

ol
s

(3
3.

69
m

g
N

/1
00

g )
<

0.
2%

(w
/v

)g
ra

pe
se

ed
ex

tr
ac

t
(3

8.
17

m
g

N
/1

00
g )

<
un

co
at

ed
co

nt
ro

l
(5

1.
25

m
g

N
/1

00
g )

25
m

g
N

/1
00

g
–

–

0.
2%

(w
/v

)t
ea

po
ly

ph
en

ol
s

(~
40

%
)<

0.
2%

(w
/v

)g
ra

pe
se

ed
ex

tr
ac

t(
~4

5%
)<

un
co

at
ed

co
nt

ro
l

(6
2.

57
%

)

60
%

[4
3]

G
ol

de
n

po
m

fr
et

fil
le

ts

C
oa

ti
ng

ba
se

d
on

0.
4%

(w
/w

)
ch

it
os

an
–

4
◦ C

/
17

da
ys

–
–

0.
4%

(w
/w

)c
hi

to
sa

n
an

d
7.

2%
(w

/w
)g

el
at

in
(1

0.
51

m
g

N
/1

00
g)

<
0.

4%
(w

/w
)c

hi
to

sa
n

an
d

5.
4%

(w
/w

)g
el

at
in

(1
2.

31
m

g
N

/1
00

g)
<

0.
4%

(w
/w

)c
hi

to
sa

n
an

d
3.

6%
(w

/w
)g

el
at

in
(1

3.
48

m
g

N
/1

00
g)

<
de

io
ni

ze
d

w
at

er
(9

3.
52

m
g

N
/1

00
g)

–
–

–
–

–
[4

7]

C
oa

ti
ng

ba
se

d
on

0.
4%

(w
/w

)
ch

it
os

an
an

d
ge

la
ti

n

T
B

A
R

S,
th

io
ba

rb
it

u
ri

c
ac

id
re

ac
ti

ve
su

bs
ta

nc
es

;
T

LV
,t

hr
es

ho
ld

lim
it

va
lu

e;
M

L
,m

ax
im

u
m

le
ve

ls
;

T
V

B
-N

,t
ot

al
vo

la
ti

le
ba

si
c

ni
tr

og
en

;
T

M
A

-N
,t

ri
m

et
hy

la
m

in
e

ni
tr

og
en

;
M

D
A

,
m

al
on

di
al

de
hy

de
;v

f,
ve

ry
fr

es
h;

m
f,

m
od

er
at

el
y

fr
es

h;
rp

,r
ej

ec
ti

on
po

in
t.

125



Coatings 2018, 8, 366

K-value is an important chemical index widely used for fish freshness [59]. During post-mortem
storage of fish, autolytic changes take place in the muscle that determines adenosine triphosphate (ATP)
degradation with the formation of adenosine-5′-diphosphate (ADP), adenosine-5′-monophosphate
(AMP), inosine-5′-monophosphate (IMP), inosine (HxR), and hypoxanthine (Hx). K-value is calculated
as the percentage of the sum of HxR and Hx, divided by the sum of ATP, ADP, AMP, IMP,
HxR, and Hx [12,59]. Since there are no legally enforceable limits for k-value in fish, Yu et al.
(2017) [32] proposed the following freshness criteria: very fresh fish (k-value < 20%), moderately
fresh (k-value < 60%), and spoiled (k-value > 60%). K-values reported in the discussed studies ranged
from 68.7% to 90.5% for grass carp fillets, 46% to 50% for salmon fillets and 40% to 62.6% for red drum
fillets; samples meeting freshness criteria for moderately fresh, respectively spoiled.

4. Conclusions

The active packaging of fish represents an economic alternative to conventional preservation
technologies (vacuum and modified atmosphere packaging) due to the limited capital investment as
compared to those. Besides being biodegradable, edible films and coatings improve the microbiological
stability of fish and reduce waste; moreover, retard lipid oxidation. For the past 10 years, research on
the use of antimicrobial packaging materials for fresh fish applications has undergone considerable
evolution; nevertheless, as far as we know, there is not yet an edible film or coating commercially
available on the market.

Fish represent one of the most-traded segments of the world food sector. Therefore, there is a great
demand for the packaging of this good. Industrial production and commercialization of antimicrobial
packaging materials for fresh fish could be an exploitable sector by the packaging industry. Suppliers
of active packaging materials on the European market need to make sure that their products comply
with the requirements of Regulations (EC) 1935/2004 [60] and (EC) 450/2009 [61] regarding active
and intelligent materials that are intended to come into contact with food, respectively, Regulation
(EC) 1333/2008 [62] that lays down specifications for food additives. Additional studies are however
needed to further validate these findings, especially on the stability of antimicrobial films/coatings
during shipment, storage, and handling.
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Abstract: A Ti–23Nb–0.7Ta–2Zr–1.2O alloy (at %), called “gum metal”, was deposited by direct-current
magnetron sputtering (DCMS) on an under layer of copper. By varying the working pressure during
the deposition, columnar TNTZ (Ti–Nb–Ta–Zr) nanoarchitectures were obtained. At low working
pressures, the upper layer was dense with a coarse surface (Ra = 12 nm) with a maximum height
of 163 nm; however, the other samples prepared at high working pressures showed columnar
architectures with voids and an average roughness of 4 nm. The prepared coatings were characterized
using atomic force microscopy (AFM) for surface topography, energy dispersive X-ray spectroscopy
(EDX) for atomic mapping, scanning electron microscopy (SEM) for cross-section imaging, contact
angle measurements for hydrophilic/hydrophobic balance of the prepared surfaces, and X-ray
diffraction (XRD) for the crystallographic structures of the prepared coatings. The morphology and
the density of the prepared coatings were seen to influence the hydrophilic properties of the surface.
The antibacterial activity of the prepared coatings was tested in the dark and under low-intensity
indoor light. Bacterial inactivation was seen to happen in the dark from samples presenting columnar
nanoarchitectures. This was attributed to the diffusion of copper ions from the under layer. To verify
the copper release from the prepared samples, an inductively coupled plasma mass spectrometer
(ICP-MS) was used. Additionally, the atomic depth profiling of the elements was carried out by X-ray
photoelectron spectroscopy (XPS) for the as-prepared samples and for the samples used for bacterial
inactivation. The low amount of copper in the bulk of the TNTZ upper layer justifies its diffusion to
the surface. Recycling of the antibacterial activity was also investigated and revealed a stable activity
over cycles.

Keywords: titanium-based thin films; copper; magnetron sputtering; super-elastic coatings;
E. coli inactivation

1. Introduction

Thin films of titanium alloys are highly used in biomedical fields due to their lightness, low
elasticity modulus, good mechanical strength, biocompatibility, and anticorrosion behavior [1,2]. These
properties depend on the film elemental composition [3]. The favorable phase of β-type Ti-based thin
films presents a body-centered cubic (bcc) structure, low density, and Young’s modulus. β-type Ti-based
thin films containing nontoxic elements and non-allergic properties have been largely developed during
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these last years. The enhancement of their mechanical properties and super-elastic performance is one
of the most important issues [2–5]. After developing Ti–Nb–Zr–Ta (TNTZ) bulk alloys, in particular
the multifunctional Ti–23Nb–0.7Ta–2Zr–1.2O alloy (at %), called “gum metal”, it has been shown that
these alloys can be used in the form of super-elastic thin films. These films present an important
potential for medical applications and/or microactuation, such as for stents for neurovascular blood
vessels or membrane-based micropumps [6–9].

In the present work, two superposed layers, namely gum metal (GM) and copper thin films,
were deposited on glass substrates by direct-current magnetron sputtering (DCMS) of an alloying
target Ti–23Nb–0.7Ta–2Zr (at %) and a pure Cu target. In previous studies [10–12], we reported
the beneficial effect of Cu ions on enhancing the catalytic/photocatalytic bacteria inactivation when
added to a gum metal thin film (GMTF). Many copper-based coatings such as TiO2–Cu, Cu, Ti, Nb, and
their oxides were developed and investigated, mainly for their antibacterial properties. In our previous
studies [13–15], we reported the mechanical properties of a superelastic Ti-based GMTF showing
increased bacterial inactivation under light concomitant to a biocompatible property in darkness [16,17].
We also showed the effect of copper content on the structure, morphology, and mechanical properties
of GMTF [18]. We also showed that the TNTZ–Cu 8.3 at % Cu sample with the highest roughness
(RMS value of 20.1 nm) led to the highest bactericidal activity.

The present study focuses on the bacterial inactivation of sputtered GMTF films deposited
with different pressure values on copper diffusion to the surface mediating the bacterial inactivation.
The application of different pressure values in this study was designed to lead to different layer densities
and microarchitectures (disordered tubes or arranged columns). The influence of the morphology
of the TNTZ upper layer allowing copper diffusion is investigated in the dark and under indoor
visible-light irradiation. The interfacial interaction, potential, and pH between the bacterial cells on
the sputtered films are reported within the disinfection time on these innovative bilayered Cu–TNTZ
coatings. The sustainable use (reusability) of the sputtered samples was also studied, showing a long
operational lifetime of the gradual release of copper from the sputtered films. The reported thin films
show a potential application in biomedical settings, leading to self-sterilization of surfaces without
harmful side-effects related to the excess of toxic ions, especially in circumstances of increased infection
risks in hospitals. The novelty of this work resides in the preparation of a coating allowing fast bacterial
inactivation with reduced ion release.

2. Experimental Details

2.1. Deposition Procedures of the Nanoarchitected Films of Cu and TNTZ

Bilayer films composed of Cu and gum metal (TNTZ) were consecutively deposited on glass
substrates and silicon wafers (1 0 0) at floating temperature by DCMS from two targets (99.9% purity):
pure Cu and Ti–23Nb–0.7Ta–2Zr (at %), respectively. Two similar magnetrons joined to rectangular
targets 200 × 100 × 6 mm3 in size were used. The chamber was evacuated down to a pressure of
4 × 10−4 Pa. The target-to-sample distance was kept constant at 8 cm. After initial optimization,
the first layer of copper was sputtered for 20 s and then the second layer of TNTZ was carried out for
40 s. The thickness of the Cu–TNTZ bilayer films was approximately 1 μm. The sample holder rotation
speed was set to 12 rpm. The working pressure was varied between 0.15 and 2 Pa, corresponding to
the argon flow rate of 15–140 sccm. Figure 1 illustrates the setup used for the deposition, and Table 1
illustrates the deposition parameters of Cu–TNTZ bilayered thin films.
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Figure 1. Schematic view of the setup used for the bilayered film deposition.

Table 1. Elaboration conditions of Cu–TNTZ (Ti–Nb–Ta–Zr) bilayered thin films.

Sample
Cu Under Layer TNTZ Upper Layer

Argon Flow Rate
(sccm)

Working Pressure
(Pa)

Argon Flow Rate
(sccm)

Working Pressure
(Pa)

I

15 0.15

15 0.15

II 50 0.5

III 90 1

IV 140 2

2.2. Physical and Chemical Characterization of the Sputtered Samples by Energy Dispersive X-Ray
Spectroscopy (EDX), SEM, Atomic Force Microscopy (AFM), and XRD

The elemental compositions of the TNTZ films were obtained by energy dispersive X-ray
spectroscopy (EDX) using Quantax Esprit software version 2.0 (Bruker Nano GmbH, Berlin, Germany).
The bilayer Cu–TNZT cross-section images were observed by a Hitachi SU8030 scanning electron
microscope (SEM) (Tokyo, Japan). For each sample, the measurements were carried out on multiple
zones of the sample and showed a significant homogeneity. The elements spectra were acquired from
SEM images applying an accelerating voltage of 10 kV and a pressure vacuum of 10−4 Pa. The surface
roughness and the topography of the thin films were obtained by atomic force microscopy (Agilent
Technologies 5100 AFM, Stevens Creek, CA, USA). The AFM 3D-images were acquired in noncontact
mode at the resonance frequency of the ultrasharp silicon tip and with the set point fixed at 10% of
the maximum amplitude. The AFM images of 256 × 256 pixels were obtained with a scanning speed of
0.4 s/line (acquisition of 256 points/line).

The microstructure of the thin films was analyzed by X-ray diffraction (XRD) using a Bruker D8
Advance diffractometer (CuKα radiation line, Karlsruhe, Germany). The hydrophilic/hydrophobic
properties of the sputtered films were evaluated by contact angle measurements based on the static
sessile drop method. Water droplets (3 mL) were dropped on the films and the contact angles were
measured. The droplet profiles were acquired using a camera (SCA software, version 4.5.14) for OCA
and PCA Drpo6) aligned with the sample and a backlighting source. For this study, Si wafers were
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used in order to observe the film morphology and to quantify the film elemental composition. Glass
substrates (Leica, Germany) were used to perform the other characterizations and antibacterial tests.

2.3. Bacterial Adhesion to the Coating Surface, Bacterial Inactivation Testing, and the Sustainability of
the Coatings

Escherichia coli (E. coli K12) used in this study was obtained from DSMZ (Braunschweig, Germany).
The bacterial adhesion to the TNTZ and Cu–TNTZ was carried out by immersing the samples into 5 mL
E. coli suspension (initial concentration of 2.2 × 106 CFU/mL). The tube was then horizontally shacked
gently for 4 h in an incubator at 37 ◦C in the dark [19,20]. The non-adhered and the weakly adhered
bacteria to the surface were washed out with a phosphate buffer solution (pH 7.2). The attached cells
were then detached from the surface using ultrasonication (50 W, CA, USA) for 15 min, and the number
of viable cells was determined by plate-count agar.

For the bacteria inactivation testing, aliquots of 100 μL (initial concentration of 4.2 × 106 CFU/mL)
in saline solution (NaCl/KCl, 8/0.8 g/L at pH 7.2) were placed on the samples that were placed in glass
petri dishes at room temperature. Then, the samples were transferred into a sterile tube containing
saline solution and subsequently mixed thoroughly using a Vortex (Staufen, Germany) for 2 min. Serial
dilutions were made. A sample of 100 μL from each dilution was pipetted onto a nutrient agar plate
(Zurich, Switzerland) and spread over the surface of the plate. Agar plates were incubated lid down
for 24 h at 37 ◦C before counting. Three independent assays were done for each sample. The statistical
analysis of the results was performed for the CFU values calculating the standard deviation (n = 5%).
Irradiation of the samples was carried out under tubular Osram Lumilux (Munich, Germany) 18W/827
light (4.2 mW/cm2) emitting in the range of 360–700 nm.

Bacterial inactivation recycling was carried out under light and in the dark. After each cycle,
the sample was washed three times with distilled water and dried between each washing. All
the bacterial inactivation tests were carried out in triplicate.

2.4. Copper Release and Atomic Etching of the Architectured Samples

A FinniganTM inductively coupled plasma mass spectrometer (ICP-MS) (Zug, Switzerland) was
used to detect the Cu released during the bacterial loss of viability runs. In addition, to test the long-term
stability, the coated specimens were immersed in 20 ml PBS and kept at 37 ◦C for 1, 2, 3, and 5 days.
This instrument was equipped with a double-focusing reverse geometry mass spectrometer having
an extremely low background signal and high ion-transmission coefficient with a detection limit of
0.2 ppb. Each specimen was tested in triplicate.

X-ray photoelectron spectroscopy (XPS) analysis of the films was determined using an AXIS Nova
photoelectron spectrometer (Kratos Analytical, Manchester, UK) provided with a monochromatic
AlKα (hν = 1486.6 eV) anode operated with a voltage of 15 kV and a power of 400 W. The carbon C1s
line position at 284.6 eV was used as the reference to correct for charging effects. The base pressure
below 5 × 10−7 Pa was maintained during the measurements. No argon sputtering was considered
to clean the specimen surfaces. The surface atomic concentration percentage for each element was
determined from peak areas using the known sensitivity factors for each element on the coated surfaces.
The etching of the film surfaces was carried out by Ar ions of 5 kV reaching a depth of ~50 nm
(~250 layers).
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3. Results and Discussion

3.1. Elemental Composition, Morphology, and Topography of Cu–TNTZ Thin Films Deposited under Different
Pressures

The elemental composition of the TNTZ films deposited on a copper layer was determined by
EDX. The films were chemically homogeneous and composed similarly of the TNTZ target’s elements:
Ti–23Nb–0.7Ta–2Zr (at %). Figure 2 shows fractured cross-section SEM images of different Cu–TNTZ
bilayered samples sputtered under different working pressures.

 

Figure 2. Cross-section SEM images of architectured Cu–TNTZ films with different morphologies
sputtered at different pressures: (a) I—0.15 Pa, (b) II—0.50 Pa, and (c) III—1 Pa.

A dense layer of Cu was first deposited under a low constant pressure of 0.15 Pa, then an upper
layer of TNTZ was sputtered under different deposition pressures. It is readily seen that by increasing
the deposition pressure from 0.15 to 2 Pa, the morphology of the TNTZ films changes. Under low
pressures, dense TNTZ upper films were obtained. However, when increasing the deposition pressure,
columnar structures were achieved. This structural shift was attributed to the loss of adatom energy
and surface mobility because of the collision with argon ions in the plasma phase.

Figure 3 shows the topography of the samples using atomic force microscopy (AFM). The 3D
and 2D surface mappings of the TNTZ films (Figure 3) show that the growth of films forms hills and
valleys. Except for Sample I, the roughness average of all other Cu–TNTZ bilayer samples is 5 nm.
Sample I has the coarsest surface (Ra = 12 nm) with a maximum height of 155 nm.
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Figure 3. 2D and 3D atomic force microscopy (AFM) of TNTZ thin films sputtered under different
pressure conditions. For more details, please see Table 1.

3.2. Crystalline Structure and Hydrophobic/Hydrophilic Properties of the TNTZ Films

Figure 4 shows the XRD patterns of the TNTZ films deposited on a copper under layer at different
deposition pressures. It is readily seen from Figure 4 that the TNTZ films present a β-metastable
phase. Similar results were observed in our previous study [13]. Furthermore, the crystallinity of
TNTZ films decreases with the increase of deposition pressure. The TNTZ film deposited at 2 Pa shows
a low-intensity single peak, while others deposited at lower pressures exhibit sharper peaks. Similar
trends were observed in our previous study [13]. This can be attributed to the decrease of a mean free
path leading to the lower adatom surface mobility. Thus, the adatoms cannot migrate for a larger
distance, promoting the formation of fine grains.

The presence of peaks related to the Cu underlayer is due to the interaction of X-rays with both
layers of Cu and TNTZ. The penetration of X-rays within the material is estimated to be ~1 μm; thus,
crystalline phases of both layers show up on the diffractogram [21]. The increase of copper peak
intensity with the decrease of deposition pressure could be explained by the decrease of the thickness
of the upper TNTZ layer. It is obvious that the decrease of deposition pressure in a sputtering process
leads to a decrease of film thickness. Therefore, the diffraction peaks attributed to the copper layer are
more remarkable at lower deposition pressures.
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Figure 4. X-ray diffraction (XRD) of architectured Cu–TNTZ samples sputtered at different pressures.
JCPDS 00-004-0836 and JCPDS 00-044-1288 were used for Cu and β-Ti, respectively.

The hydrophilic/hydrophobic properties of the architectured Cu–TNTZ films were evaluated
via the contact angles between the films deposited on glass substrates and the water droplets. Water
droplets of 3 μL in volume fallen on the film surfaces were measured, as shown in Figure 5. The contact
angles varied between 81◦ and 102◦. The roughness, the morphology, and the density of film (as
previously shown in Figures 2 and 3) influenced the hydrophilic properties of the surface. The denser
and coarser the film was (Sample I, Figures 2 and 3), the lower the contact angle was (81◦). For the other
films deposited under higher pressures (in the range of 1–2 Pa), the samples exhibited contact angles of
100◦–102◦. As is shown in Figures 2 and 3, these latter films showed columnar architectures and low
roughness. The film prepared at 0.5 Pa showed a contact angle value of 92◦.

  

  

Figure 5. Contact angles between drops of water and Cu–TNTZ bilayer films.

3.3. Bacterial Adhesion and Inactivation, and the Atomic Depth Profiling before and after Bacterial Inactivation

Bacterial adhesion at the interface of the TNTZ-sputtered films with different architectures was
investigated. The TNTZ films sputtered at the different conditions described in Table 1, without
the copper underlayer, were used to investigate the influence of the interface topography/microstructure
on the E. coli adhesion. The TNTZ-presenting dense/coarse architecture as shown in Supplementary
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Figure S1a exhibited low bacterial adhesion (1.4 log10 CFU) compared to samples showing
columnar-shaped microstructures (Figure S1b,c), allowing 2.2 to 2.6 log10 CFU adhesion in the dark.
The difference between the samples presenting columnar architectures was not significant in
the triplicate experiment carried out. This can be attributed to the hills and valleys at the interface,
allowing a larger contact surface with bacteria [22]. Figure 6 shows the possible bacterial interaction
with the two different microstructures of sputtered TNTZ thin films. The dense surface presents low
contact points with bacteria, leading to the low adhesion ability compared to the columnar counterparts.
It is worth mentioning that the chemistry of the surface and its charge may strongly affect the ability of
a thin film to adhere to bacteria. Recently, bacterial adhesion to biotic and abiotic surfaces has been
investigated in detail [23].

 

Figure 6. Simplified understanding of the bacterial adhesion to nanoarchitectured surfaces.

Under light, TNTZ films did not exhibit higher bacterial inactivation values compared to their
performance in the dark (bacterial adhesion). Under light, dense TNTZ showed 1 log reduction against
1.8 log reduction for columnar TNTZ. This may be due to the oxidation of the forming species at
the interface with bacteria forming metal oxides. Under light, these latter oxides generate reactive
oxygen species able to inactivate bacteria at their interface. Detailed investigation of this aspect
should be carried out to better understand the mechanism of bacterial inactivation under low-intensity
indoor light.

Figure 7 shows the bacterial inactivation kinetics on Samples I, II, and III under low-intensity
indoor light and in the dark. E. coli inactivation (6 log reduction) was seen to happen within 60 min on
Samples II and III. Sample I showed 3 log bacterial reduction within 300 min under light (4.2 mW/cm2).
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Figure 7. E. coli inactivation on bilayered samples under indoor light and in the dark.

This justifies the semiconductor behavior at the interface of Samples I, II, III, and IV, and
the accelerated bacterial inactivation under light is photocatalytic. In the dark, Samples II, III, and
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IV showed 4 log bacterial reduction within 180–240 min. This suggests the existence of toxic ions on
the surfaces leading to bacterial inactivation in the dark. Sample I shows that the compact upper layer
did not show bacterial reduction in the dark. Therefore, the columnar nanoarchitectures of Samples
II, III, and IV allowed the diffusion of copper ions reaching the surface and enhanced the bacterial
inactivation in the dark.

Surface atomic percentages of elements as a function of the depth of the sputtered film were
also investigated. As Samples II and III showed the fastest bacterial inactivation, we chose to carry
the depth profiling on Sample II. However, it is worth mentioning that Samples III and IV exhibited
higher copper content on their surfaces than Sample II. Copper ions were not detected at the surface of
Sample I, which means that the copper diffusion was blocked by the dense TNTZ upper layer. Figure 8
shows the depth profiling of Sample II. Copper ions encountered at the coating interface were seen to
enhance the bacterial inactivation under light and, more importantly, in the dark. It has been recently
reported that sputtered films with Cu in ppm concentrations led to an acceleration of the bacterial
inactivation [24].

 

Figure 8. Depth profiling atom distribution in the sputtered layers of Sample II: evidence for copper
diffusion in: (a) sample used for bacterial inactivation with respect to (b) an as-prepared sample.

3.4. Recycling and Ion Release during Bacterial Inaction

Bacterial inactivation recycling was carried out to test the stability of the prepared antibacterial
coatings. Figure 9 shows the recycling of Samples II and III under light and in the dark. It is readily
seen from Figure 9 that Samples II and III did not show a significant loss of their activities in up to
five washing cycles. Coatings prepared by magnetron sputtering present high adhesivity, uniform
distribution on the substrate, and controllable nanoarchitecture [25–27]. This allows their practical
application in the biomedical field, environmental remediation, and smart surfaces [28,29].
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Figure 9. Recycling of E. coli inactivation under light and in the dark on Samples II and III: (a) Sample
II under light, (b) Sample III under light, (c) Sample II in the dark, and (d) Sample III in the dark.

The leached copper ions were determined for the as-prepared samples gently washed with water
and after the bacterial inactivation cycles. Figure 10 shows the copper ion release from Samples I, II, III,
and IV. Sample IV showed the highest copper release. This can be due to the spaced nanocolumns in
its microstructure, allowing higher copper amounts to reach the interface with bacteria. This aspect
needs deeper investigation. The leached amounts of copper are far below the toxicity threshold.
The nanoarchitecture of the prepared coatings allowed the controllable diffusion of copper ions to
the interface, with bacteria leading to their inactivation. Detailed Cu-toxicity studies from these
coatings are needed when considering the practical application of these films.
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Figure 10. Copper ion release before and after the bacterial inactivation on the different Cu–TNTZ
sputtered films.

In our previous study, we showed that TNTZ by itself presents a moderate bacterial inactivation
activity [18]. This was attributed to the oxidation of the TNTZ species at the interface, forming
oxides able to absorb light and produce reactive oxygen species. Then, we studied the beneficial
effect of cosputtering TNTZ with copper/copper oxides, leading to fast bacterial inactivation. This
preparation showed fast bacterial inactivation due to the copper species at the interface with bacteria.
The preparation led to uncontrollable copper release. In the present study, the copper release seems to be
stable over the bacterial inactivation cycles, which reduce the risks of copper toxicity. Figure 11 illustrates
the possible mechanism behind the catalytic/photocatalytic activities at the interface of the sputtered
nanostructured coatings, especially Sample II, leading to the most controllable copper release.

 

Figure 11. Schematic antibacterial activity at the interface of nanoarchitectured Cu–TNTZ thin films
prepared by magnetron sputtering.

4. Conclusions

Super-elastic titanium-based TNTZ thin films were deposited by DC magnetron sputtering
(DCMS) under different working pressures in the range of 0.15–2 Pa. An intermediate dense layer of
pure copper was first deposited at a constant pressure of 0.15 Pa. The morphology, microstructure, and
surface topography of these samples were studied. The working pressure in the deposition chamber
influenced the morphology of the films, which were dense at 0.15 Pa (low pressure), and columnar
architectures were achieved as the pressure values varied from 0.5 to 2 Pa. Bacterial inactivation was
seen to happen within 60 min under light for Samples II and III, showing copper ion release. The XPS
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depth profiling of the sputtered bilayers revealed the existence of some copper species in the bulk of
the TNTZ upper layer, justifying its diffusion to the surface. Recycling was seen to happen with a stable
fashion. The prepared coatings present potential application for indoor environmental prevention,
smart surfaces, and biomedical tools (screens, incubators, and other glass-made surfaces able to harbor
pathogens).

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/6/574/s1,
Figure S1: SEM images of TNTZ coatings sputtered at different working pressures.
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Abstract: This feature article begins by outlining the problem of infection and its implication on
healthcare. The initial introductory section is followed by a description of the four distinct classes of
antibacterial coatings and materials, i.e., bacteria repealing, contact killing, releasing and responsive,
that were developed over the years by our team and others. Specific examples of each individual
class of antibacterial materials and a discussion on the pros and cons of each strategy are provided.
The article contains a dedicated section focused on silver nanoparticle based coatings and materials,
which have attracted tremendous interest from the scientific and medical communities. The article
concludes with the author’s view regarding the future of the field.
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1. Introduction

Infections have accompanied humans for millennia. Today, in the 21st century, despite being
in the era of antibiotics, which began with the discovery of penicillin by Alexander Fleming in 1928,
infections are still an important problem to human wellbeing. Antibiotics have saved countless lives
and are considered by many as the greatest medical discovery of the 20th century. However, resistance
emerged not long after the mass production and use of antibiotics had begun. Today, resistance is
a significant issue since many bacterial species are no longer susceptible to commercially available
antibiotics [1]. This requires the development of new compounds. However, the process is expensive,
time consuming and associated with significant regulatory burdens. For these reasons, almost no new
antibiotic compounds have been provided to the market in the last two decades.

Infections are a particularly difficult issue when associated with implantable medical devices [2].
For example, up to 2% of orthopaedic devices, 5% of trauma fixation devices and more that 20% of
devices used for endoprosthetic reconstruction of large bone defects will become infected [3]. While
infection rates of 1%–2% in the case of orthopaedic devices may not look too dramatic, infections are
the reason for nearly 50% of all revisions that are required for this type of device [4]. Catheter related
bacteraemia (CRB) is often defined as “a problem of epidemic proportion in the dialysis population” [5]
The incidence of catheter related bacteraemia is in the range of 4–6 per 1000 patient-days in Australia,
the US and other developed countries. A study conducted in Australia, and published in 2009, reported
that 1163 patients out of 21,935 patients (5.1%) who started dialysis therapy died of infections [6].
Among critically ill patients developing catheter-related bacteraemia, mortality rates are as high as
35%, while survivors incurred increased hospital costs of at least $40,000 and increased time spent in
the ICU of 8 to 20 days [7].

The majority of medical device associated infections are caused by bacteria, although fungal and
mixed infections have also gained recognition in recent years [3,4,8]. In a typical scenario, a medical
device becomes contaminated by bacteria before or during the implantation procedure. In a proper
clinical setting, this will be a relatively small number of bacteria. Once attached to the device surface,
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bacteria begins to proliferate and form colonies, express extra cellular products and a biofilm. With
time, the biofilm matures and provides an effective protection for the bacteria from antibiotics and
the patient’s immune system. Bacteria in biofilm also undergo phenotypical changes, which makes
them different to their planktonic counterparts and helps them to develop antibiotic resistance [1].
It is broadly acknowledged that bacteria in biofilm can resist 1000 times higher doses of antibiotics
than planktonic bacteria. This presents significant challenges for the treatment of infected implantable
medical devices since traditional antibiotic therapies can be ineffective [8–10]. In such situations,
the only clinical option may be the removal and replacement of the device, which is a costly procedure
that causes patient suffering and carries an even higher probability of infection. A further challenge is
the population demographics receiving implantable medical devices, which in many cases is elderly
people with reduced immune system strength and patients with supressed immune systems due to
receiving chemotherapy (oncology patients) or treatments for other diseases.

2. Antibacterial Coatings

Since medical device associated infections often begin with the attachment of a few individual
planktonic bacteria to the surface of the device, a concept that has gained tremendous attention from
researchers, industry and healthcare professionals is the prevention of the initial bacterial attachment
by applying antibacterial coatings. The breadth of research activities in this area is enormous and has
been reviewed by us and many other authors [2,11–13]. In this invited feature article, the aim of the
author is to summarise and place into perspective the research from our group on nanoengineered
antibacterial surfaces and materials that was published over the last decade and is currently under
development. The author is not rejecting or undermining the excellent work of many other researchers
in the field, he is just adhering to the purpose of this feature paper.

Over the last decade, our team has developed four distinct classes of antibacterial materials and
coatings. These classes of materials are schematically depicted in Figure 1. The first class (Figure 1a)
of antibacterial coatings are those that bacteria simply do not like to attach to. This type of coating
is typically based on hydrophilic polymers, such as polyethylene glycol (PEG), oxazolines, nitroxide
radicals or chlorinated plasma polymers [14–18]. A specific section in this article will be attributed to
oxazolines. The second class of coatings or modified material surfaces are those which are capable of
killing bacteria upon contact (Figure 1b). An example of this coating is surface grafted quaternary
ammonium compounds (QAC) [19,20]. Using a carefully designed number density gradient of QAC,
our team was able to demonstrate that a surface concentration of RNH4

+ bonded nitrogen of 4.18%
and surface potential of +120.4 mV is required to achieve the efficient killing of Escherichia coli [19].
While the strategies presented in Figure 1a,b are great approaches to stopping bacteria colonising
on the surface of the device, they do not eliminate bacteria which may have infiltrated the site of
implantation. This places an open wound at risk from opportunistic pathogens. To neutralise such
pathogens, coatings or materials which release antibacterial agents were developed (Figure 1c). Many
antibacterial compounds can be released by this strategy, including conventional antibiotics [21,22],
nitric oxide [23–25], antibacterial polymers and peptides [26–28]. A special section of this article
will be devoted to silver nanoparticles with an explanation of why such coatings are classified as
releasing. The last category comprises of coatings and materials which release antibacterial on demand
(Figure 1d), or only when photogenic bacteria have contaminated the device or its vicinity [12,29,30].
These ‘intelligent’ materials have many advantages compared to the other three classes of antibacterial
coatings and will be discussed in a separate section.
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Figure 1. Classes of antibacterial coatings: (a) repelling bacterial attachment or biofilm development;
(b) contact killing; (c) releasing of antibacterial agents; and (d) stimuli responsive release in the presence
of bacteria.

Plasma Deposition

Many of our antibacterial coatings are facilitated by a method called plasma deposition [11,31].
Plasma coatings are deposited from the gaseous form of a selected precursor in which molecules
are electrically excited to a plasma state. The nature of the technique offers unique versatility to
deposit coatings of a wide range of functional groups, such as amine [32], carboxyl [33], hydroxyl [34],
epoxy [35], oxazoline [36], chlorine [17], fluorine [37], siloxane [38], including from precursors that
are not polymerizable by conventional means, such as ethanol [39]. The method is fast (seconds to
minutes), can be completed in a single step and does not require the use of solvents as in the case of wet
methods for surface modification [40,41]. Nanoscale coatings prepared by plasma deposition adhere
well to almost any type of substrate material without the need for substrate pre-modification. We have
also demonstrated that after a few nanometres of coating are deposited, the film growth becomes
substrate independent [42–44]. This is a significant advantage since medical devices are made from all
four classes of materials, i.e., polymers, metals, ceramics and composites. Using plasma deposition
allows all of these materials to be coated by using the same process and without the need for process
optimisation to suit a particular substrate material. In comparison, wet techniques for the preparation
of thin films, such as Layer-by-Layer (LbL) or Self Assembled Monolayers (SAMs), are limited to the
specific type of substrate material they require [45]. Moreover, plasma polymers can be deposited on
substrates of complex shapes, such as porous materials or those having complex nanotopography,
as well as micro and nanoparticles [22,24,37,46–50].

In the following, this article will provide a perspective on specific examples of the different classes
of antibacterial surfaces depicted in Figure 1.

3. Oxazoline Based Coatings That Inhibit Biofilm Growth

A recently developed class of plasma polymers are those deposited from oxazoline precursors, such
as 2-methyl-2-oxazoline and 2-ethyl-2-oxazoline [15,36,51–54]. Regardless of the precursor used, when
appropriate conditions for deposition are used, the process results in coatings with properties that are
very useful for biomedical applications. Uniquely, the plasma deposition process allows for the retention
of intact oxazoline rings on the surface of the coatings, which would normally be lost if polymerisation
was carried out by conventional ring opening. These rings are very reactive to carboxyl acid groups in
a one-step, click type reaction without the need for any catalysts or intermediates. This special property
allows for covalent binding of biomolecules, ligands and nanoparticles containing carboxyl acid groups,
which provide platforms for developing diagnostic technologies and tools for interrogating biological
phenomena occurring at the material interphase [55–58]. Oxazoline derived plasma polymer coatings
were also demonstrated to efficiently modulate the immune responses exhibited by the reduction
in secretion of pro-inflammatory cytokines and the composition of protein corona forming on the
biomaterial surface [15,56,59]. In the context of this article, the most interesting property of oxazoline
based plasma deposited coatings is the inhibition of biofilm formation [14,15,53,60]. An example is
shown in Figure 2, which depicts four cell culture wells after incubation in a culture of S. epidermidis for
24 h. A surface coated with an amine plasma polymer was used as a positive control. The images clearly
show that bacteria were able to form a significant biofilm on the positive control surface (top right).
However, when coatings based on oxazoline precursors were applied, the formation of biofilm was
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completely inhibited (bottom). Microscopy images confirmed these observations at the macroscopic
level (shown in the right-hand side of the image). Our team is still interrogating the exact mechanisms
by which coating deposited from oxazoline precursors inhibit bacterial growth. We expect to report
on this phenomenon in the near future. In the meantime, this type of coating presents an appealing
option for the modification of medical device surfaces, such as artificial heart valves, pacemakers and
catheters. The fact that such low biofouling coatings can be prepared under atmospheric conditions
using a plasma jet adds another dimension of interest [60].

 
Figure 2. Growth of S. epidermidis for 24 h on glass coverslips coated with allylamine,
2-methyl-2-oxazoline and 2-ethyl-2-oxazoline. While biofilm readily forms on allylamine coated
surfaces, a complete inhibition of biofilm growth is seen when the same type of substrate is
coated with either 2-methyl-2-oxazoline or 2-ethyl-2-oxazoline. The microscopy images confirm
the macroscopic observations.

4. Contact Killing Surfaces

Surfaces which are capable of killing bacteria upon contact have generated significant scientific
attention. This interest was further stimulated by a report from Ivanova and co-workers, who reported
that surface nanopillars resembling dragon fly surface architecture can efficiently kill medically relevant
pathogens with great efficiency [61]. We have further added to the field by evaluating the effect of
the nanostructure’s outermost surface chemistry on antibacterial properties [62]. By applying a thin
plasma polymer over layer, we were able to retain the original surface topography and to just fine
tune the outermost surface chemistry. We found that hydrophilic plasma polymer coatings enhanced
antimicrobial activity, while hydrophobic coatings reduced it [62]. Currently, our team is working with
a commercial partner to transfer similar surface nanotopography on orthopaedic implants and bring it
to market. As discussed above, QACs can be grafted to plasma polymer coatings to create contact
killing surfaces [19,20]. Other potential alternatives for grafting on surfaces are antibacterial polymers
and peptides, which have also attracted much attention in the last decade [26–28].

5. Releasing Surfaces

Surfaces and materials which release antibacterial compounds are the most commonly used ones
due to their simplicity and efficacy to eliminate pathogens both on the surface of the device and in
its vicinity.

5.1. Silver Containing Coatings and Materials

After being almost forgotten in the beginning of the era of antibiotics, silver came back to medicine
in the second half of last century due to its antibacterial potency [63]. Materials incorporating silver are
classified as releasing because of the way they work. Whether in the form of nanoparticles or continuous
metallic layers, silver oxidizes when placed in a physiological medium. The oxide is then dissolved
leading to the release of silver ions (Figure 3). These ions are the actual species which kill bacteria
by a multifaceted mechanism of action, such as binding to the cell membrane causing lysis, blocking
replication by binding to DNA, binding to enzymes and proteins and, in this way, interfering with
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bacterial metabolism. Silver is capable of killing both Gram-positive and Gram-negative pathogens.
Due to such a multifaceted mechanism of action, it is also more difficult for bacteria to develop a
resistance to silver compared to conventional antibiotics.

Figure 3. Mechanism for the dissolution of silver nanoparticles in an aqueous environment.
The dissolved silver ions are the species killing bacteria.

Our team has done a significant body of work on antibacterial coatings containing silver
nanoparticles [64–84]. In a paper published in Nano Letters in 2010, we were one of the first to
report that mammalian cells can have greater tolerance to silver than bacteria [85]. These findings
opened a therapeutic window for the safe application of silver on medical devices. To do that,
we designed a platform which consisted of a 100 nm thick plasma polymer film rich in an amine group
(Figure 4). This film was then loaded with silver ions by immersion in silver nitrate. The silver ions
were then reduced to silver nanoparticles by immersion in sodium borohydride, which is a commonly
used reduction agent. To control the rate of oxidation and dissolution of the silver nanoparticles and
the subsequent release of silver ions, we applied a ‘barrier’ plasma polymer layer on top, which had
precise thicknesses of 6, 12 and 18 nm. The thickness of the over layer was selected in a way to allow for
sufficient silver ion release, and preserve the complete inhibition of bacterial attachment and biofilm
formation. While there was some reduction in attachment of osteoblastic cells on the ‘as prepared’
silver nanoparticle loaded coating, we found that when the rate of silver ion release was reduced (even
by the thinnest over layer) the cells grew and proliferated as if on a control without silver nanoparticles.
This result pointed to the opportunity to design coatings for medical devices which are completely
antibacterial but allow for normal tissue growth and integration. We also compared the efficacy of
these coatings to commercial silver dressings (V.A.C.® GRANUFOAM™, Kinetic Concepts Inc., Texas,
SA, US) containing a three micron thick silver layer and determined that the same antibacterial efficacy
can be achieved with only a fraction of the amount of silver if nanoparticles are used [80].

Figure 4. Schematic of the preparation of silver nanoparticles loaded films via first loading silver ions
into an amine rich plasma polymer film deposited from the vapour of heptylamine (HA pp) followed
by a reduction to silver nanoparticles.

We also prepared silver nanoparticles empowered antibacterial coatings and materials by first
synthesizing the nanoparticles in solution and then attaching them to functional plasma polymer
coatings (Figure 5) or incorporating them in hybrid materials. The synthetic protocols which
we developed involve a range of reduction and capping agents (lipids, 2-mercaptosuccinic acid,
citrate, polyvinyl-sulphonate, etc.), including a procedure that benefited from the properties of
natural products, such as cacao extract [64,71,73–78,83,86]. These nanoparticles can be immobilised
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electrostatically or covalently to plasma polymer films containing appropriate surface functionalities
(Figure 5) [70,71,75,79,87]. This method allows for easy control of the number of silver nanoparticles
immobilised on the surface and can lead to coatings providing full protection against bacterial
colonisation, favourable integration of mammalian cells and tissue, and the absence of adverse immune
responses. Another way to use these silver nanoparticles is to incorporate them in the material itself, as
we did with nanocapsules, nanoparticles and microneedle patches [68,69,84]. Recently, we discovered
that ultra-small 1–2 nm silver (and gold) nanoparticles synthesised in an aqueous medium have a
very high potency against a range of clinically relevant pathogens, but also reduce expression of
pro-inflammatory cytokines from immune cells and help wounds to close [88–90]. We also combined
silver nanoparticles and graphene oxide nanostructures and demonstrated a synergic bactericidal
effect against Gram-positive and Gram-negative bacteria [81].

 
Figure 5. Preparation of silver nanoparticles decorated surfaces and their capacity to inhibit bacterial
growth. (a) Substrates were first modified by a 20 nm thin layer of oxazoline based plasma polymer
(POX). Silver nanoparticles (AgNPs) were synthesised in solution and covalently immobilized by
immersion of the substrate for 24 h. (b) An AFM (Atomic Force Microscopy) image visualising the
silver nanoparticles immobilised to the substrate. (c) The POX and POX + AgNPs modified surfaces
completely inhibit the growth of E. coli (EC), S. epidermidis (SE), P. aeruginosa (PA) and S. aureus (SA),
while bacteria easily form biofilm on the control (red colour is staining with Safranin-O). Note that the
POX coating is intrinsically non-biofouling (discussed above and shown in Figure 2), while the AgNPs
release silver ions to eliminate bacteria in the vicinity of the substrate.

5.2. Release of Conventional Antibiotics, Nitric Oxide and Antibacterial Polymers and Peptides

Antibacterial agents can provide greater efficacy and lower systemic toxicity if released locally.
We have developed coatings where levofloxacin was incorporated between two plasma polymer
layers. By tuning the thickness of the outermost plasma polymer film, an efficient control of the
rate of release could be achieved. Porous materials, such as nanoporous alumina and titania, could
be used as reservoirs for loading antibacterials and biologicals [91–93]. Controlled release can be
achieved by applying a plasma polymer on top of the structure to reduce the pore openings and, in
this way, regulate the dissolution and release of the loaded drugs. Similar strategies could be applied
for the release of antibacterial polymers and peptides, which attracted significant attention in the last
decade [26–28]. Another interesting compound to be released from coatings or particulates is nitric
oxide [23–25]. The molecule has the capacity to inhibit biofilm formation, however, it does not kill the
bacteria and the antibacterial effect persists only until NO is released.

6. Responsive Coatings

Intelligent coatings and materials capable of selective release of antibacterial compounds only
in the presence of bacteria are of substantial scientific and technological interest. Such materials
are a major advance compared to the traditional release of antimicrobial agents, since toxicity to
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tissue is completely avoided if pathogens have not infiltrated the site of the device. Stimuli for
responsive release could be pH, temperature, reactive oxygen species (ROS) or enzymes, and toxins
expressed by the bacteria [12] (Figure 6). We have created enzyme responsive nanoparticles and
nanocapsules [29,30]. For example, in Reference [29], we synthesized hyaluronic acid nanocapsules
containing polyhexanide. Pathogenic bacteria such as S. aureus express a number of toxins including
an enzyme called hyaluronidase. We demonstrated that the nanocapsules would release their load
only in the presence of this specific enzyme. The nanocapsules could also be loaded with fluorescent
dyes. Thus, the nanomaterial not only kills the bacteria but also signals for their presence, in this
manner informing the medical professional that attention is required.

Figure 6. The core-shell architecture of a responsive (nano)material and the possible constituents of the
core and shell.

7. Future Outlook and Challenges

The field of antibacterial coating technology has entered an exciting phase with new technologies
continually emerging. The field will only continue to grow in the future since there is increasing
recognition of the problem of infection by the medical community, leading to a strong technology
pull from the biomedical device industry. As mentioned earlier in this article, and exemplified by
orthopaedic devices, infections have become the main reason for device revision. After decades of
development, devices such as knee and hip implants are quite sophisticated in terms of design and
material selection, causing very few problems. However, infection rates have remained unchanged for
decades. There is recognition by the community that a solution for this problem is urgently required.
A device surface that is engineered to inhibit attachment of bacteria and biofilm formation could be
an ideal solution. However, when such a surface is designed, specific care has to be taken not only
regarding safety, but also the regulatory pathways that the new device has to go through. This is
relevant for a range of medical devices, such as catheters, wound dressings, pacemakers, stents, tooth
implants and stents, just to name a few. Antibacterial surfaces are needed not only in healthcare, but
also in many other fields, good examples being the food and marine industries.

The author believes that intelligent materials and coatings that release antibacterial agents only
when required and signal for the presence of pathogens will become a main area of development. Such
materials would be applicable to many medical devices but particularly for items that are replaced
on a relatively short-term basis, as for example wound dressings and catheters. The challenge is to
demonstrate that in the absence of bacteria the material is capable of preventing release for substantially
longer periods of time (six months or longer for dialysis catheters), but still responds quickly if stimuli
are present. This leads to the challenge of selecting the specific stimuli. While temperature and pH are
commonly used, it is difficult to design materials that are capable of responding sharply to very small
changes in these two parameters in relevant ranges. Responsiveness to selective enzymes, such as
lipases, which are expressed by pathogenic bacteria is an attractive option. However, since lipases are
also expressed by some human cells, the material should be able to tolerate the natural variation in
the level of these enzymes in the body when bacterial are not present. The same is valid for reactive
oxygen species, which are released by immune cells to fight pathogens. If this fine balance is achieved,
the immune response can be used to enhance the efficacy of the material by accelerating the release
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rate. There is a huge potential and market for such intelligent materials and our group is directing
significant effort and resources to this area.
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