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In modern society, the growing use of plastic packaging has innumerable and un-
questionable consequences. Even though this type of packaging plays an essential role in
the global economy and presents numerous advantages, it also has several disadvantages,
especially regarding environmental pollution. As conventional/synthetic materials account
for over 50% of the materials used for packaging in the food industry, it is crucial to produce
eco-friendly, active/edible, and intelligent packaging with antimicrobial properties [1,2].
Another essential aspect of the adoption of biodegradable, eco-friendly packaging is the
reduction in greenhouse gas emissions and the transition from a “linear economy” (where
the use of fossil fuels and unrecyclable materials is prevalent) to a “circular economy”
(no/or minimal waste, by-product reutilization) [3]. This transition requires a reassessment
of plastic’s life cycle from its base materials to production and recirculation [4,5].

The most important aspect of food packaging is maintaining foodstuffs” appearance
and quality, thereby significantly increasing perishable commodity foods’ shelf life [6].
Foodborne pathogenic microorganisms are responsible for several diseases worldwide,
with the most widely known being Salmonella spp., Pseudomonas aeruginosa, Staphylococcus
aureus, Listeria monocytogenes, and Escherichia coli. Bio-based biodegradable materials can
successfully be used as a substitute for non-renewable fossil-based polymers by integrating
antimicrobial compounds. These can be organic materials, such as enzymes, proteins,
and polymers, or bioactive compounds extracted from food by-products. The integra-
tion of bioactive compounds (i.e., macronutrients, phytochemicals) in these eco-friendly
materials can confer antimicrobial and antioxidant properties and improve the biofilm’s
physical-chemical properties [7-10]. As a consequence, productive packaging is vital to
protect food from the surrounding environment throughout transportation, storage, and
distribution [11].

Increased attention is given to the production of polysaccharide-based edible materials
such as alginate, pectin, chitosan, carrageenan, cellulose, xanthan, and other polymers.
These materials have gained particular interest in the last few years as a consequence of
being natural, regenerable, and abundant [12,13]. Nevertheless, synthetic materials, such as
polyvinyl alcohol (PVA) and polylactic acid (PLA), are intensively studied in the production
of marketable food packaging materials [14,15]. The integration of bioactive molecules,
including carotenoids, vitamins, polyphenols, essential oils, and other compounds, espe-
cially those loaded in nanocarriers, is vital to conferring these natural or synthetic materials’
antibacterial and antifungal qualities [14,16]. Subsequently, these intelligent/active packag-
ing materials diminish lipid oxidation, prevent the growth of microorganisms, can preserve
quality, and increase the shelf life of food products.

In addition to natural bioactive compounds, inorganic antimicrobial compounds com-
prising metal or metal oxide nanoparticles, such as silver or hydroxyapatite or other metal
oxides, have been intensively studied, with outstanding results [14,17,18]. Silver nanoparti-
cles can be integrated in TiO, and SiO, translucent matrices with the help of high-power
impulse magnetron sputtering and radio frequency, and display efficient antimicrobial
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properties against E. coli [17]. Antibacterial TiO, was also applied to produce a titania-
polyurea coating that presented efficient activity against P. aeruginosa. Besides using these
biopolymers in food packaging, they can also be applied as antimicrobial coatings in sectors
such as the medical field, pharmaceutics, electronics, and the cosmetics industry [17-20].
Recently, several studies incorporated antibacterial substances in biopolymers, for instance,
fluoroquinolone antibiotics; these can also be efficiently used in the medical field [20,21].
Copper-silver alloy coatings can also be used effectively on door handles or other surfaces
as they inhibit the growth of S. aureus, Paeruginosa, E. coli, and Enterobacter aerogenes [22].

Another relevant aspect in producing these antibacterial coatings and films is the inte-
gration of various sensors that can distinguish deficiencies through packaging, supervise
the food’s quality, and specify the freshness of a product [23]. Furthermore, the sensory
characteristics should be considered, as several antimicrobial agents confer an unacceptable
odor on food products. Additionally, conventional preservation methods negatively affect
the nutritional quality of foods. Thus, the shift from synthetic antimicrobials to natural
ones is inevitable [24]. To adopt and efficiently commercialize intelligent/active/smart
packaging, further research is necessary to find appropriate materials that maintain their
distinct features throughout handling, transportation, and storage. Thereby, attention
should be given to the technological features, the interaction of the food with the packaging
material, sensorial qualities, and cost reduction.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The increasing occurrence of infections caused by pathogens found on objects of everyday
use requires a variety of solutions for active disinfection. Using active materials that do not require
daily maintenance has a potential advantage for their acceptance. In this contribution, transparent
films, with silver as the main antimicrobial agent and a total thickness of a few tens of nm, were
deposited on flexible self-adhesive polymer foils used as screen protectors. TiO, and SiO, were used
as transparent matrix to embed the Ag nanoparticles, ensuring also their mechanical protection and
controlled growth. HiPIMS (High-Power Impulse Magnetron Sputtering) was used for the sputtering
of the Ag target and fine control of the Ag amount in the layer, whereas TiO, and SiO, were sputtered
in RF (Radio Frequency) mode. The thin film surface was investigated by AFM (Atomic Force
Microscopy), providing information on the topography of the coatings and their preferential growth
on the textured polymer foil. XRD (X-Ray Diffraction) revealed the presence of specific Ag peaks in an
amorphous oxide matrix. UV-Vis-NIR (Ultraviolet-Visible-Near Infrared) spectroscopy revealed the
presence of nanostructured Ag, characterized by preferential absorption in the 400 to 500 nm spectral
range. The antimicrobial properties were assessed using an antimicrobial test with the Escherichia coli
strain. The highest efficiency was observed for the Ag/SiO, combination, in the concentration range
of 10%-10° CFU/mL.

Keywords: antimicrobial; silver; magnetron sputtering; polymer foils

1. Introduction

Pathogenic infectious agents capable of forming biofilms survive on surfaces for long
periods of time. It is known that some multidrug-resistant bacterial strains such as MRSA
(Methicillin-resistant Staphylococcus aureus) and VRE (Vancomycin-resistant Enterococci) can
survive for weeks on various surfaces in the hospital [1-3]. The use of disinfectants for
various surfaces is the most common solution but is associated with some disadvantages
related to the fact that they must be used in certain concentrations with varying degrees
of toxicity. If applied incorrectly, their bactericidal activity is short-lived, recontamination
being possible in a few minutes [4]. Therefore, it is desired to introduce films with long-
term antibacterial properties on frequently touched surfaces, such as the screens of various
devices (telephones, medical equipment, computers, etc.).

Coatings 2022, 12, 170. https:/ /doi.org/10.3390/ coatings12020170 4
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Ever since cellular phone introduction in the 1980s, there has been a continuous
increase in its popularity around the world, with an estimated number of 4.5 billion people
(60% of the global population) owning such a device between 2016 and 2017. The increase
was accelerated after the introduction of smartphones in 2012, with an estimated 2.3 billion
owners [5]. While using a mobile phone, the device comes into contact with contaminated
areas of the human body, like the hands, or more sensitive areas like the mouth, nose,
and eyes [6]. The mobile phone, which has become an essential part of human life, is
therefore a very sensitive device when it comes to possible contaminations, and the use
of touch screens only prolongs the contact with the skin and increases the probability of
contamination [7].

Silver nanoparticles are widely used as potent antimicrobial agents in various ap-
plications [8,9]. By embedding them into a transparent dielectric matrix, it is possible to
obtain coatings that are both transparent and have antimicrobial properties [10,11]. Chem-
ical methods such as in situ reduction [12] and electrochemical deposition [13] are used
for fixing nanoparticles onto dielectric surfaces. Among the physical methods used for
deposition of thin films, magnetron sputtering stands as one of the most versatile, being
intensively used in both research and industry [14]. Compared to chemical methods it is
considered cleaner and more environmentally friendly, leaving no chemical residues or
hazardous compounds. The use of high-power pulses in magnetron sputtering, as defined
in HiPIMS [15,16], allows adding supplementary control over the properties of the thin film
by using highly ionized fluxes that can be directed toward the substrate at variable fluxes
and energies [17]. Compared to magnetron sputtering it has the advantage of providing
precise control of the quantity by using the additional temporal parameters added by the
pulsed regime, namely, the frequency and pulse duration.

Such thin films can be deposited onto self-adhesive polymer foils, adding additional
functionalities such as antibacterial properties to the existing mechanical protection pro-
vided by such foils. In order to keep the transparency of the coatings, one needs to limit
the amount of silver on the surface and to avoid coalescence by confining the metal only
in isolated nanosized particles. On the other hand, for achieving antimicrobial efficacy of
these layers it is usually necessary to ensure a prolonged release of the silver biocide at a
concentration level (0.1 ppb) [18] needed to provide a sufficient amount.

2. Materials and Methods

The method we used for obtaining the thin films was magnetron sputtering. A confocal
configuration with 3 targets of 1 inch diameter was used. This configuration allowed us
to deposit each material individually, to make multilayer structures, or to co-deposit 2 or
3 materials and mix them at the same time.

For the deposition, we used silicon oxide, titanium oxide, and silver targets. The
substrates were made of thin self-adhesive polyurethane foils. The oxide targets were
operated in RF sputtering conditions, at 50 W applied power on each of the targets. The
deposition was performed in argon at 6 mTorr pressure, and the deposition rates were
chosen so that the oxide remained the main material and the silver was only a small
addition. The typical deposition time was 30 min, yielding film thicknesses in the 30 to
35 nm range.

For the fine tuning of the deposition rate for Ag, HiPIMS was used to sputter the Ag.
The pulse characteristics selected for the deposition of Ag are illustrated in Figure 1. The
pulse voltage was set at 650 V, with a peak current of 1.5 A. Pulse duration was 50 ps, and
the repetition frequency was varied in the 1 to 10 Hz range.
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Figure 1. Typical HiPIMS voltage and current pulse shapes used for the deposition of Ag under
HiPIMS conditions.

The topography of thin films was analyzed based on AFM images acquired with the
AFM/STM Microscopy System (INNOVA VEECO, Berlin, Germany) working in taping
mode. UV-spectrophotometry was performed using a Jasco V-670 UV-Vis/NIR Spectropho-
tometer (Tokyo, Japan). A SEM-Hitachi Tabletop Scanning Electron Microscope (TM3030,
Tokyo, Japan) system equipped with Energy Dispersive X-ray spectrometer (EDS, QUAN-
TAX 70, Bruker, MS, USA) was used for the investigation of the composition of the thin films.
The crystalline structure was examined using a SmartLab (RIGAKU, Tokyo, Japan) diffrac-
tometer equipped with a Cu rotating anode (9 kW) and vertical goniometer with 5 axes.
High resolution optics of the incident beam was used to obtain Cu Kal (A = 1.540597 A)
radiation. The measurements were performed in the 26 interval 10-100°, using an incidence
angle of 1°, at a scanning speed of 3°/min. The grain sizes of the investigated samples
were calculated using the Scherrer Equation (1):

09A
3 cos 0

Grain Size = (1)
where A represents the diffraction wavelength; 3 represents the full width at half maximum
intensity of the peak (in radians); 6 represents the Bragg angle (in degrees).

The antibacterial performance of films was evaluated against Escherichia coli strains
(ATCC 25922) according to ISO 22196:2011 [19] but with some modifications made depend-
ing on the type of films tested as described in the following. The strains were cultured on
blood agar for 24 h at 37 °C before use. The films were cut into round shapes (& 15 mm)
and sterilized on both sides, for 15 min on each side at 60 cm distance using UVC light
irradiation. The prepared inoculum of 10° and 10* CFU/mL (113 pL) was poured on each
film. The contact time of the film with inoculum was performed at room temperature for
30 min. Afterward, the suspension and the film were washed in 3 mL of saline solution.
The washed solution was dispersed on a Petri dish with blood agar. Incubation of plates
was then carried out at 37 °C for 24 and 48 h. The number of Escherichia coli colonies was
quantified using the automatic analyzer (InterScience Scan 300-Soft Scan Saint Nom la
Bréteche, France). The number of colonies were reported as colony forming units (CFUs).
Duplicate measurements were performed.
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The results were then tabulated and the means and standard deviations between the
two experiments were calculated, respectively, and the antibacterial efficiency compared to
the films on which the bacteria were deposited using Equation (2) [20]:

N¢ — Ng

Antimicrobial Activity (%) = N
C

100 ?2)
where N, represents the number of colonies on the control films; Ng represents the number
of colonies on the tested films.

3. Results
3.1. Thin Film Deposition and Characterization
3.1.1. Sample Preparation

The polyurethane foils were cleaned in isopropyl alcohol prior to deposition and a
plasma cleaning procedure was carried out prior to each deposition. The plasma cleaning
consisted of applying an RF bias on the substrate, with 50 V DC self-bias, at 6 mTorr of
Argon pressure, for a duration of 15 min.

The topography of the foils before cleaning showed a nanopatterning with roughly
500 nm radius holes distributed on the surface, a few nanometers deep (Figure 2). After
the cleaning procedures, one can see that the nanopattern was kept, with a small increase
in surface roughness in between the holes. Additional testing with higher voltages and
longer processing duration was performed. It was found that if the voltage was too high
and/or the duration too long, the surface of the polymer changed dramatically. Therefore,
the cleaning conditions for all the deposited samples was kept at 50 V of DC self-bias and
15 min process duration.

(b)

10.4 nm

0.0 nm

(d)

Figure 2. AFM images of the polymer surface before (a,b) and after the plasma cleaning procedure

(c,d). The images correspond to the same sample, at different scanning areas.

Regarding the depth of the holes, it was observed that after cleaning, the depth slightly
increased from 4.16 & 0.74 to 6.44 & 2.66 nm. These values were calculated by averaging
the depth of all holes found on surfaces recorded on 25 pm? (Figure 2b-d). The same result
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can also be seen in the case of holes presented in Figure 2a—c, indicating that the cleaning
process affected the surface of foils by deepening the already existing holes.

The changes induced in the optical properties of the polymer were investigated by
UV-Vis Spectrophotometry. The transmittance, reflectivity, and absorbance of the samples
before and after cleaning are represented in Figure 3. The transparency of the foil was
diminished from 90 to 85%, whereas the reflectivity remained almost constant. This means
that the appearance of the foil did not change significantly. The reduction of transmittance
was almost entirely due to the increase in absorption.

100 ’“} e
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;\? 60 - Before After ]
= plasma cleaning Plasma cleaning
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o B —
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250 500 750 1000 1250 1500 1750 2000
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Figure 3. Spectrophotometric curves of the polymer foil sample before and after plasma cleaning at
50 V for 15 min (T-transmittance, R-reflectivity, A—absorbance).

3.1.2. Deposition Process and Physical Characterization

The main challenge for the deposition of transparent coatings with sufficient antimi-
crobial activity is to find the balance between the maximum quantity of metal atoms that
do not reduce drastically the transmittance and the minimum quantity required to obtain
the antimicrobial effect. Therefore, the deposition rates of the materials to be deposited and
the deposition time should be adapted so that the total quantity of metal atoms remains
within these constrains. The deposition rate of SiO, and TiO, was ~1 nm/min, and the
process duration was fixed at 30 min.

In order to find the optimum quantity of silver to be embedded in the oxide matrix, the
frequency of the HiPIMS pulses was changed between 1 and 10 Hz, and the Ag films were
deposited on the polymer substrate for a total duration of 30 min. The AFM images of the
Ag thin films deposited on the polymer surface are represented in Figure 4. One important
feature that emerges from these images is that the deposition followed the topography of
the polymer foil, with preferential growths in the places where the circular patterns were
present. The roughness of the surface increased with increasing frequency, with a visible
increase in the grain size on the surface. At a frequency of 10 Hz, the Ag films covered
almost entirely the initial pattern on the surface, creating a continuous film. The thickness
of the Ag layer obtained at 10 Hz was 30 nm, making it equal to the envisaged thickness of
the oxide deposited in a similar duration. The thicknesses of the samples obtained at 1 and
3 Hz, respectively, were not directly evaluated, being too small to obtain reliable results.
Nevertheless, a direct relation with the frequency should be considered, accounting for an
equivalent deposition rate of 3 nm per 1 Hz.
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Figure 4. AFM images of the polymer foils deposited with Ag films, for a period of 30 min and at
different frequencies: 1 Hz (a,d), 3 Hz (b,e), and 10 Hz (c,f). The images are grouped by deposition
conditions corresponding to the same sample and were obtained at different scanning areas.

The XRD spectra obtained for the same samples are presented in Figure 5, demonstrat-
ing the presence of crystalline Ag (identified based on JCDPS No.1-071-4613) with cubic
structure and (111) preferential orientation. There is a clear dependency of the crystallinity
on the deposition frequency, since by increasing the frequency, the crystalline films were
obtained. This finding was well evident for the film deposited at 10 Hz. For the films
prepared at 1 Hz, the peak located at 38.3° broadened, indicating a low crystallinity, tending
to be amorphous. One may also observe an increase in grain size from 1.07 nm (for Ag at
1Hz) up to 9.42 nm (for Ag at 10 Hz), as seen in Table 1. This increase in peak intensity
and crystallinity can be attributed to the film thickness effects [21].

The next experimental step was to deposit simultaneously Ag and two oxides, SiO,
and TiO,, respectively, which was done because of mechanical stresses caused by cell
compression and the oxidation occurring on the surface of silver. Because of the constrains
related to the transparency of the film, the quantity of Ag must be limited to a minimum.
Therefore, the HiPIMS sputtering was set at 1 Hz and the total process duration at 30 min.
It was seen in Figure 6 that when Ag was found in an amorphous matrix of SiO, and TiO,
respectively, there was a shift of the peak maximum toward higher values, indicating the
existence of compressive stress. Taking also into account the oxide matrix surrounding the
Ag clusters and the atomic radius of O, (0.73 A) and Ag (1.445 A) [22], one may conclude
that a partial oxidation of the silver occurred, the elementary cell being compressed by
the forming compound. Moreover, there were shifts of 2.47° and 1.66° between the stan-
dard peak and the one registered for Ag + SiO, and Ag + TiO,, respectively. Although
the quantity of Ag embedded in the thin film was very small, comparable with the one
corresponding to the 1 Hz deposition, the grain sizes of Ag embedded in the SiO, and
TiO, matrices were significantly higher than the ones obtained for bare silver at 1, 3, and
10 Hz deposition frequencies. According to the data in literature, an amorphous matrix
allows Ag to diffuse more easily and to form larger size Ag nanoparticles [23]. Considering
that only the maximum Ag peak could be identified in the Ag + SiO, and Ag + TiO; films,
it results that the Ag was finely dispersed in the amorphous matrix [24]. According to
Adochite et al., Ag was finely dispersed in the amorphous matrix, since only the maximum
Ag peak could be identified in the Ag + SiO, and Ag + TiO; films [24]. Moreover, the fact
that Ag prevented the crystallization of anatase phase, as indicated by XRD patterns of



Coatings 2022, 12,170

as-deposited Ag + TiO, nanocomposite films in the mentioned study, also represented
an indication of Ag dispersion. This effect was attributed by Okumu et al. [25] to the
impinging energetic oxygen ions which were formed during sputtering of Ag:TiO, films.
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Figure 5. XRD spectra for the Ag thin films obtained at different pulse frequencies 1 Hz (b), 3 Hz (c),
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Figure 6. XRD spectra of thin films obtained during 30 min sputtering of Ag at 1 Hz, without any
oxide (b), with TiO; (c), and with SiO, (d), respectively. The position of Ag peaks in the JCPDS card
is depicted in (a).
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Table 1. Maximum peak position for Ag (111) (according to JCDPS no. 1-071-4613 card), the equivalent
position of measured maxima and the grain size of the investigated samples.

Sample Peak Position (111) (°) Grain Size (nm)
Ag (JCPDS 01-071-4613) 38.1 NA
Ag (1 Hz, 30 min) 383 1.07
Ag (3 Hz, 30 min) 37.64 1.53
Ag (10 Hz, 30 min) 37.63 9.42
Ag + SiO; 40.57 16.6
Ag + TiO, 39.76 12.12

For the silver-containing films, only 10% of equivalent Ag thickness was used, com-
pared with the oxide thin film, i.e., ~3 vs. 30 nm. A version of only the oxide thin film
was also made by combining two oxides in equal amounts to form a ~30 nm thick film,
obtained during a 15 min deposition process. The AFM images of these 3 types of thin
films are presented in Figure 7. These functional films combine two materials but keep the
ensemble thin enough to maintain the initial surface features. It can be clearly seen that
there is a preferential growth that follows the initial pattern of the polymer film.

Figure 7. AFM images of the polymer foils deposited with TiO, + Ag films (a,d), SiO, + TiO»;
(b,e), SiOy + Ag; (c,f); all films have a total thickness of ~33 nm. The images grouped by type of thin
film correspond to the same sample and were obtained at different scanning areas.

The optical properties of the resulting structure are very important for this application
since the foil is applied directly on the phone screen and should keep its transparency and
general appearance. From the transmission and reflection spectrum presented in Figure 8,
one can see that the SiO; film had the best transparency of all. Titanium oxide, on the other
hand, had the lowest transparency, most probably because of an insufficient amount of
oxygen, leading to sub-stoichiometric composition.

From the absorption spectra, it is evident that an absorption peak around 450-500 nm
was present for the silver-containing films. This was specific to the absorption on silver
nanoparticles, associated with the surface plasmon resonance phenomena [26]. The position
of the peak depends on the matrix, showing a potential way of tuning the size and density
of particles by embedding them in different matrices. The presence of this peak confirmed
the Ag nanoparticle were finely dispersed in the oxide matrix.
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Figure 8. Spectrophotometric curves, reflectivity (a), transmittance (b) and absorbance (c) of the

uncoated foil and the foils coated with SiO,, SiO; + Ag, TiO,, TiO, + Ag, TiO, + SiO,.

The film composition was assessed by EDX (Figure 9). Although very thin, a measur-
able amount for Ag was detected, accounting for only 0.1 to 0.2% of the total. Nevertheless,
the silver represented 23 and 28% as compared with Si and Ti, respectively. In Figure 9, the
elemental distribution is also presented. One can see that each constitutive element of each
investigated layer was well distributed on the investigated area, indicating that the layers

were homogeneously coated on the whole surface of the foil.
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Figure 9. EDX spectra and element distribution of the polymer foils and the foils deposited with
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TiO, + Ag films, SiO, + TiOy, SiO; + Ag; all films have a total thickness of ~33 nm.

3.2. Antimicrobial Activity

The antimicrobial activity of all three types of layers was assessed using the method-
ology described in the Materials and Methods section. The graphs in Figure 10 show the
difference between the results read at 24 and 48 h, respectively, for all of the investigated
layer types in contact with Escherichia coli suspensions of concentrations 10° CFU/mL and
10* CFU/mL. A maximum efficiency of almost 97% was obtained for samples deposited
with SiO, + Ag at a concentration of 10* CFU/mL. Silver’s antibacterial properties can be
explained by the following mechanism: owing to the sulfur—Ag affinity, the bacterial cell
membrane is enriched with sulfur-containing proteins, which could be favored locations

12
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for Ag particle attachment. Hence, silver nanoparticles can damage or affect the structure
of bacteria by attaching to the bacterial cell membrane [27,28].
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Figure 10. Antimicrobial efficiency of SiO; + Ag, SiO, + TiO,, TiO, + Ag films against Escherichia coli,
at two concentrations of 10° and 10* CFU/mL and two incubation times of 24 (a) and 48 h (b).

On the other hand, for the other two films submitted with SiO, + TiO, and TiO, + Ag
under the tested conditions, there was an increased growth compared to the reference
sample, the polymer foil without any deposited layer. At 24 h of incubation, for the film
submitted with SiO, + TiO,, an increase of 45.77% in the growth of bacterial colonies
was observed compared to the reference sample for the concentration of 105> CFU/mL,
while the concentration of 10* CFU/mL for the same experimental conditions recorded a
percentage of 32.14% over the number of colonies in the reference sample. Studies show
low antibacterial properties for TiO, and SiO,. Two very important factors influencing the
antibacterial grade are the size of the nanoparticles used [29] and the inoculation method,
which, being photocatalytic materials, has been shown in the presence of UV-TiO, radiation
to enhance the antibacterial efficiency for Gram-negative bacterial species [30].

Because TiO; is a photocatalytic material that has activity in UV-radiation, to make
it active and in the visible spectrum, it must be doped with transition metals such as Ag,
V, Cr, Mn, Fe, Co, or N. In the case of films deposited with TiO, + Ag, bacterial activity
increased in both Escherichia coli concentrations [31].

Figure 10b indicates abundant bacterial growth resulting in a percentage of 80.66% for
the antimicrobial efficiency of the sample deposited with SiO, + Ag at the concentration of
10° CFU/mL. For the concentration of 10* CFU/mL the increasing trend was maintained,
nearly maximum antibacterial efficiency, but the samples deposited with SiO, + TiO, had
the same proliferative effect as reading the plates at 24 h. As a result, we observed that
at the concentration of 10* CFU/mL there were determined percentages that indicated
an increased efficiency compared to the experiments performed at the concentration of
10° CFU/mL. In the case of blood agar plates incubated and evaluated after 48 h, given
the determined antibacterial efficacy, early senescence phenomena could be observed,
phenomena that needed to be deepened to find a mechanism between the variability of the
incubation time and the materials deposited on the polymer films.

4. Discussion

To summarize, we evaluated three types of thin films to be applied on self-adhesive
polymer foils for smartphone applications. Among these, the one consisting of the combi-
nation of silicon oxide and silver was the most efficient.

We managed to maintain the surface characteristics of the original foil, obtaining a
good transparency, and made evident the presence of nanostructured Ag nanoparticles
embedded in the silicon oxide matrix.
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For films deposited with TiO;, + SiO, and those with TiO, + Ag, the microbiological
activity of Escherichia coli indicated an increased growth of both bacterial concentrations.
SiO; + Ag films had an elevated antibacterial activity of 10* CFU/mL, indicating according
to Zhao et al. [32] that Ag can form complexes with DNA and RNA resulting in DNA
condensation and replication inhibition, as established in other investigations. Silver
interaction with thiol groups in proteins can result in inactivation of respiratory enzyme
function [33]. Antimicrobial actions can be represented by free radicals produced on silver
particles, particularly reactive oxygen species (ROS) [34].

SiO; + Ag films exhibited a high effect on the Escherichia coli bacteria. The efficiency
could usually be related to the grain size, with size effects that were identified both at
micro and nano scales. For the microscale range, it has already been demonstrated that
bacterial attachment depends significantly on the size of particles [35]. Several researchers
have reported that bacteria tend to attach to larger particles because they exhibit a larger
surface that provides more attachment sites, which permit more attached cells. For example,
Soupir et al. reported that at least 60% of attached Escherichia coli and enterococci were
related to particles smaller than 62 pm [36]. Jeng et al. demonstrated that more than 90%
of Escherichia coli were attached to particles with sizes ranging from 5 to 30 um [37]. A
similar result was published by George et al., who showed that the percentage of attached
Escherichia coli bacteria is related to particles larger than 5 pum and increases with particle
concentration [38]. Moreover, Oliver et al. reported that the Escherichia coli bacteria prefers
attachment to particles ranging from 16 to 32 um, without explaining this mechanism [39].

Related to the nanoscale range, on the other hand, it was observed that the lower
values, up to 5 nm, were more likely for the inhibition of the Escherichia coli bacteria.
Ahmed et al. found that the inactivation of Escherichia coli under ultraviolet light irradia-
tion of the TiO, surface can be attributed to the reduction of the crystallite size from the
30 to 5 nm [40]. Furthermore, the study of Ahmed et al. was in good agreement with others
who agreed that the degradation efficiency of TiO, nanoparticles depends on their mor-
phology, preparation methods, and especially the size of the particles [41]. The challenge
in preparation of nanoparticles of nanoscale size is to obtain smaller nanoparticles with
homogeneous size distribution [40].

In the present paper it was shown that by using magnetron sputtering co-deposition,
this homogeneity can be achieved, with grain sizes in the range of ~10 nm scale. The
larger grain size of Ag nanoparticles embedded in SiO; as compared to the ones embedded
in TiO, appears to be beneficial for the increase in bactericidal effect. In perspective,
the combination of these thin films with embedded Ag nanoparticles, with the effect of
UV-radiation, can be envisaged as a way to increase the antibacterial effect.
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Abstract: In the present study, the early stage of bacteria biofilm formation has been studied as a
function of different nutrients. Infrared spectra of Pseudomonas fluorescens (PF) and Staphylococcus
epidermidis (SE), on germanium ATR crystal, were collected under deionized water H,O, phosphate
buffered solution (PBS) and PBS with glucose (PBS-G). In H,O, protein bands of PF increased while,
no difference in PBS and PBS-G were observed until 135 min. SE strain showed a low sensitivity to PBS
composition starting to expose proteins on surfaces after 120 min. SE shows a low polysaccharides
increase in HyO while, in bare and enriched PBS their intensity increases after 120 and 75 min. in PBS
and PBS-G respectively. PF exhibits a peculiar behavior in HyO where the saccharide bands increased
strongly after 100 min, while under all the other conditions, the intensity of polysaccharide bands
increased up to the plateau probably because the layer of the biofilm exceeded the penetration
capability of FTIR technique. All data suggest that, under lack of nutrients, both the bacteria tend to
firmly anchor themselves to the support using proteins.

Keywords: Fourier transform infrared spectroscopy; attenuated total reflectance; bacteria; in-situ
analysis; ATR-FTIR; vibrational spectroscopy; 2nd order derivative method

1. Introduction

Most bacteria, when propagated in static liquid culture, grow within the broth phase or quickly
sediment to the bottom. External environmental conditions deeply affect the success in surface
colonization and the consequent pathogenesis of biofilm related infections [1-5]. Bacteria are equipped
to live at the solid-liquid interface using their flagella, pili, exopolysaccharides, and other adhesive
components, often using also external environmental substances. Indeed, bacteria are able to
respond to environmental stimuli, by appropriately changing their metabolism and producing
extracellular polymeric substances (EPS) that permit a prompt formation of surface-related bacterial
communities [6,7]. Metals [8], nanoparticles [9], extracellular DNA [10], and different media [6,7] induce
changes in polysaccharides, proteins, and extracellular DNA composing the EPS [11]. Several studies
have highlighted the influence of external environment also on attached bacteria in terms of metabolic
cascades and cell-cell communications that differ significantly from what observed in a planktonic
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state [12,13]. Even though the extensive scientific literature on the influence of external environment in
several biofilm processes, the signals that influence the system at a very beginning state, promoting
surface attachment and growing, are not yet clear. When attached to the surfaces, bacteria can be seen
as highly heterogeneous communities that exhibit complex biochemical processes. Their development
involves initial attachment of the microorganism to the surface, the formation of microcolonies, and,
finally, differentiation of microcolonies into exopolysaccharide-encased mature biofilms [7,8]. Limited
to the early stage of bacteria attachment and EPS development, several components play a key
role as polysaccharides, proteins and lipids [14]. Polysaccharides play a fundamental role in the
biofilm’s matrix. Some of the most common polysaccharides are cellulose, Psl, Pel, alginate, and the
staphylococcal polysaccharide intercellular adhesin [15-19]. Proteins also play a critical role and, in
some cases, are present at higher concentrations than polysaccharides [20,21]. Common proteins
present in the matrix are amyloid fiber [22]. Knowing how proteins and polysaccharides change under
different stimuli is fundamental to understand the biofilm evolution. In fact, biofilm phenotype is
not only different from the planktonic phenotype, but it changes during the biofilm development
as a function of external physico-chemical stimuli [7-10,23]. The whole picture of biofilm formation
is extremely challenging because of the inherent complexity and the multifactorial dependence of
bacterial biofilm. In fact, not only different bacterial species may form different biofilm structures under
identical conditions, but also the same bacterial species may form different biofilm structures under
different environmental conditions. Pseudononas aeruginosa forms mushroom-shaped microcolonies
when it grows in the presence of glucose medium, whereas it forms flat biofilms when in citrate
medium [24].

ATR-FTIR spectroscopy has proven to be a useful analytical tool for monitoring biofilms in
situ, being non-destructive, in real-time and under fully hydrated conditions technique [11,19,25-29].
Boualam et al. [30] showed that ATR-FTIR technique permitted to differentiate biofilms as a function
of water samples containing variable quantities of biodegradable organic matter.

This work focus on the study of the early stages of bacteria attachment to germanium crystal
surface, using attenuated total reflectance Fourier transform infrared (ATR-FTIR) technique. A detailed
analysis of the whole spectral profile of bacteria under study has been performed to gain more
insight at the molecular level into biochemical and physiological changes during the early stages of
biofilm development. In fact, through the analysis of the whole spectra of the bacteria, it is possible
to monitor spectra changes, even weak, induced by metabolic changes induced by environmental
changes [22]. Pseudomonas fluorescens (PF) and Staphylococcus epidermidis (SE) bacteria were chosen
as a model because of their inclination to be surface bound in diverse environmental conditions. In
particular, PE, a Gram-negative bacterium, was chosen as the reference Gram-negative bacterium for
the following reasons: (i) It is present in drinking water distribution networks [31], (ii) can be grown
in low-nutrient situations [32], (iii) is used in a standard procedure for measurement of assimilable
organic carbon in water [32], and (iv) has been widely used in model bacterial surface colonization
studies [2,15,26,33]. SE, a Gram-positive bacterium, was picked because: (i) It is an opportunistic agent
possessing an intrinsic pathogenic character [34], (ii) is part of the normal mucosa and skin microflora,
and (iii) is the causative agent in numerous invasive and toxigenic diseases [34].

2. Materials and Methods

2.1. Materials

All reagents, salts, nutrients, agar (analytical grade), and solvents (HPLC grade) were purchased
from Sigma-Aldrich (Milan, Italy) and used without any additional purification. Non-pathogenic
strain of Pseudomonas fluorescens was purchased from the Leibniz Institute DSMZ-German Collection
of Microorganisms and Cells Cultures (Braunschweig, Germany). Staphylococcus epidermidis NCTC
11,047 Lenticule® discs were purchased from Sigma Aldrich company.
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2.2. Media Used and Their Preparation

HO: Deionized water, freshly made by Acquinity P/7 apparatus (MembraPure GmbH,
Berlin, Germany)

PBS: Phosphate Buffer Saline PBS for microbiology (catalogue n° P3813 Sigma Aldrich) was
dissolved in deionized water according to the instruction. The final pH was 7.5.

PBS-G: Was prepared by adding glucose to a PBS solution to a final concentration of 2.5 g/L.
The final pH was 7.5.

All media were autoclaved at 121 °C for 21 min prior to use.

2.3. Bacteria Cultivation

Lyophilized bacteria pellets were rehydrated adding 4 mL of sterile Tryptic soy broth (TSB) media.
After 30 min, the bacteria suspensions were gently mixed. 0.5 mL of each bacterial suspension were
collected and transferred to Petri dishes containing nutrient agar to permit the growth of bacterial
colonies. PF was incubated at room condition (21 + 2 °C) under laminar chamber whereas SE was
incubated at 36 °C till colonies formation on the agar plate are evident. Then, a loopful of bacterial
biomass was transferred from the nutrient agar plate to fresh 100% TSB medium and incubated for
24 h. Optical density for Pseudomonas strain at 570 nm (OD 570) and Staphylococcus at 600 nm (OD
600) have been measured to monitor bacterial growth.

2.4. Planktonic P. fluorescens and S. epidermidis Preparation for ATR Analysis

TSB media bacteria suspension were centrifuged for 10 min at 4000 rpm. The supernatant was
discarded, the pellet was resuspended in desired medium and the optical density was reduced to 0.23
by adding appropriate volume of media. The final suspension has been used for experiment without
any additional treatment.

Comparison of bacteria at the beginning and after 180 min in contact with the media of interest
have been performed drying the bacteria on the ATR crystal using a homemade top, equipped with a
diffusor able to flow dry nitrogen homogeneously onto ATR crystal surface. Drying take about 5 min
at a temperature of 23 + 2 °C. Three repetitions of ATR spectra measurement were performed for each
bacteria and media system.

2.5. Spectroscopy Study

All the samples were analyzed using a Nicolet IS50 FTIR spectrophotometer (Thermo Nicolet
Corp., Madison, WI, USA), equipped with nine-reflection germanium ATR crystal (Pike 16154, Pike
Technologies) and a deuterated-triglycine sulphate (DTGS) detector [35]. Before each experiment Ge
crystal was treated with 70% ethanol overnight and dried under a flow of sterilized nitrogen. Typically,
128 scans at a resolution of 4 cm™! in the range of 4000-800 cm ™! were recorded. The frequency scale was
internally calibrated with a helium-neon reference laser to an accuracy of 0.01 cm~'. OMNIC software
(OMNIC software system Version 9.8 Thermo Nicolet) was used for spectra manipulation. MinMax
normalization was applied to the spectra where they are first offset-corrected by setting the minimum
intensity of the whole spectrum, or of a defined spectral region, to zero. Spectra are then scaled with the
maximum intensity value equaling to one and a piecewise baseline correction was performed. Baseline is
obtained by several user-defined points which are connected by straight lines. Correction is achieved by
subtracting the baseline from the sample spectrum. Chosen points are the same for all the spectra [36].
The second derivative of the FTIR spectra were calculated using the Savitsky—Golay method (29 points
and third-degree polynomial) by OMNIC software (Thermo Nicolet Corp., Madison, WI, USA).

2.6. Adhesion Assay

Adhesion of bacteria was quantified by using a crystal violet method (CV). The experiments have
been performed on the same bacterial suspension used for spectroscopy studies and using the same
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experimental conditions, together with control samples (TSB medium). CV has been made as described
by Genevaux et al. [37] with minor modifications. Briefly, each bacterial strain suspended in the media
of interest was monitored for 240 min (early stage) to follow biofilm growth using a rapid screening
method in 96-well microliter plates. At predefined time, unbound cells were removed by vigorous
washing for 5 times with PBS buffer. Then, 200 uL of 0.1% aqueous CV was added to each well and the
plate was left to stand for 30 min, then, 180 uL of each well was aspirated again and each well was
washed 5 times with large amount of water. Finally, CV bound biofilm was eluted by adding 200 uL of
96% ethanol to each well and left to stand for 30 min before reading it with a micro-plate reader at
540 nm using Biotrak II (Amersham Bioscience).

O-safranin assay (SN) was carried out at the end of spectroscopy study. The amount of formed
biofilm was quantified by staining samples with 0.1% of safranin (incubation time: 10 min). Then, each
sample was vigorously washed 5 times with PBS and photographed by a digital camera (Olympus
Camedia C2000Z, Olympus Corporation Tokyo, Japan)

3. Results and Discussion

3.1. Adhesion Test

Relationship between time and adhesion of the two strains, to polystyrene micro-titer plates as
a function of environmental conditions is depicted in Figure 1. Both the bacteria strains adhered to
the plate surface and the amount of EPS slowly increased. Small differences in adhesion properties
among the different media can be seen after 30 min of contact with the surface. The control samples
grew faster than the others because of Tryptic soy broth (TSB), a complex, general purpose medium,
that is routinely used as a culture broth. Indeed, it offers a high nutritional environment to bacteria
stimulating their proliferation.

S.epidermidis
06

0.4
”
$03
0.2
01 ﬁ
0
0 30 60 90 120 150 180 210 240

Time (min.)

P.fluorescens

0 30 60 90 120 150 180 210 240

Time (min.)

=——PF-ctr ====PF-H20 ====PF-PBS ====PF-PBS G

Figure 1. Relationship between time and adhesion of the two strains, to polystyrene micro-titer plates

as function of environmental conditions.
3.2. ATR-FTIR Spectra of SE and PF Bacteria

Considering the average size of bacteria, that oscillates from 0.7 to 2 um, the very first layer of
attached bacteria can be analyzed by ATR technique [26-28]. The infrared spectra exhibited typical
bands corresponding to carboxyl, amide, ester, phosphate, and carbohydrate moieties [38-48] (Table 1).
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The infrared spectra of SE and PF bacteria were reported in Figure 2.
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Figure 2. FTIR spectra of P. fluorescens (green) and Staphylococcus epidermidis (black).

Typical spectra of bacteria can be divided in 3 main zones:

Zone (I) proteins (1700-1500 cm™1) identified by the N-H stretching and the vibrations of the
peptide linkage, the Amide I band arising from backbone amide C=0 stretching vibrations and the
amide II band arising from the out-of-phase combination of the NH in-plane bending and the CN
stretching vibrations [38].

Zone (II) phospholipids and nucleic acids (1220-1260 cm™) characterized mainly by
PO2—asymmetric stretching vibrations of phosphate groups [39,40].

Zone (ITT) polysaccharides (1200-900 cm™!) mainly localized in the fingerprint region with broad
band [41-44].

Figure 2 shows the starting spectra of the two bacterial cells biofilm formed on Ge crystal, dried
under a flow of dry nitrogen. Both strains biofilm reveals all the typical bands corresponding to bacterial
macrocomponents (proteins, polysaccharides, lipids). A strong difference in proteins/polysaccharide
ratio is found. SE infrared spectrum is characterized by strong bands in Zone III due to polysaccharides,
while, conversely, PF shows strong bands in Zone I, related to protein absorption, and a weak
polysaccharides absorption. The phospholipids and nucleic acid bands are similar for both SE and
PF, as expected, because we started from about equal number of bacteria cells and cell division and
proliferation generally started only 6-8 h after inoculation.

3.3. Changing of Amide Bands as a Function of Time and Media

Figure 3 shows the changes of Amide bands intensities over the time, for both bacterial species
under the media of interest. SE shows a rapid increase of Amide II band intensity after 45 min while
PF shows the same behavior only after 75 min.

The Amide band of SE has a lower intensity than that of PF. This can be explained considering
that in H,O, PF increased its protein production to favor its attachment to the surface. No difference in
PF growth in PBS and PBS-G is observed for the first 60 min, but, after 135 min, additional proteins are
exposed. PF in PBS media behaves as SE in PBS-G, while SE strain shows a lower sensitivity to PBS
composition starting to expose proteins on surfaces after 120 min.

The collected data suggest that, under lack of nutrients and in presence of osmotic shock, both
the bacteria tend to firmly anchor themselves to the support. The osmotic shock seems to be the
predominant parameter affecting bacterial attachment to the surface. Indeed, in the presence of bare
PBS (physiological ionic strength without nutrients) the bacteria need to produce and spread a lower
amount of proteins on the surface. The addition of a nutrient, as glucose, provokes only a slight effect
on protein expression from bacteria.
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Figure 3. The evolution of Amide II (AMII) intensity band over the time.

3.4. Changing of Polysaccharides Bands as a Function of Time and Media

Figure 4 shows the changing of intensity of the polysaccharide bands over a period of about
200 min. Polysaccharide bands intensity starts to be detectable only after 50 min. At the inoculum,
SE (Gram-positive) shows polysaccharide bands more intense than those of PF (Gram-negative)
because of differences in their membrane structures (see Figure 2). In fact, the Gram-positive cell
wall is primarily made up of peptidoglycan (ca. 40—-80% of the dry weight of the wall), a polymer of
N-acetylglucosamine and N-acetylmuramic acid, whereas the cell walls of Gram-negative bacteria are
more complex due to the presence of an outer membrane, that does not contain teichoic or teichuronic
acids but rich of proteins [45].
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Figure 4. Evolution of polysaccharide (PS) intensity band over the time.
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SE shows a low increase of polysaccharide bands in HyO medium (osmotic shock). A different
behavior is found in bare and enriched PBS. Indeed, polysaccharide bands intensity increases after
75 min in PBS with glucose, whereas without glucose it increases only after 120 min.

PF exhibits a peculiar behavior in H,O where the saccharide bands increase strongly after 100 min
without reaching the plateau. In all the other conditions, the intensity of polysaccharide bands increases
to the plateau probably because the layer of the biofilm exceeded the penetration capability of FTIR
technique. In particular, PF shows an increase of the polysaccharide bands intensity after 90 min in
PBS and only after 120 min in the presence of glucose. This behavior suggests that in all the conditions,
both the bacteria species start to increase their polysaccharides content, probably because of biofilm
needs to counteract the lack of nutrients.

3.5. FTIR Spectra Changes as a Function of Media Composition

3.5.1. S. epidermidis

Figure 5 shows the IR spectra of the SE bacteria after 180 min in H,O, PBS, and PBS-G. Comparing
them to inoculum FTIR spectrum, a significant increase of protein band intensity in the absence of
nutrients (H,0O) is observed. The spectra change from a prevalence of polysaccharide absorption band
to a prevalence of amide absorption bands, confirming the presence of high level of proteins in contact
with the surface, under osmotic stress conditions. This finding underline how the lack of nutrients in
the medium encourages bacterial attachment to a surface.
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Figure 5. FTIR spectra of S. epidermidis after 180 min in H,O, phosphate buffered solution (PBS), and
PBS with glucose (PBS-G) compared with inoculum.

This behavior could be attributed to the needs of resources to produce proteins. The addition of
glucose in the media (PBS-G) allows to bacteria to produce a higher amount of proteins in EPS whereas
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a smaller reduction of carboxylate group is observed than in PBS alone. This could again indicate the
lack of the osmosis stimulus but in this case, glucose could also be considered as a source of material
for EPS construction.

In summary, under osmotic stress and without nutrients, bacteria are stimulated to produce
more proteins on the surface to firmly attach to it, probably due to the reduction in the uronic based
biomolecules. The presence of ions mitigates this behavior, so that the formation of proteins and
reduction of uronic based biomolecules are less evident, whereas the presence of glucose helps the
synthesis of uronic base biomolecules together with the protein formation.

3.5.2. P. fluorescens

Figure 6 shows the spectra of PF in different media. The inoculum IR spectra are mainly dominated
by Amide bands absorption due to proteins whereas the polysaccharides contribution to the infrared
spectrum is very low. After 180 min in contact with different media, the spectra show an increase of
polysaccharide bands greater in PBS and PBS-G than in H,O. Unlike the others, the spectrum of PF in
PBS shows a decrease of the band at 1400 cm ™! suggesting the reduction of carboxylate group probably
due to the presence of low level of uronic acid and its derivates.
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Figure 6. FTIR spectra of P. fluorescens after 180 min in H,O, PBS, and PBS-G compared with inoculum.

The unexpected change of the band at 1235 cm™!

to the amount of cells attached to the crystal surface.

, mainly related to the bacteria wall, can be due
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3.6. Secondary-Structure Analysis

The differences in the IR spectra of SE and PF biofilms are corroborated and more clearly illustrated
by their second derivatives calculated and presented in the most informative spectroscopic region
(1800-1500 cm™!) (Figures 7 and 8). The second derivative of FTIR spectra was used to distinguish the
secondary structure of protein under different conditions, and the results have been summarized in
Table 2. To eliminate the contribution of the water bands, the spectrum of water was subtracted from
each sample spectrum until the baseline in the region above 1750-2000 cm™! (where no absorption
from the sample does occur) becomes a straight line. The analysis of derivative spectra demonstrated
that the proteins of both bacterial species are minimally affected by external environment.
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Figure 7. Second derivatives of the FTIR spectra of S. epidermidis (SE) biofilms at Inoculum (upper left),
in HpO (upper right), PBS (lower left) and PBS-G (lower right) (for related spectra see Figure 5).
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(upper right), in PBS (lower left) and PBS-G (lower right) (for related spectra see Figure 6).
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Table 2. P. fluorescens (PF) and SE Second derivative Amide I band frequencies and assignment to
proteins secondary structure in Inoculum, H,0, PBS, and PBS-G media.

Inoculum H,0 PBS PBS-G
Frequencies (cm~1) Assignment
Pseudomonas Fluorescent

1656 1656 1659 1658 a-helix
- - 1648 - Random coils

1628 1638 1639 1639 B-sheet

Staphylococcus Epidermidis

1681,1669 1681 - - B-sheet

1659 1660 1656 1655 a-helix
1648 1648 - - Random coils

1637,1626 1626 1639 1639 B-sheet

Peaks in the second derivatives spectra, directed downwards, correspond both to peaks and to
poorly resolved shoulders (i.e., spectral bands due to overlapped stronger neighboring absorptions).

Apart from differences in the carboxyl stretching regions (weak signals at 1727 and 1740 Cm_l),
related to C=0 in phospholipids and lipopolysaccharides typical for bacteria [46-49], it is noticeable that
the secondary derivative plots in the Amide I (1600~1700 cm™!) region demonstrated that proteins are
predominantly in random coils and helices form as witnessed by the bands at 1659 and 1648 cm™!. Proteins
containing B-sheet, characterized by peaks around 1630 and 1680-1690 cm™!, are present only in a very low
amount in the inoculum and in H,0 samples and disappear completely in PBS and PBS-G samples [50].

In PF (Figure 8) the proteins are mainly in o-helix and 3-sheet conformation and the ratio between
these two structures is constant for all the investigated media. Only in the PBS medium part of the
proteins are in random coils conformation. For SE the proteins in inoculum and in H,O have quite
similar conformations as «-helix, random coils and $-sheet. The random coil conformation could not
be distinguished in PBS and PBS-G medium.

3.7. Bacteria Staining Test

Figure 9 shows the surface of the ATR crystal, after washing treatment, stained with safranin dye.
In all the experiments pink colored surfaces are evident, thus highlighting the presence of bacteria
attached to the surface. Both the bacteria under all the selected conditions tested positive on safranin
test after 180 min of contact.

Figure 9. Attenuated total reflectance (ATR) crystal, after the experiment, stained with safranin dye
(a) P. fluorescens in HyO, (b) S. epidermidis in H,O, (c) P. fluorescens in PBS, (d) S. epidermidis in PBS,
(e) P. fluorescens in PBS-G, (f) S. epidermidis in PBS-G.
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4. Conclusions

This study highlights the influence of environmental condition on the chemistry of bacteria cell
surfaces and biofilm, during the early stage of bacteria attachment to the surface.

The amount of bacterial EPS in the different media was monitored by crystal violet assay for the
same time interval as spectroscopy experiment. In addition, the presence of bacterial EPS on the ATR
crystal was confirmed by O-safranin staining at the end of each experiment.

Dominant functional groups of bacterial EPS were, as expected, carboxyl, amide, phosphate,
hydroxyl, and carbohydrate related moieties. Both the bacterial species, at planktonic phase, show all
the IR bands expected, but with an evident difference in proteins/polysaccharides ratio. SE shows a
strong band in Zone III due to polysaccharides vibrational absorption, while, conversely, the PF is
characterized by a strong band in Zone I related to protein vibrational absorption, together with a
weak polysaccharide absorption. The phospholipids and nucleic acid bands show similar intensities in
both bacterial species, as expected, since the initial number of bacteria cells are almost the same and
cell division and proliferation occur generally in a longer time with respect to the experiment timing.

Concerning the biofilm evolution over the time, both the bacterial species, are detectable on the
surface within 45 and 75 min after the inoculation. In water both SE and PF start to produce plenty of
proteins in a short time probably because they need to firmly attach to the surface, due to stressful
lack of nutrients. The osmotic shock appears to be the driving force forcing the bacteria to attach to
the surface. In fact, the presence of PBS (physiological ionic strength but no nutrients) and glucose
mitigate this process. An exception was PF where a low amount of proteins was produced when
glucose is added.

Independently on the environmental conditions (H,O, PBS, PBS-G) both SE and PF start to increase
their polysaccharide content, even if with different kinetics and amounts, probably because of biofilm
needs to counteract the lack of nutrients. After 180 min all spectra of SE and PF show an increase of
polysaccharide bands intensity with respect to the inoculum with PBS and PBS-G samples.

The prevalent structure of the proteins has been highlighted by the second derivative study. PF
proteins are mainly in «-helix and (3-sheet conformation and their ratio is constant and independent
on the media. Only in PBS medium the random coils component is visible. SE protein conformation at
inoculum and in H,O are similar and composed of x-helix, random coils and 3-sheet. The random coil
conformation seems to decrease in PBS and PBS-G.
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Abstract: Hydroxyapatite (HAp) and samarium doped hydroxyapatite, Cajg_,Smy(PO4)s(OH),,
Xsm = 0.05, (5SmHAp), coatings were prepared by sol-gel process using the dip coating method.
The stability of 5SmHAp suspension was evaluated by ultrasound measurements. Fourier transform
infrared spectroscopy (FTIR) was used to examine the optical characteristics of HAp and 5SmHAp
nanoparticles in suspension and coatings. The FTIR analysis revealed the presence of the functional
groups specific to the structure of hydroxyapatite in the 5SmHAp suspensions and coatings.
The morphology of 5SmHAp nanoparticles in suspension was evaluated by transmission electron
microscopy (TEM). Moreover, scanning electron microscope (SEM) was used to evaluate the
morphology of nanoparticle in suspension and the morphology of the surface on the coating.
The SEM and TEM studies on 5SmHAp nanoparticles in suspension showed that our samples consist
of nanometric particles with elongated morphology. The SEM micrographs of HAp and 5SmHAp
coatings pointed out that the coatings are continuous and homogeneous. The surface morphology
of the 5SmHAp coatings was also assessed by Atomic Force Microscopy (AFM) studies. The AFM
results emphasized that the coatings presented the morphology of a uniformly deposited layer
with no cracks and fissures. The crystal structure of 5SmHAp coating was characterized by X-ray
diffraction (XRD). The surface composition of 5SmHAp coating was analyzed by X-ray photoelectron
spectroscopy (XPS). The XRD and XPS analysis shown that the Sm3* ions have been incorporated
into the 5SmHAp synthesized material. The antifungal properties of the 5SmHAp suspensions and
coatings were studied using Candida albicans ATCC 10231 (C. albicans) fungal strains. The quantitative
results of the antifungal assay showed that colony forming unity development was inhibited from
the early phase of adherence in the case of both suspensions and coatings. Furthermore, the adhesion,
cell proliferation and biofilm formation of the C. albicans were also investigated by AFM, SEM and
Confocal Laser Scanning Microscopy (CLSM) techniques. The results highlighted that the C. albicans
adhesion and cell development was inhibited by the 55SmHAp coatings. Moreover, the data also
revealed that the 5SmHAp coatings were effective in stopping the biofilm formation on their surface.
The toxicity of the 5SmHap was also investigated in vitro using HeLa cell line.

Keywords: samarium; hydroxyapatite; dip coating method; antifungal activity
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1. Introduction

Currently, the use of nanoparticles and coatings in the medical field is on an upward trend
due to their remarkable properties that make them effective in many ways, starting from the fight
against pathogenic microorganisms and ending with their antitumoral activity [1]. One of the most
used biomaterials in the biomedical field is hydroxyapatite (HAp, Cay9(PO4)s(OH);,) which is the
main mineral component of bone tissue. Hydroxyapatite, due to his unique biological properties,
such as biocompatibility, low citotoxity, osteoconductivity, bioactivity and so forth [2—4], is used in
various applications in the medical field like implantology (metal prosthesis coating material, etc.) [5],
dentistry [5], drug and gene delivery systems [6,7], as an antimicrobial agent [8], in bioimaging [9] and
so forth.

In addition, due to its hexagonal structure, HAp on the one hand has the capacity to incorporate
in its structure various ions (Eu’*, Ag*, Mgzﬂ Zn2*, and Sm3*, etc.) [10-12] and on the other hand the
HAp surface can be modified with various biopolymers/drugs [13], which leads to an improvement of
the biological and physico-chemical properties, thus making HAp more efficient and useful for the
medical sphere [2]. Hydroxyapatite can be obtained in various forms, from powder/gel and reaching
to thin layers/coatings by various synthesis methods, among which we mention the sol-gel method,
coprecipitation (these are often used to obtain powders/gels), dip coating, spin coating, magnetron
sputering and so forth (the latter being used to obtain thin HAp coatings) [14]. These methods, by
controlling the synthesis parameters, allow the obtaining of both powders with nanometric/micrometric
dimensions and the desired morphology and uniform and homogeneous layers [14].

In the current context of increasing the resistance of microorganisms to antibiotic treatment, recent
studies have shown that doping hydroxyapatite with antimicrobial ions and the use of these new
materials may be a viable alternative to conventional antibiotic treatment after implant surgery [2,5,10].
Recent studies reported in the literature have shown that the dopping of hydroxyapatite with lanthanide
ions, especialy Samarium (Sm3*), leads to enhanced biological and antimicrobial properties [5,10,15,16].
According to these studies, Sm®* doped HAp exihibits great antibacterial activity against bacterial strain
such as Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922), Staphylococcus epidermidis
(ATCC 35984/RP62A), Enterococcus faecalis (ATCC 29212) and Pseudomonas aeruginosa.

Recently, it has been observed that the interest of researchers in the use of lanthanides in biomedical
applications is increasing. Therefore, in their studies, Nakayama, et al. [17] showed that the smarium
doped TiO, nanoparticles could improve the radiosensitising effects and could be used as theranostic
agents in radiation therapy. In addition, Zhang et al. [18] showed that mesoporous bioactive glass
microspheres doped with small amounts of samarium of could be used as a delivery system for
doxorubicin in the treatment of bone cancer.

Also, in their recent work, Kannan et al. [19] highlighted that the presence of a samarium oxide
coating on a Mg implant could prevent on the one hand the recurrence of bone tumors and metastases
and on the other hand the appearance of post-implant infections.

The aim of the present research was to obtain a homogenous coating with antimicrobial properties
by sol-gel process using the dip coating method on Si substrate. The evaluation of the stability of
nanoparticles in suspension was conducted by ultrasound measurements. To the best of our knowledge,
the samarium doped hydroxyapatite coatings with antimicrobial properties realized using the dip
coating method was very little studied. The antimicrobial properties investigations of the 5SmHAp
coating presented in this study revealed a very good behavior of these coatings.

2. Materials and Methods

2.1. Materials

The synthesis of hydroxyapatite and samarium doped hydroxyapatite (xs, = 0.05),
Cajg-rSmy(PO4)s(OH), was effectuated using calcium nitrate tetrahydrate, Ca(NO3),-4H,O (>99.0%),
samarium nitrate hexahydrate, Sm(NO3)3-6H,O (99.97% purity), ammonium hydrogen phosphate,
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(NHy),HPOy (299.0%), ethanol absolute, C;H50H (>99.8%) and double distilled water. The reagents,
such as Ca(NO3),-4H,0, (NHy),HPO4 and C,H5OH, were processed by Sigma Aldrich, St. Louis, MO,
USA while Sm(NO3)3-6H,O was processed by Alpha Aesar, Kandel, Germany.

2.2. Hydroxyapatite (HAp) and Samarium Doped Hydroxyapatite (SmHAp)

Samarium doped hydroxyapatite nanoparticles with the chemical formula Cajo_,Sm,(PO4)s(OH),,
Xsm = 0.05 were synthesized by the adapted chemical method [20] with (Ca + Sm)/P fixed to 1.67 [21-23].
The Ca(NO3),-4H,O was dissolved in 100 mL C,H50H and (NH4)HPO, was dissolved in 25 mL
deionized water (DI) were mixed in a 500 mL beaker and stirred together for 1 h at room temperature.
Sm(NO3)3-6H,0 was dissolved in 25 mL of DI water at room temperature and added drop by drop into
the mixture under continuous stirring at a temperature of 100 °C. The resulting solution was stirred
continuously for another 2 h at 100 °C. After that, the resulting solution was centrifuged, redispersed
in ethanol absolute and stirred at 100 °C for 24 h. The hydroxyapatite nanoparticles were obtained as
previously described by Ciobanu et al. [24]. The final suspension was analyzed and used to prepare
the coatings.

2.3. Preparation of HAp and 5SmHAp Coatings

The HAp and 5SmHAp coatings have been deposited on the Si wafer by the sol-gel process using
the dip coating method in agreement with previous studies [25]. The Si substrate was washed with
ethanol absolute before coating. The 5SmHAp layer was dried at 100 °C for 4 h and heat treated at
500 °C for 2 h. Cooling was done at a rate of 5 °C/min.

2.4. Characterization Methods

Ultrasonic measurements were performed on 100 mL of concentrated suspension of
5SmHAp [22,26]. The digitalized ultrasonic signals were recorded on the digital oscilloscope
(General-Electric, Krautkramer, Germany) at a very precise interval of 5.00 s. In order to have
an accurate evaluation of the stability of the 5SmHAp suspension, the double distilled water (the most
stable suspension) was chosen as the reference fluid, under the same experimental conditions.

The morphology of the 5SmHAp suspensions was analyzed using transmission electron
microscopy (TEM) with a CM 20 (Philips-FEI, Hillsboro, OR, USA) transmission electron microscope
having a Lab6 filament (Agar Scientific Ltd., Stansted, UK), which operates at 200 kV. The particle size
distributions from the TEM micrographs was performed by measuring approximately 700 particles
from different regions of the sample.

The morphology of 5SmHAp suspensions and coatings were evaluated by scanning electron
microscopy (SEM) using a HITACHI S4500 microscope (Hitachi, Ltd., Tokyo, Japan). The 5SmHAp
suspensions were prepared on a conductive carbon tape with double adhesion, dried and introduced
in the microscope. The microscope was equipped with energy-dispersive X-ray spectroscopy (EDX)
(Ametek EDAX Inc., Mahwah, NJ, USA) attachment operating at 20 kV. The particle size distributions
from the SEM micrographs was performed by measuring approximately 200 particles from different
regions of the sample. The surface morphology of the coatings was analyzed using atomic force
microscopy (AFM), in a non-contact mode. The measurements were performed using a NT-MDT
NTEGRA Probe NanoLaboratory system (NT-MDT, Moscow, Russia). The data was recorded with a
silicon NT-MDT NSGO1 cantilever coated with a 35 nm gold layer having a tetrahedral tip. The AFM
micrographs were acquired on surface areas of 3 x 3 um?. The data analysis of the 2D surface
topographies as well as the 3D representation of the AFM images were performed with the aid of
Gwyddion 2.55 software [27].

The 5SmHAp coating was examined by the X-ray diffraction (XRD) (Bruker D8 Advance
diffractometer, Billerica, MA, USA) with nickel filtered Cu K« (A) radiation.

The functional groups present in the prepared gel and coating were identified by Fourier-transform
infrared spectroscopy (FTIR) analysis using a SpectrumBX spectrometer in the case of the prepared gel
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and by Fourier-transform infrared spectroscopy -Attenuated total reflection (FTIR-ATR) spectroscopy
using a Perkin Elmer SP-100 spectrometer (Waltham, MS, USA), for the coatings. The spectra were
taken in the spectral range of 400 to 4000 cm™~! with a resolution of 4 cm™!. The curve fitting analysis of
the spectra was achieved using a nonlinear least-squares data-fitting algorithm [28].

X-ray Photoelectron Spectroscopy (XPS) analysis was performed using a VG ESCA 3 MK II XPS
installation (Ex « = 1486.7 eV). The vacuum analysis chamber pressure was P~3 x 1078 torr. The XPS
register spectrum involved an energy window w = 20 eV with the resolution R = 50 eV and 256
recording channels. The XPS spectra were analyzed using Spectral Data Processor v 2.3 (SDP) software.

2.5. In Vitro Antifungal Activity

The effects of the 5SmHAp coatings against fungi cells were assessed using the reference fungal
strain Candida albicans ATCC 10231 acquired from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The in vitro antifungal assays were performed with fungal suspensions of
approximately 10°~10° colony forming units (CFU)/mL obtained from 15 to 18 h bacterial cultures as
previously reported [29]. The qualitative assay of the fungal biofilm development, after incubation at
24, 48, and 72 h, was assessed by the visualization of the adherent fungal cells on the substrates using
atomic force microscopy (AFM), scanning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM). For the AFM and SEM observation, the 5SmHAp coatings were removed from the
C. albicans ATCC 10231 culture medium after 24, 48, and 72 h of incubation, then washed with sterile
saline solution and fixed using cold methanol. For the CLSM visualization, the 5SmHAp coatings after
24,48, and 72 h of incubations with C. albicans fungal culture, were washed with sterile saline buffer
solution (PBS) to remove the unattached fungal cells. After that, the unattached cells were fixed with
cold methanol and stained in the dark with propidium iodide (PI) for 10 min at room temperature.
After the PI staining, the excess of label marker was removed using filter paper. The samples were
visualized directly after staining. The CLSM studies were performed both in reflection and fluorescence
modes using a Leica TCS-SP confocal microscope (Leica Camera AG, Wetzlar, Germany), equipped
with a PL FLUOTAR (40_ NA 0.7) objective and an Ar ion laser with a laser line at 488 nm.

The quantitative assays of the antifungal activity of both 5SmHAp suspensions and coatings were
done using an adapted method (E2149-10; ASTM International) [30,31], as previously described [32].
The experiments were performed in triplicate and the results of the results were expressed as mean +
SD. Moreover, the 3D representation of the SEM and CLSM images were obtained Image J software
(Image] 1.51j8, National Institutes of Health, Bethesda, MD, USA) was used [33].

2.6. In Vitro Cytotoxic Assay

The toxicity of the HAp and 5SmHAp solutions and coatings was assessed using the HeLa cell line
(Sigma-Aldrich Corp., St. Louis, MO, USA). The in vitro interaction of the HeLa cells with the samples
was studied at three different time intervals (24, 48, and 72 h) using the methodology previously
described in Predoi et al. [34]. A cell viability using live/dead cell double staining kit (purchased from
Merck/Sigma-Aldrich) was also performed. The kit allowed the simultaneously staining of both viable
and dead cells. The number of live and dead cells were numbered and represented as function of
percentage from the number of total cells. The experiments were performed in triplicate and the data
represented as mean + SD.

3. Results

The quality of the obtained coatings by sol-gel process is influenced by many factors. The most
significant element is the stability of the concentrated suspension from which the coatings are obtained.
A more accurate way of evaluating the stability of the suspensions is represented by ultrasound
measurements. This analysis allows evaluation of the stability of the concentrated solution as opposed
to the other traditional methods in which the suspension needs to be diluted. Due to the dilution,
important information regarding the stability of the suspension can be lost.
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Figure 1 shows information regarding the stability of the concentrated suspension of 5SmHAp
obtained by the ultrasound measurements. The digitalised ultrasonic signals are recorded on the
digital oscilloscope at a very precise interval of 5.00 s (Figure 1a). The peak amplitudes evolve in time
in an unusual way for this suspension, compared to many others studied previously. There is an initial
slowly decreasing amplitude, followed by a rising amplitude after 2400 s and a hyperpolic decreasing
amplitude up to the end of the experiment (5000 s). Time delays between the first echo that was
recorded in the analyzed suspension and the equivalent echo in the reference fluid, allowed a precise
determination of the velocity of ultrasounds through the sample, for each signal that was recorded.
The result for the velocity in the reference fluid was cy = 1478.27 m/s while the velocity in the analyzed
sample was ¢ = 1492.07 m/s and the temperature at which the experiment was performed was 23.3 °C.
The ultrasound velocity in the sample is very close to the velocity in pure water and has a negligible
variation during the experiment. To characterize the evolution in time of the sample’s stability the
evolution of amplitude in time was also evaluated (Figure 1b). The amplitude of the first echo was
the only one measured with sufficient accuracy. The parameter that gives quantitative information
on the stability of the suspension is closely related to the slope of the amplitude of the first echo vs.
time. The value of the stability parameter computed by the algorithm was s = A%J%I =13x107*s71,
in which A, is the averaged amplitude of the signals. Ignoring the local maximum at t = 2400 s,
the overall stability parameter can be estimated as s = 9 x 107*:s™1. The value obtained for the stability
parameter shows a very good stability of 5SmHAp concentrate suspension.
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Figure 1. (a) Recorded signals at 5 s recording interval. A decreasing amplitude of the first echo is
visible in colors, whereas the second is significantly weaker (in black); (b) Relative amplitudes evolution
vs. the recording moments (a).

The relative spectral amplitude vs. time for the first echo and attenuation vs. time for the spectral
components of echo 1 revealed the complex information concerning the stability of the analyzed
concentrated suspension (Figure 2). Figure 2a shows the initial highest amplitude ratio of 0.55 for the
frequency of 2 MHz and the lowest of 0.25 at 8 MHz. For accuracy, all values obtained are relative to
the values of the reference fluid (double distilled water) measured under the same conditions. Before
the peak at value of time t = 2400 s, the amplitudes at all selected frequencies are slowly decreasing.
After the peak, the amplitudes decrease continuously, which is atypical for a dispersion after 5000
s. It can be expected that after a much longer period, the relative amplitudes will tend to 1, when
most of the particles will settle at the bottom of the container. As shown in Figure 2b, the attenuation
calculated for each spectral component depends on the moment during the experiment. The HApSm5
has extremely high attenuations from the first moment, between 20 nepper/m for the 2 MHz component,
up to 69 nepper/m for the 8 MHz component of the ultrasonic signal. After the localized reduction of
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attenuation at t = 2400 s, follows a pronounced and continuous increase of the attenuation. The 2 MHz
component reaches 28 nepper/m, whereas the 8 MHz component reaches 110 nepper/m. This increase
of the attenuation is attributed to the increase of particles concentration during the sedimentation
process. The progressive variation of the attenuation with frequency is normal for suspensions of
particles which do not resonate at frequencies in the range of the selected transducer.
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Figure 2. Spectral amplitudes relative variation vs. time, for the first echo (a); Attenuation vs. time for
the spectral components of echo 1 (b).

The morphology of the HAp and 5SmHAp suspension was investigated through TEM and
SEM studies. The results of these studies for the HAp suspension are depicted in Figure 3a,b. Also,
in Figure 4a,b are presented the SEM and TEM micrographs obtained on the 5SmHAp suspension.
In addition, the particle size distribution obtained from TEM and SEM measurements are presented in
Figure 3c,d for HAp suspension and in Figure 4c,d for the 5SmHAp suspension.
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Figure 3. Transmission electron microscopy (TEM) (a) and scanning electron microscopy (SEM) (b)
micrographs of HAp suspension. Particle size distribution of HAp suspension obtained by TEM (c)

and SEM (d) studies.
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Figure 4. TEM (a) and SEM (b) micrographs of 5SmHAp suspension. Particle size distribution of
5SmHAp suspension obtained by TEM (c) and SEM (d) studies.
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In the TEM micrographs (Figures 3a and 4a) it could be observed that the HAp and 55SmHAp
suspensions consists of particles with nanometric dimensions and ellipsoidal morphology. The mean
particle size estimated by TEM studies is around 19 nm in the case of 5SmHAp suspension and about
17 nm for the 5SmHAp suspension. Also, could be noticed that the presence of the samarium in the
sample induces a slight decrease of particle size.

The results of the SEM investigations conducted on the HAp and 5SmHAp suspensions presented
in Figures 3b—d and 4b—d revealed that for the both samples the nanoparticles tend to agglomerate and
exhibit an elongated morphology. Furthermore, the mean particle size obtained by SEM studies was
around 20 nm for the 5SmHAp suspension and about 18 nm for the 5SmHAp suspension. Therefore,
it can be seen that the results of SEM studies are in good agreement with those obtained through
TEM studies.

FTIR measurements were conducted in order to investigate the presence of the vibrational bands
characteristic to the HAp structure in the samples. In Figures 5 and 6 are presented the general FTIR
absorbance spectra of HAp and 5SmHAp coatings and suspension along with their FTIR deconvoluted
spectra in the 400-700 cm ™! and 900-1200 cm ™! spectral regions.
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Figure 5. Fourier transform infrared (FTIR) absorbance spectra for HAp suspension (a) and 5SmHAp
suspension (b) and coatings (c).
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Figure 6. FTIR deconvoluted spectra in the 400-700 cm~! and 900-1200 cm™! spectral regions for HAp
suspension (a,b) and 5SmHAp suspension (c,d) and coatings (e,f).

In the general FTIR absorbance spectra (Figure 5) of the studied samples have been identified the
peaks belonging to the main vibrational modes of the adsorbed water (H-O-H), phosphate (PO437)
and hydroxyl (OH™) groups characteristic of the hydroxyapatite structure. The presence of the peak
at about 635 cm ™! corresponds to the stretching librational mode (v) of (OH™) group [35,36]. At the
same time, the presence of the peak at around 3570 cm~! is due to stretching mode of (OH") groups.
The presence of wide peaks in the 1600-1700 cm~! and 3200-3600 cm™! spectral regions are assigned to
H-O-H bands of lattice water [35-37]. The presence of the peaks at around 1045 and 1093 cm™! denote
the presence of v3 of (PO,437) group [35,36]. Furthermore, the peaks at around 604 and 568 cm™! belong
to vy of (PO437) group. In agreement with the studies conducted by Iconaru et al. [35] a well crystalized
hydroxyapatite structure is highlighted by the presence of the vibrational bands at around 635 cm™!
and at about 3570 cm~! (which correspond to the OH™ groups from the structure of hydroxyapatite).
On the other hand, it can be seen that the vibration bands are more intense in the case of 5SmHAp
coatings compared to HAp and 5SmHAp suspensions. This behaviour is atributed to the the fact that
the 5SmHAp coatings are more crystaline comparative to the other two studied samples. Also, in the
case of 5SmHAp coatings a slight displacement of the position of the peaks was observed.

Figure 6 depicts the deconvoluted FTIR spectra of the HAp suspension 5SmHAp coatings and
suspension (green lines represents the individual subbands) in the 400-700 cm~! and 900-1200 cm™!
spectral regions. In Figure 6a,b it can be observed that in order to obtain a good fit of the experimental
data obtained oh HAp suspension, five subbands are needed in the spectral region 450-700 cm~!,
while for the spectral domain between 900 and 1200 cm™l, eight subbands are needed. Also, it can be
seen that in the case of 55SmHAp coatings in order to obtain a good fitting in the 400-700 cm~! spectral
region are needed six main components while for the 900-1200 cm™~! spectral region are needed four
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main components. In addition, our studies revealed that to have a good fit for the 5SmHAp suspension
are needed six main components for the 400-700 cm™! spectral region and four components for the
900-1200 cm ™! spectral region. Furthermore, an increase in the intensity of the subbands from the both
deconvoluted regions specific to the 5SmHAp coatings could be noticed.This behavior is due to the
superior crystallinity of the deposited coatings compared to that of the nanoparticles in suspensions.

In order to analyze the surface chemical elemental composition in the 5SmHAp coatings XPS
measurements were conducted. The XPS general spectrum of the coating with xg,, = 0 (HAp) and
Xsm = 0.05 (5SmHAp) was presented in Figure 7. The results indicated that elements such as C, O, Ca,
and P were observed in the scan of HAp and 5SmHAp general spectrum (Figure 7a,b). In the scan of
5SmHAp XPS general spectra Sm was observed, too.
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Figure 7. X-ray photoelectron spectroscopy (XPS) general spectrum of the coating with (a) xgp, = 0
(HAp) and (b) xgp, = 0.05 (5SmHAp).

The high resolution of C 1s, Ca 2p, O 1s, P 2p and Sm 3d are exhibited in Figure 8. The high-resolution
C 1s spectra for the coating with xgy,, = 0 (HAp) and xgp,, = 0.05 (5SmHAp) are presented in Figure 8a,b.
The peak in the C 1s region for HAp coating presented one component of the binding energy (BE)
of 284.8 eV attributed to C—C bonds was used as a reference (Figure 8a). Three peaks in the binding
energy (BE) region of C 1s were observed (Figure 8b). The peak of C 1s at 284.8 eV attributed to C-C
bonds was used as a reference. Peak of C 1s at 286.74 eV can be assigned to C-O bonds while peak at
289.63 eV can be assigned to C=0 bonds. In Figure 8c,d the high-resolution Ca 2p spectra for HAp and
5SmHap coatings is presented. The peaks in the BE region of Ca 2p exhibits a well-defined doublet with
two components (Ca 2p3/2 and Ca 2p1/2). For the 5SmHAp coatings the BE shift slightly from 347.2
eV (for the HAp coatings) to 347.8 eV for the 55SmHAp coatings. The peak located at about 347.2 eV
highlights that the calcium atoms are bound to a phosphate group (PO,37). Kaciulis et al. showed [38]
that the shift of the maximum to a higher value of the binding energy in the case of hydroxyapatite
doped with different ions shows that the obtained sample is well crystallized. The high resolution XPS
spectra of oxygen O 1s for pure HAp (xgy, = 0) coating was shown in the Figure 8e. The peak at BE of
531.4 eV was assigned to hydroxyl groups that are the result of water or oxygen chemisorption [39].
The O 1s photoelectron peak was deconvoluted into two components (Figure 6f). The component
located at 531.4 eV is characteristic to O 1s peak in HAp structure while the peak at 534.1 eV was
attributed to the O 1s in adsorbed water [40,41]. The second component of O 1s was observed in the
coatings obtained by sol-gel method [38,41]. In previous studies, Gaggiotti et al. [42] reported that
the EB = 531.8 eV correspond to a position of the hydroxyl ion (OH™). Kawabe et al. [43] appreciate
that the two oxygen species (O- and OH), may be attributed to the peak at binding energy of 531.2 eV.
Moreover, according to previous studies [44-46] the peak position of chemisorbed oxygen species O-
could be attributed to a binding energy between EB = 531.0-531.5 eV. The P 2p photoelectron peak of
pure HAp coating is shown in Figure 8g. The peak associated to P 2p revealed one component after the
deconvolution data processing that was located at around EB = 133.1eV. The peak pf P 2p of 5SmHAp
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coating (Figure 8h) was deconvoluted into two components at 133.01 and 134.04 eV BE in agreement
with previous studies [47].
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Figure 8. Deconvolution of XPS peaks of C 1s, O 1s, Ca 2p, P 2p and Sm 34 for the pure HAp (a,c,e,g)
and 5SmHAp (b,d,f,h,i) coatings.

Previous studies on hydroxyapatite layers [48] revealed that the P 2p photoelectron line consists of
a single component assigned to a peak at binding energy of 133.4 eV. On the other hand, the precedent
XPS analysis [49] indicated that the binding energy of the photoelectron peaks for P and Ca are
characteristic to their full oxidation states (P5* and Ca®*) for hydroxyapatite. The high resolution
spectra of the Sm 2p3 is shown in Figure 8i. The peak corresponding to the binding energy of 1082.93
eV can be assigned to Sm 3d5/2 [50]. In agreement with previous studies [51], the binding energy of Sm
3d5/2 as revealed in Figure 8i suggested that the chemical state of Sm is +3. The XPS results provided
obvious information for the successful doping of HAp with samarium.

Figure 9 shows the XRD diffractogram and SEM micrograph of HAp (a,c) and 5SmHAp coatings
(b,d). The elemental mapping analysis of the chemical constituents of 5SmHAp coatings (Ca (a), O
(b), P (c), Sm (d)) is also presented in Figure 10. In the SEM micrograph (Figure 9d) obtained on the
5SmHAp coatings could be noticed that the surface of the coatings is uniform and continuous with a
granular morphology (granules formed by agglomeration of nanoparticles).
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Figure 9. X-ray diffraction (XRD) diffractogram and SEM micrograph of HAp (a,c) and 5SmHAp
coatings (b,d).

Figure 10. Elemental mapping analysis of the chemical constituent of 5SmHAp coating (Ca (a), O (b),
P (c), Sm (d)).
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In order to determine the crystal structure phase of HAp and 5SmHAp coating, the X-ray diffraction
(XRD) was performed using Cu Ka radiation (A = 1.5406 A). The XRD patterns of the HAp coating
were presented in Figure 9a. Figure 9b shows the XRD patterns of the 5SmHAp coating with xgy, = 0.05.
The XRD peaks were indexed by the hexagonal phase of pure hydroxyapatite (JCPDS no. 09-0432).
It should be noted that no other secondary phases due to Sm** ions doped hydroxyapatite were
observed after the analysis. This result highlights that Sm3* ions substituted Ca?* ions of 5SmHAp
without changing the crystal structure. The diffraction peaks of HAp and 5SmHAp coating correspond
to (002), (210), (211), (310), (202), (310), (311), (113), (222), (213), and (004) crystal planes of the hexagonal
phase of pure HAp. The average crystallite sizes of the HAp and 5SmHAp coating calculated using
Scherrer’s formula was around 18 and 15 nm, respectively

On the other hand, in the SEM image of HAp and 5SmHAp coatings (Figure 9¢,d) the presence of
cracks or fissures on the surface of the coatings could not be observed. The results of the elemental
mapping analysis of the chemical constituents of 5SmHAp coatings are presented in the (Figure 10a-d).
In the Figure 10a—d can be seen that the main chemical constituents of the 55SmHAp coatings were Ca,
O, P, and Sm. Moreover, our studies revealed that all the chemical constituents were evenly distributed
in coatings.

The morphology of the HAp and 5SmHAp coatings surface topography has been investigated
using atomic force microscopy. The results of the AFM investigations regarding the surface morphology
of the HAp and 5SmHAp coatings are depicted in Figure 11a—d.
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Figure 11. Characteristic 2D atomic force microscopy (AFM) image of HAp (a) and 5SmHAp coatings
(c) and 3D representation of the HAp (b) and 5SmHAp (d) coatings surface collected on an area of
3 x 3 um?.

Figure 11 presents the AFM 2D micrograph and the 3D representation of the HAp and 5SmHAp
surface topography of the HAp and 5SmHAp coatings. The results of the AFM studies emphasized
that all the investigated coatings have the morphology of a uniformly deposited layer. Furthermore,
the 2D representation of the surface highlighted that there is no visible evidence of the existence of
cracks or fissures and that the deposited coatings both in the case of HAp and 5SmHAp samples consist
of uniformly distributed nanoaggregates. The AFM results showed that the surface topography of the
5SmHAp coatings was also homogenous having a roughness (Rrms) value of 21.45 nm. In addition,
the roughness (Rrms) value for the HAp coatings resulted from the AFM studies was 12.55 nm.
The results obtained by AFM studies are in good agreement with the SEM studies, which also revealed
that the coatings are uniform and homogenous.

The adhesion of the C. albicans cells on the surface of 5SmHAp coatings was also investigated by
AFM studies. For this purpose, the surface of HAp and 5SmHAp coatings incubated with C. albicans
fungal cells at three different time intervals was studied using AFM topography. The results of the AFM
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surface topography of the HAp and 5SmHAp coatings incubated with C. albicans fungal cells for 24, 48,
and 72 h are presented in Figure 12. The 2D AFM images of the 5SmHAp coatings surface highlighted
that the C. albicans cell development was inhibited by the coatings and that the inhibition rates were
correlated with the incubation time. The AFM images collected on an area of 20 X 20 pm? evidenced
that the C. albicans development was inhibited starting from 24 h and the inhibition continued and
accentuated after 48 and 72 h. In the case of the coatings incubated for 72 h, the C. albicans cells
were almost completely eradicated from the surface of the 5SmHAp coatings, demonstrating that the
incubation time strongly affected the antifungal properties of the 5SmHAp coatings. Furthermore,
the AFM images of the HAp coatings incubated with C. albicans fungal cells emphasized that the HAp
coatings promoted the development of the fungal cells and provided a good adhesive surface for the C.
albicans cells and allowed the development of fungal biofilm.

(d) (e) )

Figure 12. AFM surface topography of Candida albicans ATCC 10231 cell development on HAp (a—c)
and 5SmHAp coatings (d—f) at different time intervals of incubation collected on an area of 20 x 20 um?.

The effects of the 5SmHAp coatings on the adhesion and proliferation of C. albicans were
furthermore studied using SEM and CLSM investigations. The images of C. albicans cell development
on the surfaces of 5SmHAp coatings after 24, 48, and 72 h of incubation with the C. albicans microbial
cells, resulted from SEM observations were presented in Figure 13. The SEM visualization of the
5SmHAp coatings incubated with the fungal cell at different time intervals highlighted that the
morphology of the fungal cells was typical to that of the C. albicans fungal strain, having round and
oval shapes. Moreover, the SEM images emphasized that the size of the C. albicans fungal cells were in
the range of 2.378-4.419 um. In addition, the SEM analysis revealed that the fungal cells adhesion
and development of biofilms on the 55mHAp coatings was inhibited only after 24 h of incubation.
Moreover, the SEM observations highlighted the inhibitory effects of the 5SmHAp coatings against C.
albicans fungal strain at all tested time intervals. Furthermore, the results of the SEM visualization
evidenced that the inhibitory effect of the 5SSMHAp coatings was correlated with the incubation time.
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Figure 13. SEM images of Candida albicans ATCC 10231 cell development on HAp (a—c) and 55SmHAp
coatings (d—f) at different time intervals of incubation 24 h (a,d) 48 h (b,e) and 72 h (c,f).

In addition, the C. albicans development on the HAp coatings was also assessed by SEM
visualization at three different time intervals. The results emphasized that the HAp coatings promoted
the development of the fungal cells and aided their proliferation and also allowed the formation of a
fungal biofilm on their surface. These studies are in good agreement with previous conducted studies
regarding the antifungal properties of HAp. The SEM images have revealed that the number of C.
albicans fungal cells was considerably diminished after 48 and 72 h of incubation with the 5SmHAp
coatings. Furthermore, the 3D representation of the SEM images with the C. albicans attached fungal
cells was also performed using Image ] software (Image J 1.51j8) [33]. The 3D representation of the
SEM images of the 5SmHAp coatings incubated at three different time intervals with C. albicans fungal
cells are presented in Figure 14.

The development and adhesion of C. albicans cells on the surface of 5SmHAp coatings after
different time incubation intervals were also examined by CLSM. The images acquired using CLSM
proved much more clearly, that the C. albicans cells development was inhibited by the 5SmHAp
coatings and that the coatings did not allowed the fungal cells to proliferate and develop biofilms.
These results are in good agreement with previous reported studies regarding the fungal properties
of other biocomposite layers deposited on Si and Ti substrates [12,29,52,53]. CLSM is an optical
imaging technique and a useful tool for imaging, qualitative analysis and quantification of cells [54,55].
Figure 15 shows the CLSM images of C. albicans cell growth on 5SmHAp coatings incubated with the
fungal cells at different time intervals. The CLSM visualization was done using propidium iodide to
label the fungal cells. The CLSM visualization evidenced that the surviving C. albicans cells were intact
with round morphology and a smooth surface for all tested time intervals of incubation on the surface
of HAp and 5SmHAp coatings. The results are depicted in Figure 15a—f. Furthermore, the CLSM
examination confirmed the results obtained by the qualitative antimicrobial assay and was in good
agreement with the results obtained from the SEM analysis. CLSM images highlighted that 5SmHAp
coatings after 24 h of incubation exhibited a strong antifungal activity against Candida albicans ATCC
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10231 and inhibited the biofilm formation. In addition, the results obtained by CLSM studies have
emphasized that the time of incubation influenced the antifungal activity of the 5SmHAp coatings.
The antifungal assays performed revealed that the 5SmHAp coatings could have a great potential to be
used in medical application as antifungal coatings for medical devices.

Figure 14. 3D representation of the SEM images of Candida albicans ATCC 10231 cell development on
HAp (a—c) and 5SmHAp coatings (d—f) at different time intervals of incubation 24 h (a,d) 48 h (b,e) and
72 h (cf).

(a)
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Figure 15. 2D confocal Laser Scanning Microscopy (CLSM) images of Candida albicans ATCC 10231
adhesion on HAp (a—c) and 5SmHAp (d—f) coatings deposited on Si after 24 h (a,d), 48 h (b,e) and 72 h
(c,f) of incubation.

Furthermore, the 3D representation of the CLSM images of C. albicans fungal cells adhered on
the surface of the 5SmHAp coatings after being incubated at three different time intervals analyzed
using Image ] software [33] are presented in Figure 16. The 3D representation display the structure
and spatial distribution of C. albicans surviving cells on the 5SmHAp coatings after 24, 48, and 72 h of
incubation with the fungal cells. The images exhibited in Figure 15 revealed the spatial distribution of C.
albicans surviving cells (red color) along horizontal (coverage) and the vertical (thickness) distributions
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on the 5SmHAp surfaces. The CLSM images presented in Figure 16 demonstrated that the survival of
C. albicans cells have been significantly reduced in the presence of 5SmHAp coatings and that their
inhibition was strongly correlated with the incubation time.

Figure 16. 3D representation of the CLSM images of Candida albicans ATCC 10231 adhesion on HAp
(a—c) and 5SmHAp (d—f) coatings deposited on Si after 24 h (a,d), 48 h (b,e) and 72 h (¢,f) of incubation.

The quantitative antifungal properties of the HAp and 5SmHAp coatings deposited on silicium
substrate were also assessed using C. albicans ATCC 10231 fungal strain. The graphical representation
of C. albicans ATCC 10231 colony-forming units on 5SmHAp suspensions and coatings at three different
time intervals (24, 48, and 72 h) are depicted in Figure 17.
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Figure 17. Graphical representation of the Log colony forming units (CFU)/mL of C. albicans as a
function of time of exposure to the HAp and 5SmHAp suspensions and coatings.

The quantitative results emphasized that the fungal colony forming unity development was
inhibited from the early phase of adherence in the case of 5SmHAp both suspensions and coatings.
The colony forming unit count (CFUc) assay showed a significant decrease of the number of colonies in
the case of both 5SmHAp suspensions and coatings compared to the number of colonies formed in the
case of the control culture. Furthermore, the results emphasized that the antifungal activity of 5SmHAp
suspensions was higher than that of 5SmHAp coatings for all tested intervals. The results obtained
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by the qualitative and quantitative studies conducted, evidenced that the 5SmHAp suspensions and
coatings inhibited the C. albicans fungal strain development. The results are in good agreement with
previous reported data [10,53,56-58] and emphasized that samarium ions exhibit antifungal properties.

The antifungal properties of HAp suspensions and HAp coatings were also investigated and
a free C. albicans culture was used as positive control C+. The results demonstrated that both HAp
suspensions and HAp coatings encouraged the proliferation of the fungal cells and influenced positive
their growth for all tested time intervals. These results are in good agreement with previously reported
studies regarding the lack of antimicrobial properties of hydroxyapatite [20,59,60]. Moreover, previous
studies [15,56-64] reported that the antifungal effect of samarium could be explained by the fact that
samarium ions have the ability to attach to the cell membrane leading to changes of its permeability.
Furthermore, samarium ions that are released from the composite matrix could disrupt the bacterial
membrane integrity thus affecting a multitude of cellular processes such like adhesion, ion conductivity
and cell signaling [61].

The results of the qualitative and quantitative antifungal assays are in agreement with the previous
data presented in the literature and highlighted that the Sm3* ions present in the hydroxyapatite matrix
of the 5SmHAp coatings is responsible for the antifungal activity of the coatings. Moreover, the data
also suggested that the antifungal activity of both the 5SmHAp suspensions and coatings are strongly
correlated with the incubation time. The qualitative studies conducted by AFM, SEM and CLSM
suggested that the adhesion of C. albicans fungal cells was greatly reduced by the samarium doped
composites. These results are similar with those reported in the literature, regarding the adherence of
S. aureus, S. epidermidis and P. aeruginosa strains on composites doped with samarium [15]. The results
reported by the authors showed that compared to glass-reinforced hydroxyapatite composites (GR-HA)
composite the S. aureus, S. epidermidis and P. aeruginosa microbial cell development was considerably
inhibited in the Sm doped composites and that the microbial cell reduction was correlated with the Sm
content. The antibacterial effect of the composites were attributed also to the release of samarium ions
from the composites. Thus, the development of 5SmHAp coatings with enhanced osteoblastic cell
response given by the hydroxyapatite matrix and possessing antibacterial activity due to the presence
of samarium ions could lead to a better outcome of bone graft implantation. The choice of Si as a
substrate started from the intention to extend the applicability of these biocompatible materials with
antimicrobial properties from dental field to devices that could be used in tissue engineering [62]
or human prosthetic [63] in order to prevent postoperative infections. Ruffino and Torrisi [64] in
their studies regarding the influence of interaction between film and substrate on the nanoscale film
morphology showed that between Ag films deposited on SiO,/Si and TiO,/Ti substrates exist various
differences. Also Jouanny et al. [65] reported that between the TiO, thin films deposited on the Si and
Ti-6Al-4V substrate respectively, are differences from mechanical point of view. According to the
studies reported by Barry et al. [66] the nature of the substrate could influence the surface roughness
and coating thickness but there are no significant differences between the interface properties and the
coating composition depending on the type of alloy. Moreover, Ferraris et al. [67] reported that the
substrate also influences the biological properties of the samples.

Furthermore, due to the intended purpose of being used in biomedical applications, the toxicity
of the HAp and 5SmHAp suspensions and coatings were also assessed using one of the most studied
cell line. The toxicity of HAp and 5SmHAp suspensions and coatings was assessed against HeLa cells
at three different time intervals (24, 48, and 72 h). The results of the cytotoxicity assay obtained by
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) are presented in Figure 18.
HelLa cell line is the oldest and the most commonly used human cell line and has been extensively
used in scientific studies due to its remarkably durable and prolific properties. Since its discovery,
the HeLa cells have been intensively and continually used for research into various fields of research
such as cancer, AIDS, the effects of radiation and toxic substances, the toxicity of nanoparticles and
other types of materials, gene mapping and countless other scientific pursuits.
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Figure 18. MTT assay for the viability of HeLa cells incubated with HAp and 5SmHAp suspensions
and coatings at different time intervals.

The MTT studies revealed that after 24 h of incubation time, there were no representative
differences between the cells viabilities of the HAp and 5SmHAp suspensions. The results have
emphasized that after 24 h of incubation, the cell viability of HeLa cells was 90% in the case of the HAp
suspensions and 84% in the case of the HAp coatings and also 83% in the case of 5SmHAp suspensions
and 82% for the HeLa cells incubated with the 5SmHAp coatings. Moreover, the MTT assay results
show that after 48 and 72 h of incubation a slight increase of the HeLa cell viability was observed for
all the investigated samples.

The results highlighted that there is a correlation between the incubation time and the cell viability
of the samples. Moreover, the MTT suggested that the HAp and 5SmHAp suspensions had better
biocompatible properties than the HAp and 5SmHAp coatings. The results obtained in the present
study are in good agreement with previous studies regarding the toxicity of hydroxyapatite suspensions
and coatings [68-70]. In addition, a live/dead cell viability assay was performed in order to quantify
the ratio of the live and dead cells after the incubation of the HeLa cells with 5SmHAp solutions and
coatings at different time intervals. The results are depicted in Figure 19. The results are in agreement
with the MTT assay and evidenced that both the 5SmHAp solutions and coatings did not present any
toxicity against the tested cells for all tested time intervals. Furthermore, the data suggested that the
percent of dead cells in the case of both samples and for all tested intervals was under 10% from the
total number of counted cells.
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Figure 19. Percent of total counts of live cells and dead cells after incubation with 5SmHAp suspensions
and coatings at different time intervals.
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4. Conclusions

Hydroxyapatite and samarium doped hydroxyapatite (xgy, = 0.05) coatings were synthesized by a
simple sol-gel route using the dip coating method. Characterization studies of HAp and 5SmHAp
nanoparticles in suspension and coatings using different techniques were performed. The stability
of 5SmHAp suspension was highlighted by ultrasound measurements. Ultrasound measurements
showed that the 5SmHAp suspension had a behavior similar to that of double-distilled water considered
as a reference fluid. XPS and XRD studies on 5SmHAp coating confirmed that the Sm3* ions have
been incorporated into the 5SmHAp synthesized material by substituting the Ca?* ions. The uniform
distribution of constituent elements on 5SmHAp coating surface was confirmed by elemental mapping
analysis. SEM and AFM investigations revealed the uniform and homogenous surface of 5SmHAp
coating. In addition, FTIR studies confirmed the presence of the functional groups characteristic to the
HAp structure in both samples. The AFM analysis of the surface coatings revealed the obtaining of
homogenous and uniform coatings with no cracks or fissures. The antifungal activity of HAp and
5SmHAp coatings and suspensions was investigated using a Candida albicans ATCC 10231 fungal
strain. The results of the quantitative assay of the antifungal activity revealed that both 5SmHAp
coatings and suspensions inhibited the development of C. albicans fungal strain. The results obtained
by the qualitative assays using AFM, SEM CLSM visualization of the C. albicans cell adherence on the
surface coatings confirmed the quantitative results and evidenced that the antifungal properties of the
coatings were influenced by the incubation time. Furthermore, the cytotoxic assay using HeLa cell line
emphasized that both 5SmHAp suspensions and coatings did not present any toxicity against HeLa
cells for all tested incubation intervals. Nowadays, following the occurrence of microbial infections
affecting public health, the development of novel materials that could be used as a cheap alternative
for the obtaining of coatings with high antimicrobial activity over time is of great interest.
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Abstract: The purpose of this paper was to present the development of antimicrobial coatings
for different urinary catheters. Antimicrobial catheter coatings were prepared by immobilizing
fluoroquinolones either with the use of linkers (covalent binding) or by activating the polymer matrix
with iodine/bromine (noncovalent binding). The possibility of the deposition of antimicrobial agent(s)
following bromine activation on latex, polyurethane, and silicone was evaluated. Fourier transform
infrared spectroscopy (FTIR), used to monitor the changes in the catheter’s molecular structure
occurring over the course of its multi-stage modification, confirmed the presence of fluoroquinolones
in the catheter matrix as well as site-specific reactions. The amounts of drugs embedded in the catheter
matrix were determined by the HPLC method. Stability of the drug binding was checked by examining
the drug release. The new antimicrobial coatings obtained with the participation of fluoroquinolone
antibiotics have the potential to protect the patient against infections during catheterization.

Keywords: antimicrobial coatings; urinary catheters; catheter-associated urinary tract infections;
FTIR; fluoroquinolones

1. Introduction

Scientists have long been searching for ideal biomaterials (i.e., those made up of biocompatible,
antimicrobial, and antifouling materials) that would be capable of inhibiting bacterial adhesion, thereby
preventing infections in the course of urinary catheterization.

The surface properties of materials such as morphology, functionality, surface charge density,
interactions, hydrophilicity or hydrophobicity play a vital role in bacterial adhesion. With regard to
the surface properties, the modifications are mainly accomplished by applying the following strategies:
functionalization, coating, impregnation of the active molecule, and blending. The former two cause
the development of bacteriostatic surfaces, whereas molecule impregnation and blending result in the
development of bactericidal surfaces [1].

It appears that modification of the surface structure of the urinary catheter could reduce the
incidence of urinary tract infections. Coating the catheter surfaces with a thin layer of a suitable
material is apparently the most universal method aimed at developing antifouling and antibacterial
properties. Thus far, thin films based on silicone, polytetrafluoroethylene, hydrogels, and other
antifouling/antimicrobial materials, often containing silver or an alternative metal as well as other
antimicrobials, have been proposed [1-3].

Scientific studies indicate that bacterial adhesion can be reduced by coating the catheters with
titanium dioxide [4], a titanium oxide-silver composite [5], silver particles/silver nanoparticles [6],
or impregnating the catheter with nitric oxide [7].

Sterility and prevention of bacterial adhesion (prevention of catheter-associated bacteriuria)
can be achieved by incorporating into the catheter antiseptics such as triclosan, chlorhexidine) [8,9],
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antibiotics/chemotherapeutic agents including fluoroquinolones [10-12], or other active substance/
polymer [12,13].

Fourier transform infrared spectroscopy is the most commonly used technique to assess the
surface changes of biomaterials that occur during their modification [14,15].

Since the research into the immobilization of active substances in solid biomaterials requires
further investigation [16], this paper focused on investigating various ways of the immobilization of
fluoroquinolone antibacterial substances and its aim was to present the development of antimicrobial
coatings of different urinary catheters as well as the FTIR assessment of changes in the molecular
structure of the catheter material during its multi-stage modification. This paper presents the
formation and characterization of the new antimicrobial coatings, obtained with the participation of
fluoroquinolone antibiotics in an uncomplicated way, which can protect urinary catheters against
bacterial infections. As indicated by the literature data, modifications of the catheter are vital to ensure
the patient’s safety during urinary catheterization.

2. Materials and Methods

Sparfloxacin (SPA) and ciprofloxacin hydrochloride monohydrate (CIP) were purchased from
Sigma-Aldrich. All reagents and chemicals used for the modification process of catheters were
purchased from Sigma-Aldrich Co. (chitosan, CHT; glutaraldehyde GLU; adipic acid dihydrazide,
ADH) or Avantor Performance Materials Poland S.A., Gliwice, Poland (iodine, bromine, methanol,
acetonitrile). The Foley catheters were made of a natural latex; siliconized, silicone, polyurethane,
and hydrogel-coated latex were obtained from a local medical supplier (Skamex, £6dz, Poland).

2.1. Preparation of Sparfloxacin-Treated Catheter Samples (SPA-M1 Method)

The siliconized latex catheters were subjected to the modification process using the selected
patented procedures [17], adapted for this research.

Small samples of 0.5 cm-long catheters (average weight about 0.09 g) were coated with chitosan,
then treated with glutaraldehyde and finally coupled with sparfloxacin in an organic medium.
With regard to the biotoxic effect of glutaraldehyde, the non-crosslinked (trapped) glutaraldehyde was
removed by repeatedly rinsing the crosslinked chitosan catheter with distilled water. Immobilization of
SPA on the crosslinked chitosan-coated catheter surface was performed in the SPA solutions prepared
in acetonitrile at the concentration of 0.1, 0.5, 1.0, and 2.0 mg/mL. The resulting catheter samples were
rinsed with water, dried at 50 °C mand subjected to ATR (Attenuated Total Reflectance)-FTIR analysis.

2.2. Preparation of Sparfloxacin-Treated Catheter Samples (SPA-M2 and SPA-M3 Methods)

The hydrogel catheters (also polyurethane and silicone catheters in the case of the SPA-M3
method) were cut into 0.5 cm-long fragments (average weight about 0.11 g) and activated with the
1% methanol-NaHCOj; iodine solution (SPA-M2 method) or 0.1-1% methanolic bromine solution
(SPA-M3 method) for 1 h under gentle stirring at 40 °C. Next, the samples were removed, rinsed with
distilled water, and dried. In the next stage, the samples were placed in Eppendorf tubes, immersed in
1 mL of SPA solution (0.1, 0.5, 1.0, and 2.0 mg/mL) and incubated in closed tubes for 12 h at 50 °C with
stirring at 150 rpm. Then, the catheters were removed, rinsed with water, and left to dry.

2.3. Preparation of Ciprofloxacin-Treated Catheter Samples (CIP-M1 Method)

The siliconized latex catheters were subjected to the modification process using the selected
patented procedures [17], adapted for this research.

The small samples of 0.5 cm-long catheters (average weight about 0.09 g) were coated with chitosan,
then, sequentially treated with the 5% solution of glutaraldehyde and 5% solution of adipic acid
dihydrazide and finally coupled with ciprofloxacin in an organic medium. With regard to the biotoxic
effect of glutaraldehyde, the trapped glutaraldehyde was removed by repeatedly rinsing the crosslinked
chitosan catheter with distilled water. Immobilization of CIP on the activated, chitosan-coated catheter
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surface was performed in the CIP solutions prepared in methanol at the concentrations of 0.1, 0.5, 1.0,
and 2.5 mg/mL. The resulting catheter samples were rinsed with water, dried at 50 °C, and subjected to
ATR-FTIR analysis.

2.4. FTIR Characterization

FTIR in transmittance mode was used to characterize the presence of specific chemical groups.

In the tested catheter samples. FTIR measurements were carried out on a Nicolet 6700 spectrometer
(Thermo Fisher Scientific Inc., Warsaw, Poland) equipped with a deuterated triglycine sulfate detector
(DTGS/KBr) and a versatile attenuated total reflectance (ATR) sampling accessory with a diamond
crystal plate. The spectra were recorded in the spectral range of 4000-600 cm™! at 4 cm™! spectral
resolution and 32 sample/background scans using OMNIC 8.1 computer software (Thermo Fisher
Scientific Inc., Waltham, MA USA). The modified catheters were recorded and compared with the
unmodified ones.

3. Results

The presented FTIR-ATR assessments show the effects of the functionalization of various types of
urological catheters using selected chemotherapeutics (i.e., sparfloxacin and ciprofloxacin). With the
use of the FTIR method, sparfloxacin was proven to be a particularly good choice to demonstrate
the presence of this drug in the modified polymer matrix due to the unique absorption bands of the
amine group in the range of 4000-3000 cm™". In addition, fluoroquinoline antibiotics showed a broad
spectrum of antibacterial activity and effectively protected modified matrices against biofilm formation,
which ensures the patient’s safety during catherization.

3.1. Analysis of the SPA Modified Catheter with the Use of the SPA-M1 Method (CHT-Linker-SPA)

The FTIR spectrum of the siliconized latex catheter (Figure 1A) shows the absorption bands for
silicone and latex. The peaks in the range of 1020 to 1260 cm! belong to Si—-O-5i bonds of silicone with
the peak at about 1100 cm™! belonging to the C-O-C bonds of the latex, probably the polyacrylate latex,
which also showed absorption peaks at about 3300 cm ™! as well as at 3000-2850 cm™~! and 1735 cm™1,
that are the result of the stretching vibrations of O-H, C-H, and C=0 bonds, respectively. Furthermore,
the absorption bands at 1480-1380 cm™! can be attributed to the bending vibrations of the O-H and
C-H bonds [18].
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Figure 1. FTIR spectra of the siliconized latex catheter recorded during a three-stage modification using
SPA-M1 method: the untreated catheter (A), CHT-treated and GLU-activated catheter (B), SPA-treated
catheter (C).
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Comparing curve B with curve A, at 3380 cm™! there was no clear band related to the free
amine group in the molecule of natural chitosan. A comparison of these curves showed an increased
intensity in the peaks of the C-H stretching at 3000-2850 em~! and the carbonyl stretching (C=0)
at 1735 cm™!. Furthermore, two new absorption bands at 1644 cm™! and at about 1551 cm™" were
observed in the modified chitosan (CHT-treated and GLU-activated catheter). These effects can be
related to the interactions between chitosan and glutaraldehyde as a linker. The clear peak at 1644 cm™!
can be associated with the presence of the stretching vibrations of N=C bonds. The second peak at
1551 cm™! can be attributed to the stretching vibrations of C=C bonds. The literature [19] provided
evidence for the formation of the double imine bond (N=C) and the ethylenic double bond (C=C) in
the chitosan—glutaraldehyde interactions, which depend on the pH value of the reaction medium and
the GLU concentration [20]. In the process, crosslinking chains are formed [20,21].

It is apparent that curve C (spectrum of CHT-linker-SPA) was more intensified than curve B.
The shape changes of the bands and the new peaks, typical of the SPA molecule [16] at about 1630 cm ™,
1520-1550 cm™?, 1430 cm ™1, 1290 cm ™, and 850-800 cm ™! and attributed to the stretching and bending
vibrations, may be indicative of the presence of SPA in the modified catheter. The absence of peaks for
the N-H stretching bonds, a change in the shape of the imine peak, and a shift of this band to a lower
frequency (from 1644 to 1630 cm™1) may also suggest the formation of the C=N bond between SPA and
the cross-linked chitosan (Table 1).

Table 1. Summary of FTIR analysis of the SPA-modified catheter following SPA-M1 method.

Prominent Peaks of SPA Prominent Peaks of SPA-Modified Catheter
v(N-H): 3460 cm™~! and 3336 cm™? v(N-H): absence
v(C=0): 1639 cm™! v(C=N):~1630 cm™!
v(C=C in Ar) with §(N-H): 1585-1495 cm~! v(C=C in Ar):~1520-1550 cm~!
8(C-H in -CH2-): 1435 cm™! §(C-H in -CH2-):~1430 cm~?,
v(C-0 in COOH): 1290 cm ™! v(C-0 in COOH):~1290 cm ™!

Moreover, the binding of SPA to the cross-linked chitosan due to the Michael-type reaction may
also be taken into consideration [21]. Probable covalent SPA binding sites are shown in Scheme 1.

Scheme 1. Probable covalent SPA binding with the crosslinking chitosan.
3.2. Analysis of the SPA-Modified Catheter with the Use of SPA-M2 Method (Iodine-SPA)

A hydrogel, which is a cross-linked macromolecular polymer that absorbs relatively large volumes
of a liquid, is a material frequently used for coating urinary catheters. The most commonly used
hydrogel is made of poly(2-hydroxyethyl methacrylate) [22].
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The FTIR spectrum of the hydrogel catheter (Figure 2A) showed a wide absorption band of O-H
stretching vibrations at about 3300-3500 caml, peaks corresponding to the C-H stretching vibrations
at 3000-2850 cm ™, the C=0 stretching vibrations at 1710 cm™, the C-O-C stretching vibrations at
about 1100 cm™ as well as the bending vibrations of the C-H bonds in the region 1360-1480 cm™! [23]
The absorption bands indicate the presence of similar functional moieties, as in the case of the siliconized
latex catheter (Figure 1A).
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Figure 2. FTIR spectra of the hydrogel catheter recorded during a two-stage modification using the
SPA-M2 method: the untreated hydrogel catheter (A), the iodine-activated catheter (B), SPA-treated
catheter (C).

The spectra recorded after the second and third stage of modification (Figure 2A,B) were similar
to those presented earlier [16]. However, the FTIR spectra demonstrated here were obtained by
spectroscopic analysis where the latex-based catheter was coated with a hydrogel layer, treated
with iodine in an organic-aqueous environment, and then with SPA as an antibacterial agent.
The characteristic absorption bands appearing as new peaks in the FTIR spectrum of the iodine-activated
and SPA-treated catheter (Figure 2C) clearly indicate the presence of SPA. The intensive absorption
bands corresponding to the asymmetrical and symmetrical stretching vibrations of the N-H bonds of
SPA overlapped with the O-H stretching occurred at 3500-3295 cm~!. Comparing curve C with curve
B, the absorption peak at 1639 cm™! (the C=0 stretching in the 4-quinolone ring of the SPA molecule)
became more intensified and slightly shifted to a lower frequency (from 1647 to 1639 cm™'). The peaks
at 1585-1500 cm™! resulted from the C=C stretching vibrations of the aromatic ring while the peak at
1291 em™! can be assigned to the C-O bond vibration of the carboxyl group (Table 2).

Table 2. Summary of the FTIR analysis of SPA-modified catheter following the SPA-M2 method.

Prominent Peaks of SPA Prominent Peaks of SPA-Modified Catheter
v(N-H): 3460 cm™~! and 3336 cm™? v(N-H):~3500-3295 cm ™!
v(C=0): 1639 cm™! v(C=0):~1639 cm™!
v(C=C in Ar) with §(N-H): 1585-1495 cm™! v(C=C in Ar) with §(N-H):~1585-1500 cm~!
5(C-H in —-CH2-): 1435 cm™! 5(C-H in -CH2-):~1436 cm™!
v(C-0 in COOH): 1290 cm ™! v(C-0 in COOH):~1291 cm™!
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3.3. Analysis of the SPA Modified Catheter with the Use of SPA-M3 Method (Bromine-SPA)

In the case of functionalization of the hydrogel latex catheter with bromine as an activator and
SPA as an antibacterial agent, the presence of SPA was even more pronounced (Figure 3).
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Figure 3. FTIR spectra of catheter surface recorded during a two-stage modification using the SPA-M3
method: the untreated hydrogel catheter (A), the bromine-activated catheter (B), and the SPA-treated
catheter (C).

The spectrum of the modified catheter was more like the SPA molecule than the hydrogel latex
matrix (Figure 3C). The absorption bands of SPA [16] appeared at 3411 em~! and 3285 cm™! (the N-H
asymmetrical and symmetrical stretching), 1636 cm™" (the C=0 stretching), 1536-1510 cm™! (the C=C
stretching of the aromatic ring), 1437 cm™! (the C-H asymmetrical bending), and in the range of
1293-1095 cm ™! (the stretching vibrations of the C-N, Ar-F, C-O bonds) (Table 3).

Table 3. Summary of the FTIR analysis of the SPA-modified catheter following the SPA-M3 method.

Prominent Peaks of SPA Prominent Peaks of SPA-Modified Catheter
v(N-H): 3460 cm™~! and 3336 cm™! v(N-H):~3411 cm~! and 3285 cm™!
v(C=0 in COOH): 1713 cm™! v(C=0 in COOH):~1709 cm™!
v(C=0): 1639 cm™! v(C=0):~1636 cm™!
v(C=C in Ar) with §(N-H): 1585-1495 cm™~! v(C=C in Ar) with §(N-H):~1536-1510 cm™!
5(C-H in -CH2-): 1435 cm™! 5(C-H in -CH2-):~1437 cm™!
v(C-0 in COOH): 1290 cm™! v(C-0 in COOH):~1293 cm™!

3.4. Analysis of the Polyurethane and Silicone SPA-Modified Catheter Following the SPA-M3 Method

In order to show the universality of this procedure, the SPA-M3 method was also used for
functionalizing the other catheter matrices (i.e., polyurethane or silicone). The immobilization of SPA
in the polyurethane and silicone catheter was performed with satisfactory results.

Comparison of the polyurethane catheter before and after immobilization of SPA (Figures 3B
and 4A) clearly demonstrated the changes in the catheter matrix. The FTIR spectrum of the modified
catheter definitely resembled the spectrum of SPA [16].

The appearance of the absorption peaks at 3418 cm~! and 3285 cm™! (the N-H stretching),
1632 cm™! (the C=0 stretching), 1510 cm™! (the C=C stretching of the aromatic ring), 1435 cm™
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(the C-H asymmetrical bending), and in the range of 1300-1000 cm~" (the stretching vibrations of the
C-N, Ar-F, C-O bonds) confirmed the presence of SPA.
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Figure 4. Comparison of the polyurethane catheter before (A) and after (B) immobilization of SPA.

Silicone has a relatively simple infrared spectrum, which is associated with its uncomplicated
structure (organosilicon polymer). Silicone exhibits a typical distribution of the absorption bands for
this type of material, located in the zone below 1300 cm™!. The peaks in this region corresponded to
the absorptions resulting from the antisymmetric and symmetric stretching vibrations of the oxygen
atom in the Si—-O-Si group [24] as well as the stretching vibrations of the carbon-silicon bond (C-Si)
present in all organosilicon compounds. Another absorption band at 2954 cm~! can be attributed to
the C-H stretching vibrations of the methyl groups in the silicone structure.

The presented spectra (Figure 5) show changes of the silicone after immobilization of SPA.
Numerous absorption bands characteristic of SPA, similar to the polyurethane matrix, confirmed
incorporation of SPA to the silicone matrix. More intense bands were the effect of using a higher
activator concentration (0.3% and 1.0% bromine solution). It was also found that with the increased
concentration of bromine, the structure of the silicone catheter became more fragile.
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Figure 5. Comparison of the silicone catheter before (red curve) and after (pink and blue curves)
immobilization of SPA; the activation with bromine at concentration 0.3% (pink curve) and 1%
(blue curve).
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3.5. Analysis of the CIP-Modified Catheter with the Use of the CIP-M1 Method

The FTIR spectrum of ciprofloxacin shows many absorption bands (Figure 6). The most
characteristic bands can be assigned to the O-H stretching in COOH at 3530-3373 cm™!, the N-H
stretching of the ionized amine (>NH,") at 2689-2463 cm™!, the C=O stretching in COOH and
4-quinolone ring at 1703 cm~! and 1623 ecm™?, respectively, the C=C stretching in aromatic ring at
1588-1495 cm™, the C-H bending at 1449 cm ™!, the C-N stretching at 1384 cm ™!, the C-O stretching in
COOH at 1267 em™!, and the C-F stretching vibrations in the range of 1250-1100 cm™L,
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Figure 6. FTIR spectrum of ciprofloxacin hydrochloride monohydrate.

The changes occurring in the course of the first (CHT-treated catheter) and second (GLU-activated
catheter) stage of the modification (Figure 7B) were the same as those observed during the formation
of the crosslinking chitosan (Figure 1B): the double imine bond (N=C) at 1644 cm~! and the ethylenic
double bond (C=C) at 1551 cm™.
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Figure 7. FTIR spectra of the siliconized latex catheter recorded during multi-stage modification using
the CIP-M1 method: the untreated catheter (A), CHT-treated, GLU-activated catheter (B), CHT-treated,
GLU-ADH activated catheter (C), and CIP-treated catheter (D).

In the next stage, the cross-linked chitosan was functionalized with adipic acid dihydrazide as the
second linker, NH,NH-CO-(CH,);-CO-NHNH, [25].
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The appearance of the strong peak (Figure 7C) at 1660 cm ™! belonging to the stretching vibrations
of the N=C bond proves that ADH binds covalently with the cross-linked chitosan in order to introduce
the amine groups whose peaks occur at 3215 cm™! and 3068 cm™!. Moreover, the new amido bonds’
characteristic peaks at 1699 cm™! and 1560 cm™, corresponding to the stretching vibrations of C=0O
and the bending vibrations of N-H, indicate the presence of ADH in the modified catheter.

In thelast stage, the attachment of CIP to the GLU-ADH activated catheter was observed (Figure 7D).
In the CIP-treated catheter spectrum, the C=N stretching band was intensified in comparison to the
GLU-ADH activated catheter spectrum, which was indicative of the interaction between CIP and ADH.
Moreover, the stronger peaks at 3300-3000 cm™~! and the broader band at 3000-2800 cm™~! can suggest
that there are more N-H and CH, groups in the CIP-treated catheter than in the GLU-ADH activated
catheter, which may indicate the introduction of CIP. Furthermore, the shape change of the bands in
the region of 1600-1000 cm~! and the appearance of new peaks may also be suggestive of the presence
of CIP (Table 4).

Table 4. Summary of FTIR analysis of the CIP-modified catheter following the CIP-M1 method.

Prominent Peaks of CIP Prominent Peaks of CIP-Modified Catheter
v(N-H in >NH,"): 2689-2463 cm™" v(N-H in >NH,*): absence
v(C=0): 1623 cm™! v(C=N):~1660 cm ™
v(C=C in Ar): 1588-1495 cm™! v(C=C in Ar):~1555 cm™!
5(C—H in -CH2-): 1449 cm™! 5(C—H in -CH2-): 1445 cm™!
v(C-O in COOH): 1267 cm™? v(C-0 in COOH):~1267 cm ™1

A qualitative FTIR study of catheters treated with increasing concentrations of drugs during
modification with use of all immobilization methods (SPA-M1, M2, M3, and CIP-M1) was performed
to better assess the drug-specific absorption bands. The changes in the shape of the characteristic
absorption bands in a series of the studied samples confirmed the presence of SPA and CIP in the
catheter matrix.

The representative FTIR spectra in Figure 8 demonstrate the increasing intensity of
SPA-characteristic bands as a consequence of the increasing amounts of SPA embedded in the
catheter matrix. For this assessment, the N-H stretching of the SPA amine group at 3500-3295 cm ™!,
and the C=0 stretching vibrations at 1639 cm™! derived from COOH group are particularly important.
The presented FTIR spectra illustrate the successful binding of the drug with the catheter matrix.
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Figure 8. Typical FTIR spectra of the catheter with SPA immobilized from solutions with increasing
SPA concentrations: 0.1 (A), 0.5 (B), 1.0 (C), and 2.0 (D) mg/mL (SPA-M3 method).
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4. Discussion

Urinary tract infections are the most commonly occurring nosocomial infections in intensive care
units. Most of these infections are associated with the presence of catheters in the urinary tract [1-3].
Two main problems that affect urinary catheters and make it more difficult to treat catheter-associated
urinary tract infections are biofilm formation and encrustation. The biofilm bacteria can move to the
kidneys, causing life-threatening complications. On the other hand, the incrustation/mineralization
of the catheter with calcium and phosphorus salts promotes bacterial adhesion [26-28]. A common
treatment for urinary infections is the use of antimicrobials in urinary catheters, which can reduce or
eliminate colonization of bacteria and stop the biofilm formation.

In order to achieve an antifouling and antimicrobial coating, polymers are mostly impregnated
with many types of antimicrobials with the participation of various methods of immobilization,
which include: a procedure in which the active agents are covalently bound to the polymer (grafting);
physical adsorption in which the active agents are non-covalently coupled to the polymer by hydrogen,
ionic, or steric interactions; surface-initiated immobilization in which the synthesis of the antimicrobial
on the polymer surface occurs due to the use of a covalently bonded initiator; and immobilization in
which the synthesis of the active agent occurs within the substrate when it is formed [2].

Coating urinary catheters with the polymer hydrogel, often impregnated with antimicrobials, is a
popular proposition in order to reduce diminishing the adhesion of microbes. In such a preventive
strategy, polymers such as polyvinylpyrrolidone, chitosan [29,30], curdlan [31], heparin [32], mucin—the
main component of the mucosa with anti-adhesive properties [33]—have been recommended. It was
shown that the biomaterial coated with polymer was colonized by bacteria to a lesser extent than
an unaltered one and was often less prone to incrustation, which is especially important for the
biomaterials used in urology [28,32].

The above-mentioned studies were the motivation for coating urological catheters with the chitosan
hydrogel and conducting further modifications with an intention to achieve effective, multidirectional,
and long-term antibacterial protection. The following process of functionalization of the chitosan
hydrogel consisted in its activation via crosslinking with the use of glutaraldehyde (Figure 1B)
or glutaraldehyde and adipic acid dihydrazide (Figure 7B,C). Finally, fluoroquinolone—the main
component of the antibacterial protection—was bound with the activated catheter, the first strategy of
antibacterial modification (Figures 1C and 7D). It is known that glutaraldehyde is one of the crosslinking
agents that is potentially cytotoxic. However, the reactivity of glutaraldehyde with amine and other
functional groups of proteins and enzymes has led to its widespread use as a crosslinking agent for
proteins and other compounds. The studies suggest that the toxic effect of glutaraldehyde can be
quenched by glutamic acid [34] or other cell-friendly amine compounds. Our previous study indicates
that the chitosan coat crosslinked with glutaraldehyde and then treated with tosufloxacin provides
good protection against the cytotoxic effect of the silicone latex material; it probably limits leaching
of harmful agents [35]. Moreover, recent studies have revealed that the glutaraldehyde cross-linked
chitosan exhibits an antibacterial activity. This property appears to be desirable in the case of creating
antibacterial coatings [36].

The second strategy of the antibacterial modification consisted in the functionalization of the
ready-made hydrogel catheters by the hydrogel activation with iodine (Figure 2B) or bromine
(Figure 3B), followed by incorporation of the antimicrobials into the catheter matrix (Figures 2C
and 3C, respectively).

Modification of the surface with the participation of sparfloxacin was conducted according to
the first and second strategy by applying three different immobilization methods marked as SPA-M1,
SPA-M2, and SPA-M3. In the case of the SPA-M1 method, the catheter’s surface was coated with
the chitosan hydrogel, activated with GLU (crosslinking), and treated with SPA, according to the
patented procedure [17]. In the case of the SPA-M2 and the SPA-M3 methods, the ready-made hydrogel
catheters were activated with iodine or bromine, respectively, and then treated with SPA. The SPA-M3
method was also used for functionalizing the polyurethane and silicone catheters in order to show the
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universality of this procedure. The immobilization of SPA in the polyurethane and silicone catheter
produced satisfactory results (Figures 4 and 5, respectively). However, the structure of the silicone
catheter underwent gradual destruction under the influence of bromine. Therefore, this way of
modification cannot be proposed in the case of silicone materials.

Modifications with the application of ciprofloxacin were performed according to the first strategy
(Figure 7) and with the use of the immobilization method marked as CIP-M1. The catheter surface
was coated with the chitosan hydrogel, activated with GLU and adipic acid dihydrazide, and finally
treated with CIP according to the patented procedure [17].

The manner of binding CIP and SPA with the catheter matrix was assessed on the basis of the
recorded FTIR spectra after each stage of modification. Frequent recording of the spectrum of the
tested material after each subsequent stage of modification enables finding even the smallest changes.
It is not necessary to use the spectrum library, because during the spectrum analysis, it is easy to
deduce which functional group in the drug molecule or polymer took part in the interaction [16,18].
Analysis of the FTIR spectra of pure substances CIP (Figure 6) and SPA [17] was used for identification
of the most characteristic absorption bands corresponding to the vibrations of the respective functional
groups in the molecules of both compounds. It was proven that CIP and SPA immobilized, according
to the first method (CIP-M1, SPA-M1), bind with the catheter matrix by covalent bonds, probably in a
mixed covalent-noncovalent manner. The increase in the intensity of absorption bands at 1630 cm™
(SPA) and 1660 cm™! (CIP), which corresponds to the stretching vibrations of the imine bond (C=N)
formed between the amine or carbonyl groups of the molecules of drugs and the modified chitosan
hydrogel (Figures 1C and 7D) may be evidence of covalent interactions. The mixed binding of the
drugs can confirm the inhibition zones of bacterial growth under and around the catheter in the
microbiological test: the zone inhibition test against the selected Gram-positive and Gram-negative
bacteria. Similar effects were observed previously (i.e., during immobilization of SPA on the catheter
coated with heparin [37]).

In the case of the immobilization of SPA according to the second and third method (SPA-M2,
SPA-M3), the recorded FTIR spectra showed distinct bands deriving from the moieties that are
characteristic of the SPA molecule, especially the bands at 3500-3280, corresponding to the SPA primary
amine group. The presence of a free amine group indicates that the drug’s bond is noncovalent
(Figures 2C and 3C).

On the basis of the intensification of the absorption bands belonging to the vibrations of the bonds
of the functional groups, it was concluded that the increase in the drug concentration in the solutions
used for immobilization resulted in the increase in the amounts of drugs found in the catheter matrix
(Figure 8).

In the present study, the HPLC method [38] was adopted for assessing the degree of CIP/SPA
binding with the modified latex catheter. The drugs were determined in the solution before and
after immobilization, and their concentrations were calculated from the equations of regression:
y =131,196.3 x + 21,192.7 for CIP and y = 96,999.7 x + 10,571.1 for SPA.

The results show that CIP bonded in 15-20% (1.5-2.3 mg per 1 g catheter), whereas SPA in 26-47%
(2.9-5.2 mg per 1 g catheter) when the CIP-M1 and SPA-M1 methods were used, respectively. When the
SPA-M2 and SPA-M3 methods were in use, 25-32% of SPA (2.8-3.6 mg per 1 g catheter) and 48-60% of
SPA (5.4-6.7 mg per g catheter), respectively, were immobilized in the catheter matrix.

In order to assess the durability of the drug binding, the release profiles of both drugs from the
modified latex catheter were determined. It was found that the drugs immobilized with the use of all
methods were released gradually in small doses, providing long-term antibacterial protection of the
catheter as well as the environment around it. Amounts of about 0.6% of CIP and 0.7% of SPA for
the M1 method, 1.9% of SPA for the M2 method, and 1.3% of SPA for the M3 method were released
by shaking the SPA/CIP loaded catheter samples in 10 mL of phosphate buffer at pH 5.5 for 30 min
daily at 37 °C for a month. In the case of the M1 method, the drug release below 1% within one
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month confirmed a considerable stability of the C=N bonds and thus the stability of coatings based on
chitosan crosslinked with glutaraldehyde.

5. Conclusions

Since the ideal antibacterial material has not yet been found, there is still a need to look for new
ways of the prevention of catheter-associated urinary tract infections. New antibacterial coatings and
materials must be thoroughly tested using reliable characterization methods to achieve the highest
antimicrobial efficacy and safety.

The findings presented in this paper allow for the conclusion that the new antimicrobial coatings,
obtained with the participation of fluoroquinolone antibiotics in an uncomplicated way, are able
to protect the urinary catheters against bacterial infections during catheterization. The formation
methods of antimicrobial catheter coatings through the covalent and noncovalent immobilization
of fluoroquinolones were developed. In the case of covalent immobilization, it is predicted that the
deposited coatings present a crosslinked chitosan thin film with the bonded drug, which preserves the
antibacterial properties. It is also estimated that in the case of a noncovalent binding, the drug becomes
trapped in the micro pores of the polymer matrix formed while being treated with bromine/iodine.
The fluoroquinolones were successfully incorporated into the catheter matrix, which was confirmed by
the FTIR analysis. Incorporation of the drug following activation with bromine is a suitable method of
modifying latex and polyurethane-based catheters, but in the case of silicone, its structure is damaged.
A dissolution study confirmed the stability of the drug binding to the matrix. A relatively durable
binding of the drug enables long-term protection of the catheter against infection. In contrast, the low
dose release protects the environment around the catheter. However, in order to evaluate their potential
application in practice, further research should focus on the confirmation of their mechanical properties,
efficacy, and safety.
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Abstract: Coating surfaces with a copper-silver alloy in clinical settings can be an alternative or
complementary antibacterial strategy to other existing technologies and disinfection interventions.
A newly developed copper-silver alloy coating has a high antibacterial efficacy against common
pathogenic bacteria in laboratory setups, and the purpose of this study is to determine the antibacterial
efficacy of this copper-silvery alloy in real-world clinical settings. Two field trials were carried out
at a private clinic and a wound care center. Door handles coated with the copper-silver alloy had
a lower total aerobic plate count (1.3 + 0.4 Log CFU/cm? and 0.8 + 0.3 Log CFU/cm?, CFU stands
for Colony Forming Units) than the reference uncoated material on-site (2.4 + 0.4 Log CFU/cm?
for the stainless steel and 1.7 + 0.4 Log CFU/cm? for the satin brass). The copper-silver alloy did
not selectively reduce specific bacterial species. This study points to the possibility of a successful
long-term implementation of the copper-silver alloy coating as an antibacterial strategy.

Keywords: antibacterial coating; healthcare-associated infections; touch-surfaces

1. Introduction

Extensive laboratory evidence has demonstrated the antibacterial properties of copper alloys,
which has led to several field trials aimed at providing a proof of concept, particularly in clinical
settings [1-3]. A multihospital clinical trial of six US Environmental Protection Agency (EPA)-registered
antimicrobial copper alloys found that the microbial burden of copper alloy surfaces was six times
lower (465 CFU/100 cm?) than that of conventional surfaces such as plastics, coated carbon steel,
aluminum and stainless steel (2674 CFU/100 cm?) [4]. The microbial burdens on both the copper alloy
and conventional surfaces were above those proposed as harmless on a surface immediately after
cleaning (250 CFU/100 cm?) [5]. However, the results of the trial showed a reduction in the rate of
infections of 58% in “copper” rooms, compared to the “non-copper” rooms.

In a Finnish study, door handles made of copper alloys (99.8 wt.% Cu) and brass (60.5 wt.% Cu,
36.5 wt.% Zn) were installed in a hospital, a kindergarten, a retirement home and an office building,
and microbial levels were compared to reference chromed door handles [3]. In terms of total aerobic
plate count, door handles made of copper alloys outperformed those made of brass, which, in turn,
did not (on average) show significant differences with the chromed material [3]. Lower levels of both
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Gram-negative bacteria and Staphylococcus aureus were found on copper alloy surfaces than on brass
and reference surfaces.

Door handle surfaces have the highest levels of bacterial contamination in clinical environments [6].
Recently published studies have tested a newly developed copper-silver alloy coating and found
high antibacterial efficacy against S. aureus MSSA and MRSA, Pseudomonas aeruginosa, Escherichia
coli and Enterobacter aerogenes [7,8]. Based on these findings, the present study aims to investigate
the antibacterial efficacy of this copper-silver alloy coating on door handles in a private clinic,
FamilieLeegerne Espergeerde, and a wound care center, Southwest Regional (SWR) Wound Care Center.
In addition, it isolates and identifies microorganisms from the surfaces of interest to determine any
species-specific effects. Finally, it evaluates the durability of the copper-silver alloy coating under the
conditions tested.

2. Materials and Methods

2.1. Manufacturing and Installation of Door Handles

The stainless-steel door handles (Ruko Assa Abloy, Stockholm, Sweden) were electroplated with
a copper-silver alloy coating at Elplatek A/S [7]. In the private clinic FamilieLaegerne Espergeerde
(Egeskovvej 20, 3490 Kvistgard, DK), copper-silver alloy coated door handles (hereafter referred to
as “test door handles”) were installed on the doors of two doctors” and two nurses’ exam rooms.
Stainless steel door handles of four other offices were used as a reference material and sampled for
microorganisms. Weekly sampling was performed for six weeks. At the SWR Wound Care Center
(2002 Oxford Ave, Lubbock, TX 79410, USA), test door handles were installed on the doors of seven
exam rooms, one public restroom and two laboratory rooms. The original satin brass door handles
of six other exam rooms, three public restrooms and one laboratory room were sampled as reference
material. Weekly sampling was performed for six weeks. All reference and test door handles were
disinfected with 70% ethanol when the field trials started. Samplings were performed by the same
person between 7.45 am and 8.00 am on Thursdays. The routine cleaning of door handles at the private
clinic and the wound care center was carried out by wiping the surfaces with a dry cloth on Mondays.

2.2. Microbiological Sampling and Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS) Analysis

In the private clinic in Denmark, every week the door handle surfaces (100 cm?) were swabbed
thoroughly (horizontal and vertical sweeps) with a flocked, sterile swab applicator (BD™ ESwab
Regular Collection Kit, Franklin Lakes, NJ, USA). The swab was inserted into a sampling tube,
which contained 1 mL of Liquid Amies Medium, and samples were transported to the laboratory
at the Technical University of Denmark within 1 h. The sampling tubes were sonicated for 2 min at
28 kHz (Delta 220; Deltasonic, Meaux, France) and vortexed for 15 s. Four-hundred pL of the sampling
suspensions were plated in duplicates on 5% blood agar (BA) plates (BD™, Franklin Lakes, NJ, USA).
The plates were incubated at 37 + 1 °C, and a total aerobic plate count was performed after 48 h.
Colony-forming units (CFU) per plate corresponded to CFU per door handle surface (100 cm?). Average
values of CFU/100 cm? for test and reference door handles were log-transformed and presented as total
average values + standard deviation (SD). All isolates collected from the test door handles at the third
and last sampling were re-streaked on BA plates, and single colonies were stored for later identification
at =80 °C in a freezing medium (Tryptone Soy Broth 30 g/L, Glucose 5 g/L, Skim milk powder 20 g/L,
Glycerol 40 g/L in distilled water). Single colonies were also randomly selected from the reference
door handles and stored in the same way. Identification of microbial species was performed using
MALDI-TOF MS on a Microflex LT instrument (Bruker Daltonik GmbH, Bremen, Germany). Protein
profiles were acquired with the FlexControl 3.3 software (Bruker Daltonik GmbH, Bremen, Germany)
and analyzed with FlexAnalysis 3.3 (Bruker Daltonik GmbH, Bremen, Germany). The database used
to match spectra was Bruker Taxonomy (7311 MSPs). MALDI-TOF MS scores x > 2.0 were used to
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identify isolates to species level, while scores of x = 1.8-2.0 were used to identify them to genus level.
Scores of x < 1.8 were not considered in this study.

2.3. Microbiological Sampling and Analyses of Bacterial Load by Direct Sequence Analysis

Microbiological sampling and analyses were performed on-site at the medical laboratory at
the SWR Wound Care Center, which is accredited by the College of American Pathologists (CAP).
Every week, the door handle surfaces (100 cm?) were swabbed thoroughly (horizontal and vertical
sweeps) with a sterile cotton swab. Cotton swabs were inserted into 2 mL sterile screw cap microtubes,
and 500 pL of phosphate-buffered saline solution (PBS; Dulbecco A; Oxoid) was added. Bacteria were
detached from the cotton swabs by shaking at 20 Hz for 2 min using a Qiagen TissueLyser (Qiagen Inc.,
Valencia, CA, USA). In the first two weekly samplings (out of six), 500 uL was added to sterile screw
cap microtubes and genomic DNA was extracted using the Roche High Pure PCR Template Preparation
kit (Roche Life Sciences, Indianapolis, IN, USA) according to the manufacturer’s specifications. Sample
lysates for DNA extraction were prepared using the Qiagen TissueLyser and 0.5 mm zirconium oxide
beads (Next Advance, Averill Park, NY, USA). Targeting the universal 165 rRNA gene sequence,
a semi-quantitative determination of bacterial load was performed using TaqMan real-time PCR Assay
with the LightCycler® 480 (Roche Life Sciences). Forward (5’-CCATGAAGTCGGAATCGCTAG-3')
and reverse (5’-GCTTGACGGGCGGTGT-3") 16S rDNA primers (20 uM each) were used with a 16S
rDNA probe (5-TACAAGGCCCGGGAACGTATTCACCG-3") in Quanta PerfeCTa® gPCR ToughMix
(Quanta Biosciences, Beverly, MA, USA). The template DNA (2.5 uL) was added to the master mix
containing primers and probe (10 uL each), and the reaction was run with the following thermal cycling
profile: 50 °C for 2 min, 95 °C for 10 min, 35 cycles at 95 °C for 15 s, 60 °C for 1 min, and 40 °C for
30s. E. coli c600 (ATCC 23724, Manassas, VA, USA) genomic DNA was used as a positive 165 rDNA
control, and molecular grade water (Phenix Research Products, Chandler, NC, USA) was used as a
no-template control.

2.4. Microbiological Sampling and Analyses of Bacterial Load by Plating and Sequence Analysis

For the remaining four weekly samplings (out of six) at the SWR Wound Care Center, 500 pL
from the swab collection tubes was plated on Tryptone Soy Agar (TSA) (Oxoid CM0131) plates.
Plates were incubated at 37 + 1 °C and counted after 48 h. For each sampling, the average values of
CFU/100 cm? for test and reference door handles were log-transformed and presented as total average
values + SD. Plates were then washed using 1 mL PBS, and bacterial material was collected into sterile
Eppendorf tubes.

2.5. Microbiological Sampling, Identification of Pathogens and Determination of Resistance Genes by
Sequence Analysis

The possible presence of pathogenic bacteria or resistance genes, or both, was tested using the
TagMan real-time PCR Assay for P. aeruginosa, Serratia marcescens, S. aureus, Streptococcus pyrogenes,
Streptococcus agalactine and the mecA and vanA genes. This was done using primer sequences that were
the property of the CAP-accredited medical laboratory at the SWR Wound Care Center. This analysis
was performed on all bacterial DNA extracted directly from the swabs and on DNA extracted from
bacterial colonies on the agar plates. In the third sampling, four DNA extracts from the test door
handles had Ct (cycle threshold) values for the 165 rRNA gene below 30 (the cut-off value), and were
selected for further screening to detect the possible presence of pathogenic bacteria or resistance genes,
or both. In the same sampling, eight DNA extracts from the reference door handles (control) had
Ct-values below 30, of which six samples were randomly chosen as representatives of the control
group. For the remaining samplings, the same number of DNA extracts were selected (four for the
test and six for the control), and they were randomly chosen from the test and control DNA extracts
with Ct-values below 30. The remaining 500 pL of the 1 mL washing suspensions from the agar plates
was spread on TSA plates and incubated at 37 + 1 °C for 24 h, and single colonies were re-streaked on
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Mannitol salt agar (selective for staphylococci and micrococcaceae) and Cetrimide agar plates (selective
for P. aeruginosa). This was done to further verify the presence or absence of these species.

2.6. Energy Dispersive X-Ray Spectroscopy (EDS) Analysis on Copper-Silver Alloy Coated Door Handles

The chemical compositions of selected copper-silver alloy coated door handles were checked
prior to and after field testing, using the Hitachi TM3030 Plus Tabletop Microscope (Hitachi, Krefeld,
Germany) operated at 15 kV and equipped with the Oxford Inca software and the Bruker Quantax
70 EDS System. EDS analysis was performed on three different spots at the surface of each sample.
The output values (normalized weight percentage) were averaged and re-calculated with respect to the
total content of copper and silver, to evaluate the difference before and after installation of the door
handles. The presence of other elements (C, O) was also reported in normalized weight percentage if
greater than 5 wt.%, to evaluate possible changes in surface composition of the coating during usage.

2.7. Statistical Analysis

Average values of CFU/100 cm? for test and reference door handles at each sampling were
log-transformed. Values were tested for equal or unequal variance with the F-test, and statistical
significance of the difference between test and reference door handles was verified using the t-test.

3. Results and Discussion

Both the reference stainless steel door handles and satin brass door handles had a microbial load
that was approximately twice as large as the copper-silver alloy coated door handles. At FamilieLaegerne
Espergeerde, the averaged total aerobic plate count from copper-silver alloy coated and uncoated
reference stainless steel door handles were, respectively, 1.3 + 0.4 and 2.4 + 0.4 Log CFU/100 cm?
(p-value 0.0008). At the SWR Wound Care Center, these values were, respectively, 0.8 + 0.3 and 1.7 +
0.4 Log CFU/100 cm? (p-value 0.0068) (Figure 1). All surfaces in the field tests, except for stainless steel,
had a microbial load below 2.4 Log CFU/100 cm? (which is the standard for acceptable microbial level
on a surface immediately after terminal cleaning) [5]. The microbial load on the satin brass reference
door handles (1.7 + 0.4 Log CFU/cm?) was lower than that of the stainless-steel reference door handles
(24 + 0.4 Log CFU/cm?), probably due to the antibacterial activity of brass (Figure 1).

Interestingly, when DNA was directly extracted from the swabs, there was no difference in
bacterial load between the coated and reference door handles (Ct-values of 24.5 and 24.6, respectively),
as estimated by qPCR of the 16S rRNA gene (Table 1). This might be due to the fact that DNA was
recovered from both living and dead bacterial cells on the surfaces. However, bacteria with fewer
alleles of the 16S rRNA gene could also have been selectively targeted.
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Figure 1. Averaged aerobic plate count presented as logarithmic transformed values (Log CFU/100 cm?)
from copper-silver alloy coated (test) and reference (control) door handles installed at doctors” and
nurses’ rooms at FamilieLaegerne Espergeerde (a), and from copper-silver alloy coated (test) and
reference (control) door handles installed at exam rooms, laboratory rooms and restrooms at Southwest
Regional (SWR) Wound Care Center (b). Error bars indicate standard deviations among the aerobic
plate count values of test and control door handles groups for each sampling. The statistical difference
among the different pair cases is indicated as * for p < 0.05 and ** for p < 0.01.
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In the Danish clinic, MALDI-TOF MS analysis was performed on randomly chosen isolates from
both copper-silver alloy coated and uncoated stainless steel surfaces. There was no marked difference
among the surfaces in terms of surviving bacterial species. The most abundant bacterial species were
Micrococcus luteus and staphylococci (S. hominis, S. epidermidis and S. capitis) on both copper-silver
alloy coated and uncoated door handles. S. aureus was found on the stainless steel but not on the
copper-silver alloy coated door handles (Figure 2).

A

Cu-Ag door handles a)

® Micrococcus luteus

u Staphylococcus hominis
Bacillus cereus

w Staphyloccocus capitis

w Staphylococcus epidermidis

= Moraxella osloensis

w Staphylococcus simulans

u Staphylococcus haemoliticus

w Staphylococcus warneri

= Rothia terrae
Moraxella ssp.

= Gordonia ssp.

= Acinectobacter ssp.

# no ID possible

b)

Stainless steel door handles

1 m Staphylococcus hominis
® Micrococcus luteus
w Staphylococcus epidermidis
w Staphylococcus aureus
Bacillus cereus
\ w Staphylococcus pasteuri
2

w Staphylococcus haemoliticus

u Staphylococcus capitis

= Pantoea agglomerans

u Lysinibacillus boronitolerans

w Staphylococcus epidermidis
Staphylococcus ssp.

= noID possible

Figure 2. Species abundance of 98 microbial isolates recovered from copper-silver alloy coated (a) and
uncoated stainless steel (b) door handles at FamilieLaegerne Espergeerde. Identification was performed
with MALDI-TOF MS. The species are ordered according to their abundance in the column stacks and
correspondingly in the legend. Identification at the species level was not possible for Bacillus ssp. and
score values below 2.00, thus the genus is reported. It was not possible to recover and identify one
isolate from stainless steel door handle due to lack of growth.

DNA extracted directly from the swabs was tested by qPCR for the presence of six pathogenic
bacteria and two resistance genes, and none of the samples were positive. DNA from colonies on
agar-plates from 16 of the test samples and from 24 control samples at the SWR Wound Care Center
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was tested for the presence of S. aureus by PCR. Three out of the sixteen test samples (19%) and 3 out of
the 24 reference samples (13%) were positive (Table 1).

The presence of S. aureus was also confirmed by the yellow discoloration on selective (mannitol
salt) agar plates. P. aeruginosa, S. marcescens, S. pyrogenes and S. agalactine were not detected in any of
the biomass-plate samples.

Resistance genes were detected in the biomass-plate samples, possibly because of their much
higher bacterial load than in the amount extracted directly from the swabs. Seven out of the sixteen test
samples (44%) and 22 out of the 24 reference samples (92%) were positive for the mecA gene (Table 1).
In the last sampling, the vanA gene was detected in one biomass-plate sample from the control group.
The greater occurrence of the mecA gene in the control group could be due to the larger bacterial counts
on the plates and hence a larger amount of biomass. Selective antibacterial efficacy of copper surfaces
against Gram-negative bacteria and S. aureus, as previously suggested, was not observed [3].

The EDS analysis on coated door handles prior to and after field testing at FamilieLaegerne
Espergeerde revealed a 5 + 1 wt.% relative difference in terms of copper and silver content, whereas
there was basically no change in relative composition of copper and silver prior to and after installation
at the SWR Wound Care Center. Carbon and oxygen could be detected on the surfaces after the
field tests, but only the amount of carbon was above 5 wt.% (11.4 + 2.6 wt.% and 12.3 + 1.9 wt.%).
No significant surface oxidation was observed on the surface prior to and after field testing. It is
likely that door usage and other environmental affecting factors may have helped to reduce the copper
content in the copper-silver alloy coated door handles at FamilieLaegerne Espergeerde, as compared to
the ones at the Southwest Regional Wound Care Center. To our knowledge, the cleaning procedure
should not have influenced the surface chemistry, since door handles were not subject to extensive
disinfection in these environments. However, considering the reduction in copper content in the
copper-silver alloy coated door handles after the field test in the Danish clinic, the lifetime (durability)
of the coating could be safely estimated to 72 weeks. At that point, the door handles should be recoated
to maintain a constant efficacy. During usage, a complementary cleaning procedure to remove dirt
and filth (detected as presence of carbon at the surface) and to ensure direct contact between bacteria
and the alloy coating would be recommended. Periodical cleaning would both increase efficacy and
lifetime of the coating, and in turn the presence of the coating would reduce the amount and need for
harsh cleaning chemicals and extensive disinfection interventions.

4. Conclusions

Copper-silver alloy coated door handles carried a lower bacterial load than stainless steel or
satin brass door handles. Therefore, using copper-silver alloy coated door handles could also reduce
healthcare-associated infections. The installation of coated door handles should not replace regular
cleaning interventions, which in turn are recommended to ensure the efficacy of the active surface
over time. Hence, this study provides a promising basis for a clinical trial where the infection rates are
monitored pre and post installation of coated door handles (or similar items). This could pave the way
for a future long-term usage of this coating as an antibacterial strategy.
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Abstract: Bacterial adhesion and biofilm formation on the surfaces of dental and orthodontic
biomaterials is primary responsible for oral diseases and biomaterial deterioration. A number of
alternatives to reduce bacterial adhesion to biomaterials, including surface modification using a variety
of techniques, has been proposed. Even though surface modification has demonstrated a reduction
in bacterial adhesion, information on surface modification and biomimetics to reduce bacterial
adhesion to a surface is scarce. Therefore, the main objective of this work was to assess bacterial
adhesion to orthodontic archwires that were modified following a biomimetic approach. The sample
consisted of 0.017 x 0.025, 10 mm-long 316L stainless steel and NiTi orthodontic archwire fragments.
For soft lithography, a polydimethylsiloxane (PDMS) stamp was obtained after duplicating the surface
of Colocasia esculenta (L) Schott leaves. Topography transfer to the archwires was performed using
silica sol. Surface hydrophobicity was assessed by contact angle and surface roughness by atomic
force microscopy. Bacterial adhesion was evaluated using Streptococcus mutans. The topography of
the Colocasia esculenta (L) Schott leaf was successfully transferred to the surface of the archwires.
Contact angle and roughness between modified and unmodified archwire surfaces was statistically
significant. A statistically significant reduction in Streptococcus mutans adhesion to modified archwires
was also observed.

Keywords: bacterial adhesion; soft lithography; biomimetics; surface modification

1. Introduction

Many elements are involved in the orthodontic treatment of dental malocclusions. Stainless
steel and titanium alloys are essential to manufacture brackets and archwires. These alloys have
been widely used due to their outstanding mechanical properties and high corrosion resistance [1,2].
In the oral cavity, alloys are exposed to saliva, biological fluids and bacteria, which ultimately may
cause deterioration and corrosion [3]. The presence of bacteria is a fundamental event that leads to
metal corrosion and degradation as bacteria first adhere to a surface and biofilm will eventually be
formed [4]. Biofilm formation has been largely associated with treatment failure in the biomedical
field [5], including orthodontics [6]. Corrosive degradation might occur in biometals when bacteria
adhere to the surface and may absorb and metabolize the metal or they might increase the acidity level
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around the biometal by reducing the pH, which leads to metal corrosion [1]. In orthodontic alloys,
this corrosion might affect the biocompatibility and performance of the appliance, which will lead to
treatment failure or an increase in treatment time [3,6]. However, titanium alloys are among the most
resistant to corrosion caused by oral microorganisms [7]. Furthermore, adhesion and colonization
of bacteria on dental biomaterial surfaces might lead to the onset of different conditions, namely
secondary caries or periodontal disease as the two most relevant [8].

Different alternatives have been proposed to reduce bacterial adhesion to the surface of biomaterials.
Among such alternatives, physical surface modifications, including roughening of zirconia surfaces [9]
or modification of the topography of materials to observe cellular [10,11] or bacterial behavior [12],
have received attention in the last years.

An array of direct and indirect techniques to modify the surface of a material have been evaluated,
including soft lithography, photolithography or dip-pen nanolithography [13-15]. Soft lithography is
a set of easy-to-use and low-cost techniques that allows surface modification at nano and micro scales.
This technique is based on the construction of a stamp, typically made of polydimethylsiloxane (PDMS),
to duplicate the topography of one surface and then transfer it to another surface of interest [16].
Traditionally, photolithography has been used to fabricate the master model that is duplicated with soft
lithographic techniques [17-21]. However, photolithography presents some disadvantages, including
high costs, no control over the surface chemistry and impossibility to be applied on non-planar
surfaces [22]. Therefore, alternatives have been investigated to fabricate the master model [12].

In this regard, biomimetics may be presented as an alternative to photolithography since nature
has created master models on plant or animal surfaces over millions of years of evolution to resolve
its own problems. Humans have been exploring such master models to use them in industrial and
biomedical applications, among many others [23,24]. Chung et al. [25] used the topography of the
shark skin as a master model to assess bacterial adhesion, while Bixler et al. [26] created a bio-inspired,
anti-fouling surface based on the topography of rice leaves and butterfly wings. A well-known example
of biomimetics is the lotus effect. In this effect, adhesion to the surface of the Lotus leaf is impaired by
physical arrays and chemical processes that lead to the impossibility of dust or other agents to remain
on the surface as they are washed off by water. This phenomenon is known as self-cleaning [24,27] and
is related to the hydrophobicity of the surface.

Many plants and leaves that show the super hydrophobicity and self-cleaning effects are reported
in the literature. Among them, Colocasia esculenta (L) Schott, a plant from tropical Asia but found in
tropical and sub-tropical areas around the world [28], has been recognized as having super hydrophobic
leaves. Surface hydrophobicity is measured using the contact angle (CA) measurement, which is the
angle that forms between a drop of liquid and the solid surface. Depending on the CA, surfaces may be
classified as super hydrophilic (CA<10°), hydrophilic (CA >10° but < 90°), hydrophobic (CA >90° but
< 150°) and super hydrophobic (CA>150°) [24]. According to Neinhuis and Barthlott [29], C. esculenta
shows a contact angle value of 164°, which places it in the super hydrophobic category. Hiiger et
al. [30] and Bhushan and Jung [31] demonstrated that the leaf of this plant presents a hierarchical
structure that is responsible for the super hydrophobic behavior and optimal self-cleaning properties.
In addition, these authors established that the leaf is also covered by wax, which in combination with
the surface roughness, provides the super hydrophobic characteristic.

Current research in surface modification to reduce bacterial adhesion has produced interesting
results. Chung et al. [25] modified the surface of PDMS and demonstrated a reduction in the adhesion
of Staphylococcus aureus. Vasudevan et al. [32] compared Staphylococcus cloacae adhesion to modified
vs. unmodified surfaces and found a higher rate of biofilm formation on the unmodified (50%)
vs. the modified surface (<20%). Hochbaum y Aizenberg [33] concluded that physically modified
surfaces reduced bacterial adhesion and Xu y Siedlecki [34] compared Staphylococcus epidermidis and
S. aureus adhesion to polyurethane urea and a reduction in biofilm formation on the modified surface
was observed. However, surface modification approaches are scarce in the fields of dentistry and
orthodontics, particularly following a biomimetic approach. Moreover, to the best of our knowledge,
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the use of C. esculenta as a master model for surface modification in the biomedical field has not been
investigated. Therefore, the objective of this work was to assess bacterial adhesion to the surface of
modified stainless steel and NiTi orthodontic archwires following a biomimetic approach.

2. Materials and Methods

2.1. Substrate

0.017 x 0.025 in, 10 mm-long 316L stainless steel and NiTi orthodontic archwire fragments
(ORMCO, Orange, CA, USA) were used. The archwire fragments of the aforementioned dimensions
were sequentially cleaned, following a protocol established by our group [12,35], using surfactant,
acetone (99.8% v/v, Merck Millipore, Burlington, MA, USA), distilled water (Protokimica, Medellin,
Colombia), and absolute ethanol (99% v/v, Merck Millipore, Burlington, MA, USA) for 8 min each in an
ultrasound bath and let dry in air.

2.2. Silica sol Synthesis

The one-stage sol-gel method was used to synthetize the silica sol [36]. Tetraethylorthosilicate
(TEOS) and methyltriethoxysilane (MTES) (ABCR GmbH & Co., Karlsruhe, Germany) were used as
silica precursors for the hybrid sol, 0.1N nitric acid (Merck Millipore, Burlington, MA, USA) and acetic
acid (glacial, 100% v/v, Merck Millipore, Burlington, MA, USA) were used as catalysts, and absolute
ethanol (99.9% v/v, Merck Millipore, Burlington, MA, USA) was used as solvent. The obtained final
concentration of SiO, was 18 gL. 1.

2.3. Surface Modification

For the experimental groups, the C. esculenta leaf was cut in segments of 5.0 cm in diameter
avoiding the central vein. Leaf fragments were placed at the bottom of a silicone container, the lamina
of the leaf facing upward. Polydimethylsiloxane (PDMS) (Silastic T-2, Dow Corning Corporation,
Midland, MI, USA) was used to duplicate the surface of the leaf. PDMS was prepared according to the
manufacturer, poured to cover the leaf and cured for 24 h. Then, the leaf was carefully removed from the
surface and the PDMS stamp was inspected to verify its integrity before completing polymerization at
80 °C for 3 h. The PDMS was used as a microstamp to transfer SiO, to one archwire surface. One of the
0.025 in surfaces was selected due to the higher area. 2 uL of the silica sol were deposited on the
archwire surface, a microstamp was placed over the drop applying mild pressure, and the sol was
allowed to gel for 4 h at RT. Then, the PDMS stamp was removed, and the archwire with the transferred
pattern was heat treated in a furnace at 450 °C for 30 min [12]. Two experimental groups resulted:
SS316L and NiTi modified wires (5S316L_e and NiTi_e). The control groups consisted of cleaned,
unmodified 316L stainless steel and NiTi orthodontic archwire fragments of the same dimensions as
the experimental groups (5S316L_c and NiTi_c).

2.4. Surface Characterization

The lamina of the C. esculenta Schott leaf and the archwire fragments from the experimental and
control groups were characterized through atomic force microscopy (AFM) (Nanosurf Easyscan 2,
Nanosurf AG, Liestal, Switzerland). For AFM acquisition, a NCLR tip (Nanosensors™, Neuchatel,
Switzerland) in tapping mode at a constant force of 48 N/m was used. Images were processed using
software AxioVision (V 4.9.1.0, Carl Zeiss Microscopy GmbH, Jena, Germany), software Image J 1.51]
(Laboratory for Optical and Computational Instrumentation, University of Winsconsin, Madison,
WI, USA) [37], and software WSxM 5.0 (Nanotec Electrénica and New Microscopy Laboratory, Madrid,
Spain) [38]. 10 AFM images of 50 pm x 50 um were used to measure surface roughness and the
arithmetic average of the roughness profile (Ra) was calculated using software for AFM analysis
(Gwyddion 2.34, Department of Nanometrology, Czech Metrology Institute, Brno, Czech Republic).
To measure surface hydrophobicity, the sessile drop method was applied on 10 random fragments
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from each group. The contact angle images were attained using a camera (Canon EOS Rebel XS, Tokyo,
Japan) and a macrolens (105mmF2.8 EX DG OS, Sigma, Ronkonkoma, NY, USA). Contact angle values
were obtained using software AxioVision.

2.5. Bacterial Adhesion

Adhesion of Streptococcus mutans (ATCC 25175, Microbiologics, St. Cloud, MN, USA) to
experimental and control surfaces was evaluated following a protocol previously published by
our group [12,35]. S. mutans were grown in Heart-Brain Infusion (BHI) agar (Scharlab S.L., Barcelona,
Spain) supplemented with 0.2 U/mL bacitracin (Sigma Fluka, St. Louis, MO, USA) for 24 h at 37° + 1° C.
Then, they were cultured in a solution of peptone water at 37° + 1°C for 24 h. After centrifugation of
the bacterial solution, the supernatant was discarded, followed by resuspension of the bacterial pellet
in peptone water. The nephelometric turbidity unit (NTU) ) (based on a calibration curve of NTU vs
CFU/mL) was used to obtain a 107 CFUs/mL concentration. 40 archwire fragments from control and
experimental groups (10 archwire fragments per group) were placed in wells of 24-well non-treated
polystyrene plates (Costar, Corning Inc., NY, USA), and 500 uL of bacterial solution was added to each
well. At the bottom of each well, a rubber matrix was placed and the respective modified archwire
was embedded leaving only the modified surface exposed to the bacterial solution. In the case of
unmodified archwires, the fragment was also embedded leaving only one 0.025 in surface exposed to
the bacterial solution. This procedure was performed to ensure that bacteria could only adhere to the
modified surface, or one surface in the case of unmodified archwires, and not to untreated surfaces.

Polystyrene plates were incubated at 37° + 1° C for 2 and 6 h. After each incubation time,
archwires were removed from the wells and washed three times with 500 pL of 0.9% saline solution
(Corpaul, Medellin, Colombia) to remove non-adherent bacteria. Archwire fragments from control
and experimental surfaces were then subjected to sonication at 50% power (Qsonica 125, Newtown,
CT, USA) in 10 mL of 0.9% saline solution for 3 seconds. The sonicated solutions were serially
diluted and 10 pL from each dilution were cultured in BHI agar in triplicate following the drop
plate method [39]. Culture plates were incubated at 37° + 1°C for 48 h, followed by counting the
colony-forming units (CFUs). This process was repeated in triplicate during different periods.

2.6. Statistical Analysis

A univariate analysis to describe roughness, contact angle and bacterial adhesion by estimation
of central tendency and dispersion was performed. Results are presented as the mean + standard
deviation (SD). The one-way ANOVA test with post hoc Tukey method was used for comparison
among groups after previous verification of the assumption of normality and homogeneity of variances
through the Shapiro Wilk and Levene tests, respectively. Values of p < 0.05 were considered statistically
significant. Software SPSS (V. 25) (IBM Corp., Armonk, NY, USA) and GraphPad Prism 8.3.0 (GraphPad
Software, San Diego, CA, USA) were used for statistical analyses.

3. Results

3.1. Surface Modification

Figure 1 shows 100 pm X 100 um (a) and 50 um x 50 um (b) AFM images of the lamina of the
C. esculenta leaf. Figure 2 shows 50 um x 50 pm AFM images of control stainless steel 316L (a) and
nickel-titanium (b) surfaces. In addition, successful transference of the C. esculenta topography to the
surface of stainless steel (c) and NiTi (d) orthodontic archwires is shown.
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Figure 1. AFM image of the C. esculenta Schott leaf at 100 X 100 um (a) and 50 X 50um (b).

Figure 2. AFM images of control SS316L (a) and NiTi (b). Transference of the topography from C.
esculenta to SS316L (c) and NiTi (d) were successful.

3.2. Surface Characterization

Contact angle measurements for control and experimental groups for both substrates are shown
in Figure 3a. The most hydrophobic surface was the experimental NiTi (CA=129.4 + 4.8°) and the
least hydrophobic surface was the control 316L (CA=76.8 + 6.9°). The difference between control
and experimental surfaces for both substrates was statistically significant (P<0.0001), as well as the
difference between both substrates (P<0.0001). The contact angle value of the C. esculenta Schott leaf
was 131.2 + 7.1°.

Regarding roughness measurements (Ra) for control and experimental groups for both substrates,
results are shown in Figure 3b. The roughest surface was the experimental NiTi (Ra=142.3 + 31.9 nm)
and the smoothest was the control NiTi (Ra=34.1 + 4.9 nm). The difference between SS316L_c and
NiTi_c was statistically significant (P=0.0005), as well as the difference between SS316L_e and NiTi_c
(P=<0.0001) and NiTi_c and NiTi_e (P<0.0001). The Ra of the C. esculenta Schott leaf was 270.6 + 37.0 nm.
Table 1 summarizes the results of contact angle and roughness values for the different groups.

83



Coatings 2020, 10, 201

150 200
150 T
100 . -
e :
< = 100
O
-4
50—
50—
0 T T T T 0 T T T T
o o & & RPEPSPS
» A ] N A )
OO OO
& b &£ &
(@ (b)

Figure 3. Contact angle (a) and Ra (b) measurements of experimental and control surfaces.

Table 1. Values for contact angle (CA) and roughness (Ra).

CA (°) Ra (nm)
Group
Mean SD Min Median Max Mean SD Min Median Max
SS316L_c 76.8 6.9 64.0 79.5 83.0 102.8 28.7 64.0 100.5 162.0
SS316L_e 110.8 7.1 96.0 1135 118.0 140.4 65.2 54.0 134.0 251.0
NiTi_c 94.9 2.2 90.5 95.5 97.5 34.1 49 29.2 31.7 42.8
NiTi_e 129.4 4.8 120.2 130.8 135.4 142.3 31.9 119.9 125.1 204.5

3.3. Bacterial Adhesion

S. mutans was allowed to adhere to the four surfaces during the evaluated periods. The highest
adhesion of S. mutans was to the SS316L_c surface, followed by adhesion to the NiTi_c surface.
The difference in adhesion between both control surfaces was statistically significant (P=0.0242).
The SS316L_e surface showed the lowest adhesion and no statistically significant difference was
found at 2 and 6h. However, statistically significant differences were found between SS316L_e vs
SS316L_c, SS316L_c vs NiTi_e, SS316L_e vs NiTi_c and NiTi_c vs NiTi_e (P=0.0015; 0.0024;0.0161
and 0.0369, respectively) The NiTi_e surface showed the second lowest adhesion and there was no
statistically significant difference in time. The difference in adhesion to both experimental surfaces was
not statistically significant (P = 0.6477, Figure 4). Table 2 summarizes the values of S. mutans adhesion
to experimental and control surfaces at the evaluated times.
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Figure 4. S. mutans adhesion to control and experimental surfaces at 2 and 6 hours.
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Table 2. Values of S. mutans adhesion to control an experimental surfaces at the evaluated times.

2h 6h
Mean SD Min Median Max Mean SD Min Median Max
SS316L_c  41x10° 63x10° 34x10° 42x10° 50x10° 45x10° 86x10° 32x10° 46x10° 5.6x10°
§S316L_e  53x10° 15x10° 35x10° 50x10° 75x10° 85x10° 15x10° 65x10° 80x10° 1.0x10°
NiTi_c 22%x10° 99x10° 14x10° 19x10° 38x10° 3.0x10° 50x10° 23x10° 3.0x10° 3.6x10°
NiTi_e 11x10° 74x10° 3.0x10° 9.0x10° 23x10° 11x10° 43x10° 35x10° 13x10° 15x10°

Group

4. Discussion

Bacterial adhesion to a surface is a dynamic process and many variables related to the surface of
the material and the bacterial species are involved. In orthodontics, bacterial adhesion and colonization
have also been related to bracket presence and position [40], ligature method [41] and archwire
material [42].

In the current work, surface characterization showed an increase in hydrophobicity on both
substrates after surface modification was performed, which is in agreement with other results
reported in the literature [12,43,44]. SS 316L modified surfaces showed an average of 110.8° in the
contact angle measurement, while modified NiTi surfaces showed an average of 129.4° in the current
work. Yang et al. [43] found contact angles in excess of 120° after using TEOS and MTES as silica
precursors. Such angles depended on the morphology of the silica coatings and surface chemistry
of the materials. Our previous work found an increase in the hydrophobicity of SS after modifying
the surface using the same TEOS:MTES ratio used in the current work (57° to 87°), which are higher
than the angles found in the present work, especially for the modified SS surface [12]. Other authors,
including Santos et al. [45], Hosseinalipour et al. [44] and Wang et al. [46], have reported an increase
in hydrophobicity. Wang et al. [46] demonstrated that an increase in the TEOS:MTES ratio increases
hydrophobicity. They reported a contact angle value of 85° for a TEOS:MTES ratio similar to the current
work. According to Wang et al. [46], such increase in surface hydrophobicity may be explained by the
amount of methyl groups that might reduce the ability of the surface to absorb water. An additional
explanation for this increase in surface hydrophobicity is that when roughness is created on a surface at
the micro and nano scales, the water-air interface on a drop of liquid laying on such surface is enlarged
and the capillary forces between the drop and the solid surface are reduced, which makes the drop
take a spherical shape [23,47]. Nonetheless, the increase in hydrophobicity in this work appears to
be related to the presence of silica on the modified surfaces rather than the presence of the features
transferred from the C. esculenta leaf since its contact angle measurement was higher than that of the
modified surfaces (131.2+7.1°), which is in agreement with the results of Burton and Bhushan [48].
This phenomenon may be explained by two facts: the leaf of C. esculenta has a hierarchical structure
that provides pockets of air that lead to a high hydrophobicity [49] and the presence of a wax coating
that covers the lamina of the leaf [48]. The transferring process used in the current investigation could
not transfer the wax coating and only the external surface of the leaf could be copied and transferred,
therefore, the complete hierarchical structure could not be transferred to the experimental surfaces.

Roughness was increased after modifying both substrates. SS 316L showed a higher increase
in roughness than NiTi after modification. This increase in roughness from as-received to modified
surfaces is in agreement with our previous work [12]. These results were expected since the patterns
from C. esculenta showed a more voluminous topography that increased the roughness of the otherwise
smooth untreated SS 316L and NiTi surfaces. Kim et al. [50] assessed the roughness of several
orthodontic archwires and found a similar Ra for SS, even though they analyzed a different type of
SS, and a higher Ra for the NiTi archwires. The leaf of C. esculenta showed higher roughness than the
modified surfaces, which may be explained by the fact that a natural surface such as C. esculenta’s is
not homogeneous since the hierarchical structures might have different heights.

Bacterial adhesion to the surface showed a reduction that had been observed in our previous
work [12]. The work of Satou et al. [51] showed that the bacterial surface of Streptococcus mutans is rather
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hydrophilic and they also observed that hydrophilic bacteria show higher adhesion to hydrophilic
surfaces. In the current work, the observed reduction in S. mutans adhesion might be explained by
the combination of a higher hydrophobicity from the silica and the presence of surface features from
the C. esculenta, which might disrupt the way this bacterial species arrange on the surface, since the
modified surfaces showed lower bacterial adhesion.

The relation between bacterial adhesion and surface roughness is not as clear. Kim et al. [50]
suggested that surface tension plays a more significant role in bacterial adhesion than surface roughness.
Hydrophobicity is influenced by roughness, but changes in the Ra should be larger than 0.1um for
the effect to be exhibited, as suggested by Busscher et al. [52]. The difference in the current work for
SS 316L and NiTi was under 0.1um, so roughness did not seem to play an important role for the
increase in hydrophobicity. Therefore, the most likely explanation for the increase in hydrophobicity
is the presence of the methyl groups as explained. According to this suggestion [50], roughness was
not the most important factor for bacterial adhesion, since the smoothest surfaces showed higher
bacterial adhesion. Therefore, the presence of the features copied from C. esculenta and the increase in
hydrophobicity played the predominant roles for reduction of S. mutans adhesion to these surfaces.

The results of the current work showed a reduction of around 87% in S. mutans adhesion to SS
316L at 2 h and 81% at 6 h and around 50% at 2 h and 66% at 6 h on NiTi. These results are in agreement
with the results of Chung et al. [25], who showed an 87% reduction in the adhesion of S. aureus at
14 days and May et al. [53], who found a 95% to 99% reduction in adhesion by different bacterial
species. Our previous work found a 95% reduction in S. mutans adhesion to modified stainless steel
plates [12]. These results are relevant for a short-time study and demonstrate that reduction of bacterial
adhesion might be obtained using different substrates.

5. Conclusions and Considerations

Within the limitations of this work, the results showed a reduction in adhesion of S. mutans to
modified stainless steel and nickel-titanium surfaces in a short-time study. These results are promising
to consider biomimetics as an alternative approach to fabricate surfaces with antibacterial properties in
the biomedical field. Limitations included the use of a single bacterial species, chemical characterization
of the C. esculenta leaf, mechanical characterization of the coatings and longer periods of evaluation.
It is also important to consider that orthodontic archwires are commercially available in different
sections and sizes, which might have an influence on the results. All of these limitations should be
addressed in future works, including the evaluation of other natural surfaces.
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Abstract: Active films were prepared from poly(vinyl alcohol) (PVA) blended with itaconic acid
(Ia), and with chitosan (Ch), enriched with tomato processing by-products extract (TBE) in order to
develop new bioactive formulations for food packaging. The effects of two biopolymers (Ch, Ia) and
of the incorporated TBE—containing phenolic compounds and carotenoids—were studied regarding
the physical and antimicrobial properties of films; in addition, their influence on the total phenolic
content, viscosity, and flow behavior on the film-forming solutions was investigated. The results
showed increased physical properties (diameter, thickness, density, weight) of the films containing
the TBE versus their control. TBE and Ch conferred significant antimicrobial effects to PVA films
toward all the tested microorganisms, whereas the best inhibition was registered against S. aureus and
P. aeruginosa, with a minimum inhibitory concentration of <0.078 mg DW/mL. The Ia-PVA films also
exhibited some antibacterial activity against P. aeruginosa (2.5 mg DW/mL). The total phenolic content
of the film-forming solutions presented the highest values for the TBE and Ch-added PVA samples
(0.208 mg gallic acid/100 mL film-forming solution). These results suggest that the PVA + Ch film
containing TBE can be used for the development of intelligent and active food packaging materials.

Keywords: food packaging; poly(vinyl alcohol); by-product; carotenoids; itaconic acid; chitosan

1. Introduction

The mission of food packaging is to maintain the quality and safety of food products during
storage and transportation by avoiding circumstances such as dangerous microorganisms, external
physical forces, chemical compounds, sunlight, volatile permeable compounds, or oxygen; plastic
packaging has these properties [1]. The worldwide use of plastics and plastic packaging (~26% of the
total plastics) represents an indispensable element of the global economy, with an overall financial
worth of 260 billion USD in 2013 and with an increase in the estimated industrial production from 78
million tons in 2013 to 350 million tons in 2017 [2,3]. Although plastics present valuable functional
advantages, like low cost, versatile design, and light weight, it also has a number of negative features,
such as freshwater pollution [4] and ocean pollution [5]. Over 90% of plastics are made from fossil
resources, which have a high impact on greenhouse gases (GHGs) and other serious adverse effects on
the environment [6,7].

Coatings 2020, 10, 141; doi:10.3390/coatings10020141 www.mdpi.com/journal/coatings
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The European Commission disclosed the “European Strategy for Plastics in a Circular Economy”
at the beginning of 2018, with a specific highlight on plastic production, reuse, and recycling. The
main priority of the strategy is to abandon the use of fossil resources and to reduce GHG emissions
through plastic manufacturing [8]. The goals of “Plastics 2030 Voluntary Commitment” are to achieve
60% recycling, reduction, and/or reuse of plastic until 2030, and 100% by 2040 [9].

Bio-based materials help to reduce the use of non-renewable feedstock, which has decreased
negative environmental effects (GHG emission) [10]. An efficient carbon-neutral alternative is the use
of renewable biomass-wastes for biochemical production with efficient recyclability (mechanically,
chemically, or through microbial degradation) [11]. The principal aspect is the replacement of fossil
resources, but taking into consideration another significant aspect like biodegradability [12]. The
characterization of biodegradability refers to thorough degradation to water and CO, with the help of
different types of microorganisms like fungi, bacteria, and algae [13,14].

Poly(vinyl alcohol) (PVA), presented in Figure 1A, is a polymer that has a backbone comprising only
carbon atoms. PVA is water-soluble and biodegradable under both aerobic and anaerobic conditions.
Indeed, the physical characteristics of PVA are deeply related to its method of preparation by complete
or partial hydrolysis of polyvinyl acetate. Therefore, PVA can be classified according to the degree of
hydrolysis: Fully hydrolyzed and partially hydrolyzed, and the partially hydrolyzed PVA is known to
be used in foods [15]. For film development, PVA can be used due to its characteristics of having good
film-forming capacity, complete biodegradability, crystal modulus, and wide-ranging crystallinity [16].
In addition, PVA is used in the food industry, as a binder, thickener, and/or stabilizer [1,17].
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Figure 1. Chemical structures of poly(vinyl alcohol) (PVA) (A), itaconic acid (B), and chitosan (C).

Renewable biomaterials (like tomato processing by-products) are green options to reduce
environmental pollution and waste formation [18,19]. In recent years, remarkable and creative ways of
utilizing tomato by-products have delivered a continuous development for sustainable bioeconomy and
biotechnology [20-22]. Tomatoes (Solanum lycopersicum), with an annual production of approximately
180 million tons (FAOSTAT, 2017), are one of the most popular vegetables worldwide. The processing
of tomatoes for various foods such as sauces, ketchup, or juice generates significant quantities of
by-products. About a quarter of total tomato production is subject to processing, which means that
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tomato peels, seeds, and small quantities of pulp are removed; these by-products can add around 5-30%
of the main product [23-25]. Phytochemicals found in industrial tomatoes and their by-products have
been shown to include valuable compounds such as carotenoids, polyphenols, tocopherols, terpenes,
and sterols. These bioactive compounds seem to resist industrial treatments [24,26-28].

As tomato peels have lycopene, 3-carotene, lutein, and various phenolic compounds in their
composition, they could be a source of natural bioactive molecules, applicable in the food industry,
especially for bioactive packaging. In addition, the methanolic extracts of tomato peels showed
antimicrobial activity against Staphylococcus aureus and Bacillus subtilis [18].

Ttaconic acid (Ia), presented in Figure 1B, is one of the most favorable platform chemicals with
relevant usage as a monomer or in monomer synthesis [29]. Due to versatile applications, the US
Department of Energy included this bio-based unsaturated dicarboxylic acid in the first twelve building
block chemicals obtainable from lignocellulose biomass [30]. Biotechnologically, this 5-C dicarboxylic
acid is produced through fermentation of biomass with fungi like Aspergillus terreus and Ustilago maydis
or with different metabolically engineered bacteria [31]. The production of Ia (approx. 41,000 tons/year),
as a consequence of increased requests for bio-based materials, is in constant growth and is anticipated
to surpass 216 million USD in 2020. Ia and its derivatives are efficiently used in the production of
various innovative polymers and present an essential organic acid for manufacturing active packages
in food applications [32]. Although Ia-based polymers present various applicabilities, the study of Ia
incorporation in active packaging for the food industry is not well studied yet. However, the production
of active packaging through the use of Ia presents an efficient solution for the incorporation and release
of bioactive molecules with antimicrobial properties that can be used as food preservatives [33].

The use of existing molecules in nature (biopolymers or by-product extracts) to create active
packaging is a future method for protecting food, stabilizing and protecting compounds against
degradation or against different environmental factors. Biopolymers from different sources have been
studied in recent years for food, biomedical, and pharmaceutical applications [34-36].

The global biopolymer market is expected to reach around 10 billion USD by 2021, increasing by
almost 17% over the forecast period 2017-2021 [37]. Western Europe has the largest market segment
comprising 41.5% of the global market [35]. This development is due to the increasing use of biopolymers
in various fields. Chitosan, presented in Figure 1C, is a non-toxic, biocompatible, and biodegradable
biopolymer [38]. It can be used in the food industry, in applications for food packaging, for coating
fresh and cut fruits or vegetables, and for the pharmaceutical industry as a microencapsulating
agent or drug coating [39—44]. Numerous food components have been successfully protected, such
as vitamins, antioxidants, enzymes, and minerals, due to chitosan’s characteristics [45-50]. The
observed antimicrobial activity of chitosan in numerous studies has led to the creation of biodegradable
packaging or labels [51-54].

With increasing demand by consumers for safe and minimally processed food and a modern
distribution system that requires a proper shelf life, active packaging is a viable option. The choice of
active component must correspond to several factors, such as economy, safety, availability, and naturality.
Herbal extracts have been widely used in the food industry as a substitute for synthetic additives.
They are preferred for film development, mainly for their natural origin and phytochemical properties.
The interaction between plant extracts and biopolymers could also influence the physico-chemical and
techno-functional properties of the polymer [17].

The present paper aimed to investigate the antimicrobial potential of active films prepared
from poly(vinyl alcohol) (PVA) with itaconic acid (Ia), and with chitosan (Ch), enriched with tomato
processing by-products extract (TBE) in order to develop new formulas for active food packaging. The
effects of two biopolymers (Ch, Ia) and of TBE, containing phenolic compounds and carotenoids, were
studied on the physical and antimicrobial properties and the phenolic composition of films, as well as
their influence on the viscosity and flow behavior on the film-forming solutions.
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2. Materials and Methods

2.1. Materials

Acetic acid, acetonitrile, itaconic acid, chitosan, ethanol, Folin Ciocalteu reagent, and other reagents
implied in the experiments were of analytical grade, purchased from Sigma-Aldrich (Steinheim,
Germany). PVA with high molecular weight, 98%-99% hydrolyzed, was purchased from ThermoFisher
(Kandel, Germany). Carotenoid standards ((3-carotene), as well as chemicals used for antimicrobial
assays, Mueller—Hinton agar, Mueller—Hinton broth, peptone special, tryptic soy broth, and resazurin,
were purchased from BioMerieux (Marcy I'Etoile, France).

2.2. Preparation and Characterization of Tomato Waste Extracts

2.2.1. Ultrasound-Assisted Extraction (UAE)

By-products derived from tomato processing (tomato peels, seeds, and small amounts of pulp),
were dehydrated in the dark, to avoid carotenoid loss, for 48 h. Following dehydration, the by-products
were finely ground and extracted with ethanol 98% (1:5, w/v) in an ultrasonic unit for 30 min. The
extracts were separated from the solid phase in a centrifuge at 10,000 rpm, and the supernatant was
filtered through a Millipore 0.45 pm. The obtained tomato by-product extract, further named TBE, was
subjected to high-performance liquid chromatography (HPLC) coupled to mass spectrometry (MS) in
order to determine the total and individual carotenoids and phenolic contents.

2.2.2. Quantitative and Qualitative Analysis of Carotenoids (Lycopene, B-Carotene, and Lutein) by
HPLC/DAD

The TBE was injected into an Agilent 1200 HPLC system with a Diode Array Detector
(Agilent Technologies, Santa Clara, CA, USA), and individual carotenoids were determined using
a reversed-phase EC 250/4.6 Nucleodur 300-5 C-18 ec. Column (250 mm X 4.6 mm) of 5 um
(Macherey-Nagel, Diiren, Germany). Mobile phase A consisted of a mixture of acetonitrile:water
(9:1, v/v) with 0.25% triethylamine, and mobile phase B was formed by ethyl acetate with 0.25%
triethylamine. The gradient started with 90% mobile phase A at 0 min decreased to 50% A at 10 min
and finalized with 10% mobile phase A at 20 min. The flow rate was 1 mL/min, and the chromatograms
were monitored at 450 nm, common to carotenoids. The peaks were identified using carotenoid
standards (lycopene, 3-carotene, and lutein), and quantified on the basis of the calibration curve of a
-carotene standard.

2.2.3. Qualitative and Quantitative Analysis of Phenolic Compounds by HPLC-DAD-ESI-MS

Total and individual phenolic compounds of the TBE were determined on an HPLC-DAD-ESI-MS
system consisting of an Agilent 1200 HPLC with a DAD detector, coupled to an MS-detector
single-quadrupole Agilent 6110. The separation of phenolic compounds was performed at 25 °C
on an Eclipse column, XDB C18 (4.6 mmx150 mm, 5 mm), with a binary gradient. Mobile phase A
consisted of a mixture of 0.1% acetic acid:acetonitrile (99:1) in distilled water (v/v) and mobile phase B
was formed by 0.1% acetic acid in acetonitrile (v/v), following the elution program used by Dulf et al.
(2015) [55], at a flow rate of 0.5 mL/min. For MS fragmentation, the ESI (+) module was used with a
capillary voltage of 3000 V, a nitrogen flow of 8 L/min, and a scanning range situated between 100 and
1000 my/z at 350 °C.

The phenolic compounds were monitored by DAD, and the absorption spectra (200-600 nm) were
collected continuously during each run. Data analysis was performed using Agilent ChemStation
Software (Rev B.04.02 SP1, Palo Alto, CA, USA).
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2.3. Film Preparation

First, three different PVA concentrations were tested for polymerization (1, 2, and 3% wt.), and the
optimum ratio for further experiments was selected to be PVA 3% wt. The PVA solution (3% wt./v)
was prepared in hot distilled water (90 °C) under continuous stirring for 2 h. Further, the polymer
films were prepared by the solvent casting technique.

PVA + Chitosan (PVA + Ch) solution (1% v/wt.) was prepared by dissolving chitosan in acidified
PVA solution at 80 °C with continuous stirring (500 rpm) for two hours.

PVA + Itaconic acid (PVA + Ia) solution (1% v/wt.) was prepared by adding itaconic acid to the
PVA solution at 65 °C with continuous stirring for 30 min.

To the prepared PVA + Ch and PVA + Ia film-forming solutions, we added 9% v/v TBE under
continuous stirring (500 rpm) at room temperature, and the resulting samples were subjected to
antimicrobial capacity tests, rheological measurements, and total phenolic content determination.

Further, the TBE-added film-forming solutions together with control PVA solutions (15 mL) were
cast in plastic Petri dishes (8.5 cm) and evaporated at room temperature (21 °C) for 48 h. The obtained
films were peeled off and stored for further investigations.

2.4. Shear Viscosity Measurement of Film Solutions

To examine the influence of tomato extract, Ch, and Ia on PVA viscosity, the viscosity flow behavior
of the PVA, PVA + TBE, PVA + Ia + TBE, and PVA + Ch + TBE solutions was measured through
an Anton Paar MCR 72 rheometer (Anton Paar, Graz, Austria), equipped with a concentric cylinder
system and a double-gap 42 measuring system (temperature range 5 °C to 150 °C). For each sample
solution, approx. 15 mL was poured in the double-gap system of the rheometer. Each measurement
was operated at 21 °C, 30 °C, and 37 °C with a shear rate of 5-300 (logarithmic ramp) and determination
value in 0-100 s~! (logarithmic ramp).

2.5. Total Phenolics

Determination of the total phenolic content was made by the Folin—Ciocalteu assay, which
estimates the total content of all phenolic compounds present in the analyzed samples and measures
the total reducing capacity of a sample. In order to test their reducing power, aliquots of 25 uL. PVA
+ TBE, PVA + Ia + TBE, and PVA + Ch + TBE samples were mixed with 1.8 mL distilled water in a
24well microplate. An aliquot of 120 pL of Folin-Ciocalteu reagent was added to the wells and mixed,
followed by the addition of 340 pL NayCOj3 (7.5% wt./v) solution, to create basic conditions for the
redox reaction between phenolic compounds and Folin-Ciocalteu reagent. After incubation in the
dark for 90 min at room temperature, the absorbance was read at 750 nm using a microplate reader
(BioTek Instruments, Winooski, VT, USA). The analysis was repeated three times and the results were
expressed as gallic acid equivalent/100 mL sample.

2.6. Antimicrobial Activity of the Film-Forming Solutions

For this bioassay, five bacterial strains were used: Staphylococcus aureus (ATCC 49444), Pseudomonas
aeruginosa (ATCC 27853), Salmonella enterica serovar Typhimurium (ATCC 14028) and serovar Enteritidis
(ATCC 31194), and Escherichia coli (ATCC 25922). The microorganisms were obtained from the
Food Biotechnology Laboratory of the University of Agricultural Sciences and Veterinary Medicine
Cluj-Napoca, Romania. The strains were cultured on Mueller-Hinton agar, stored at 4 °C, and
sub-cultured once a month.

To evaluate the antimicrobial potential of the film-forming solutions, the modified microdilution
technique was used, described previously by Vodnar et al. (2017) [56]. In a 96-well plate, fresh
overnight cell suspensions of the tested microorganisms were adjusted with sterile saline solution to a
concentration of approximately 2 x 10> CFU/mL in a final volume of 100 pL per well. The inoculum
was stored at 4 °C until further use. Further, serial dilutions of the film-forming solutions were attained
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in the wells containing 100 uL of nutrient broth. Afterward, 10 pL of inoculum was added to all the
wells. The microplates were incubated for 24-48 h at 37 °C.

The minimum inhibitory concentration (MIC) was determined as the lowest concentration of the
film-forming solutions (mg DW/mL), inhibiting the visual growth of the tested microorganisms on
the microplate. The MIC of the samples was determined after the addition of 20 uL (0.2 mg/mL) of
resazurin solution to each well, as a color reactive (intense blue), and the plates were incubated for 2 h
at 37 °C. A color change from blue to pink indicated the reduction of resazurin and, therefore, bacterial
growth. The final concentrations of the tested film-forming solutions were approximately 27.3 mg
DW/mL for PVA, 9.1 mg DW/mL for Ch/la, and 0.5 mg DW/mL for TBE.

In order to interpret the results, we applied the guideline described by O'Donnell et al. (2010) [57],
where the antimicrobial activity of the tested compounds is defined as follows: No bioactivity (MIC >
1000 pg/mL), mild (MIC = 501-1000 pug/mL), moderate (MIC = 126-500 pg/mL), good (MIC = 26-125
ug/mL), strong (MIC = 10-25 pug/mL), and very strong bioactivity (MIC < 10 pug/mL).

2.7. Solid Film Characterization

2.7.1. Solid Film Measurements

A ruler was used to measure the diameter of the obtained films, while the thickness was measured
with a digital caliper. The weight of the film samples was measured with an analytical balance with 0.1
mg precision. The density of the films was established by using the following equation:

Density (g/cmS) =m/st 1)

where m is the mass of sample in grams; s is the surface of the sample in cm?; and t is the thickness of
sample in cm.
All measurements were performed at room temperature (21 °C).

2.7.2. Fourier-Transform Infrared analysis

The solid samples were analyzed using Fourier-transform infrared (FTIR, Shimadzu IR Prestige-21,
Kyoto, Japan) equipped with an attenuated total reflectance (ATR) module with a single reflection from
PIKE provided with the press. Films were applied directly to the horizontal accessory after which
infrared absorption spectra were recorded in the wavelength range of 600-4000 cm™, at a resolution of
4 cm™!, and with 64 scans for one spectrum. The spectral data obtained were processed using the IR
Solution Software program Overview (Shimadzu) and OriginR 7SR1 Software (OriginLab Corporation,
Northampton, UK).

2.8. Statistical Analysis

The measurements regarding physical properties and total phenolic contents were made in
triplicate and the values are expressed as mean values +SD, n = 3. Only the variation in total phenolic
content of the studied film-forming solutions was analyzed by one-way ANOVA, and the differences
were examined by Tuckey’s multiple comparison test (p < 0.05). Different letters on this particular
chart indicate significant differences (p < 0.05) between the tested films (GraphPad Prism Version 8.0.1,
Graph Pad Software, Inc., San Diego, CA, USA).

3. Results and Discussion

3.1. Characterization of Tomato By-Products Extracts

First, 11 bioactive compounds were identified in TBE belonging to the carotenoids and phenolic
groups. From the carotenoids class, three main compounds were found: Lutein, lycopene, and
[-carotene, while from the phenolics class, eight compounds were registered: Caffeic acid-glucoside
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isomer (CG), 5-caffeoylquinic acid (5-CQA), quercetin-diglucoside (QdiG), quercetin-glucuronide
(QGI), quercetin-3-rutinoside (Q3R), di-caffeoylquinic acid (di-CQA), tri-caffeoylquinic acid (tri-CQA),
and naringenin chalcone (NGC). The individual carotenoids and phenolic compounds identified in
TBE’s composition are illustrated in Figure 2 via HPLC chromatograms.
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Figure 2. HPLC chromatograms of ethanolic tomato by-products extract for carotenoids (A) and for
phenolic compounds (B).

Data regarding retention time, the wavelength along the absorption spectrum, or the mass to
charge ratio (m/z) of the identified components are presented in Table 1.

Table 1. Identification of carotenoids and phenolic compounds in tomato processing by-products

extract (TBE).
Class of . [M + HI*
Compounds Peak No. Ry (min) Amax (nm) (m/2) Compound
1 6.41 448, 474 Lutein
Carotenoids 2 13.42 446,473 Lycopene
3 14.51 455, 480 p-Carotene
1 11.12 292,245 343 Caffeic acid-glucoside isomer
2 11.93 326, 248 355 5-Caffeoylquinic acid
3 14.09 355, 259 627 Quercetin-diglucoside
Phenoli 4 14.87 355, 259 478 Quercetin-glucuronide
enoties 5 15.34 354, 256 611 Quercetin-3-rutinoside
6 16.98 328, 250 517 Di-Caffeoylquinic acid
7 20.33 328, 250 679 Tri-Caffeoylquinic acid
8 23.10 366, 250 273 Naringenin chalcone

The content of each carotenoid compound identified in TBE is presented in Table 2, where
[-carotene had the highest content, followed by lutein. Considering that the aim of the study is to find
new formulas for food packaging and/or biomedical applications, a food-grade solvent was used to
extract the bioactive components from the tomato processing by-products, in one-step, which explains
the lower concentration of carotenoids compared to earlier findings. Previous studies reported a
lycopene content in the range from 14.9 to 28.3 mg/100 g DW; however, the used protocol was tailored
for carotenoid extraction by organic solvents [58].
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Table 2. Individual carotenoids content of TBE expressed in mg/100 DW (f3-carotene equivalent).

Peak Carotenoids mg/100 DW
1 Lutein 1.549 + 0.04
2 Lycopene 0.127 £ 0.01
3 p-Carotene 1.597 + 0.01

Sum of identified carotenoids 3.273 +0.05

The carotenoids content, 3.273 mg/100g DW, can increase the biological activity potential of
TBE-based films considering their previously reported antioxidant and antimicrobial properties. In the
study of Strati, Gogou, and Oreopoulou, the total carotenoids reported in tomato by-products extracts
were in the range from 0.36 to 16.52 mg/100 g DW, considering the existing differences in the extraction
method and tomato varieties [59].

The individual phenolic contents of ethanolic TBE are reported in Table 3. Naringenin
chalcone, belonging to the flavonoid class, was the major phenolic compound identified, followed by
quercetin-glucuronide (flavonol sub-class).

Table 3. Individual phenolic compounds content of TBE, expressed in mg/100 g DW (equivalents of
chlorogenic acid and rutin).

Peak Phenolic Compounds mg/100 DW
1 Caffeic acid-glucoside isomer 2.284 +0.02

2 5-Caffeoylquinic acid 2.623 +0.02

3 Quercetin-diglucoside 7.150 + 0.05

4 Quercetin-glucuronide 24.427 + 0.04

5 Quercetin-3-rutinoside 6.061 + 0.03
6 Di-Caffeoylquinic acid 2.092 + 0.02

7 Tri-Caffeoylquinic acid 1.782 + 0.01

8 Naringenin chalcone 34.178 + 0.02
Sum of identified phenolics 80.596 + 0.20

3.2. Shear Viscosity Measurement of Film-Forming Solutions

The semi-crystalline polymer PVA consists of a hydroxyl group (-OH) that generates intra- and
intermolecular hydrogen bonding that has a strong influence on the mechanical and rheological
characteristics of the polymer solutions [60]. Figure 3A-C present the relationship between viscosity
and the shear rate of the PVA-based biopolymers at various temperatures.

The films PVA + Ch and PVA + Ch + TBE for the investigated shear rate range presented
pseudo-plastic (shear-thinning) behavior, and as can be seen in the figures (Figure 3A-C), for all three
temperatures, the viscosity decreased slowly with intensifying shear rate, which is a typical feature
of polymer solutions. These pseudo-plastic materials at increasing shear rate have reduced shear
viscosity, due to the alignment of the large molecular chains in the course of higher shear rate, which
generates lower resistance [61,62]. However, with the increase in temperature, the viscosity presented
higher values, and at higher shear rates, the viscosity also decreased exponentially.

The other films (PVA, PVA + TBE, PVA + Ia, PVA +Ia + TBE) presented a dilatant (shear-thickening)
behavior. These dilatant materials with increasing shear rate have increased viscosity, but at shear
rates higher than 30 s71, the viscosity remained generally constant. The addition of Ia to the biofilms
at 37 °C increased the viscosity, and at a temperature of 21 °C, they presented a lower viscosity. The
simple biofilms, which contained only PVA and PVA + TBE (small molecular-weight compounds)
presented inverse viscosities. The addition of TBE did not influence the viscosity of the biofilms.
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+ TBE, PVA + TBE + itaconic acid (Ia), and PVA + TBE + Ch.

3.3. Total Phenolic Content (TPC)

Phenolic compounds are plant-derived metabolites. According to the literature, they have
significant -OH structures for scavenging free radicals and, therefore, an important antioxidant
capacity [21]. The PVA, PVA + Ia, and PVA + Ch films (without any added TBE) contained no phenolic
compounds; therefore, data are not shown on the chart for these particular films. The total phenolic
content of films containing TBE was in the range of 0.167-0.208 mg gallic acid/100 mL film-forming
solution, the results of which are illustrated in Figure 4. The testing temperature was constant (room
temperature). The content of phenolics determined in the film-forming solutions differed significantly
according to the type of biopolymer used. The PVA + Ch films containing TBE registered the highest
TPC, namely, 0.208 mg gallic acid/100 mL film-forming solution, being significantly different from the

other two types of films.

Figure 4. Total phenolic content (Folin-Ciocalteu method).
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The total phenolic content of film-forming solutions may deliver important antioxidant activity,
but was not tested in the present paper considering the focus of choosing the best candidate with
the highest antimicrobial property for active packaging. Arcan and Yemenicioglu (2011) reported a
significant antioxidant activity of zein films enriched with phenolic compounds such as catechin, gallic
acid, p-hydroxybenzoic acid, and ferulic acid, justified by the existance of soluble phenolics in the
film [63].

The total phenolic content of the film-forming solutions is expressed as gallic acid equivalents
(GAE) in mg/100 mL sample. Values are expressed as mean values +SD, n = 3, and are followed by
different letters (a—c), indicating significant differences (p < 0.05) between the type of films (one-way
ANOVA - Multiple comparison test - Tukey multiple range test (p = 0.05); GraphPad Prism Version
8.0.1, Graph Pad Software, Inc., San Diego, CA, USA).

3.4. Antimicrobial Activity

The antimicrobial properties of active packaging can be achieved by direct incorporation of natural
antimicrobial compounds, with a high interest being the agro-industrial waste-derived bioactive
compounds. The antimicrobial activity of the PVA, PVA + Ia, and PVA + Ch films, all containing TBE,
and against the selected microorganisms, is presented in Table 4 below.

Table 4. Minimum inhibitory concentration (mg dry weight/mL) against S. aureus, E. coli, P. aeruginosa,
S. enterica Enteritidis, and S. enterica Typhimurium.

G (+). G (-) Bacteria
Bacteria
. . S. enterica S. enterica

Samples S. aureus E. coli P. aeruginosa Enteritidis Typhimurium
PVA n.b. n.b. n.b. n.b. n.b.
PVA + TBE n.b. n.b. n.b. n.b. n.b.
PVA + Ch + TBE <0.078 5.00 <0.078 0.312 5.00
PVA + Ch 0.156. 10 0.156 0.624 10
PVA +Ia + TBE n.b. n.b. 2.5 n.b. n.b.
PVA +Ia n.b. n.b. 5.00 n.b. n.b.

n.b.—no bioactivity.

In accordance with the guideline described by O’Donnell et al. (2010) [57], the PVA + Ch films
containing TBE showed good antibacterial activity toward S. aureus and P. aeruginosa, with a MIC
of <0.078 mg DW/mL, while toward S. enterica Enteritidis, they showed a moderate antimicrobial
capacity, with a MIC of 0.312 mg DW/mL, and no bioactivity against the other tested strains were
exhibited. The TBE considering its carotenoids and phenolics content, previously reported with good
antimicrobial capacity [18], may significantly contribute to this antibacterial capacity. The PVA + Ch
film registered a moderate antibacterial effect toward S. aureus and P. aeruginosa strains, with a MIC of
0.156 mg DW/mL, and a mild inhibition capacity toward S. enterica Enteritidis. The precise mechanism
of Ch antibacterial capacity is not fully elucidated. The main explanation relies on the interaction
between its positively charged amino group and the negatively charged microbial cell membranes, the
interaction of which contributes to the leakage of proteinaceous and other intracellular constituents of
the bacteria [64]. The PVA had no antimicrobial capacity, in line with a previously reported PVA-based
film study [65]. The PVA + Ia film containing TBE registered a MIC of 2.5 mg DW/mL, and the PVA +Ia
without TBE registered a MIC of 5 mg DW/mL against P. aeruginosa; therefore, both had no antibacterial
effect. This fact could be explained by the low concentration of Ia used, precisely 1%, insufficient
to exert its previously reported antimicrobial characteristics [66,67]. Both the inherent antibacterial
characteristics and film forming capacity of Ch make it the best candidate for use as an active packaging
material [68,69].
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This enhanced antibacterial activity of TBE-containing films could be explained by the important
antibacterial capacity of TBE previously reported in our study [58]. Other researchers have also found
an enhanced antibacterial capacity of Ch-based films by incorporation of natural extracts, whereas
the present study supports the idea of using the agro-industrial by-products extracts, precisely, the
industrially derived tomato seeds and peels, for increasing their value and range of applications.
Mathew and Abraham (2008) [70] showed that the shelf-life of food has been extended by ferulic
acid-incorporated starch-chitosan blend films. In addition, the incorporation of garlic oil and nisin
enhanced the antimicrobial activity of chitosan film [71].

3.5. Physical Characterization of Solid Films

The physical appearance of the films is illustrated in Figure 5. Six types of films were obtained
and presented as PVA (control), PVA + Ia, PVA + Ch, PVA + TBE, PVA + Ia + TBE, and PVA + Ch +
TBE. In addition, 15 mL of the PVA-based film solutions entirely covered the surface of the Petri dishes,
and when solidified, the films easily peeled off the plates. Each film type was visually homogeneous
with no bubbles inside. From all the obtained films, the PVA film was perfectly transparent compared
to the other sample films, and it was the most fragile one. The addition of Ia, Ch, and TBE contributed
substantially to the resistance of the PVA films, and at the same time, to the opacity and color of the
films. Itaconic acid and chitosan reduced the transparency of the PVA films and conferred their rigidity
by making them brittle. The addition of TBE reduced the films’ rigidity induced by Ia and Ch by
imprinting them with a slight elasticity. Considering the color of the films, TBE with a concentration of
9% imprinted yellow colors of different tones to all tested films. Similar studies point out that vegetal
extracts such as mint extract or pomegranate peel extract might imprint color to the PVA-based films
even at a low concentration of 0.1% [65]. The unevenness of the PVA films color might be associated
with the different distribution of pigments existing in TBE (lutein, 3-carotene) due to their different
molecular mass, because of their Brownian motion, and because of colloidal interactions, until the
films are completely solidified [72].

Figure 5. The physical appearance of the obtained films.

Considering the physical measurements (Table 5), all the obtained films had a diameter of less
than 8.5 cm, a weight above 0.4 g, a thickness over 0.3 mm, and a density higher than 2.4 g/cm®. The
largest diameter was registered for PVA film (8.33 mm + 0.15 mm), while the addition of bioactive
compounds (Ia, Ch, and TBE) narrowed down the films” diameter, making them dense and compact.
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As we expected, the addition of bioactive constituents increased the weight, thickness, and density,
with the PVA + Ch + TBE films recording the highest values for these parameters.

Table 5. The physical measurements of the solid PVA-based films; the shown data represent the mean
value of three replicates with the standard deviation (+).

Sample Diameter (cm) Weight (g) Thickness (mm) Density (g/cm®)
PVA 8.33 +0.15 0.44 + 0.00 0.03 +0.01 2.40 £ 0.79
PVA + TBE 7.95 £ 0.07 0.46 + 0.00 0.04 £ 0.01 3.70 +1.35
PVA +1Ia 8.27 £ 0.06 0.61 + 0.04 0.04 +0.01 4.58 +£1.33
PVA +1a + TBE 7.87 £ 0.06 0.61 +0.02 0.04 = 0.01 4.63 +1.44
PVA + Ch 8.00 = 0.00 0.57 +0.01 0.06 + 0.01 6.79 £ 1.08
PVA + Ch + TBE 8.07 +0.12 0.64 +0.03 0.06 + 0.01 7.55 + 1.40

FTIR is a useful method to identify specific molecular structures or the vibration of functional
groups from certain matrices [73,74]. For the present study, FTIR analysis was performed for PVA-based
films supplemented with TBE (Figure 6) in order to observe the influence of tomato waste-based extract
on the PVA formulations. For all investigated samples, a large band with a moderate height around
3300 cm~! was observed, vibrations that were attributed to the presence of inter- and intramolecular
hydrogen-bonded -OH groups from the PVA matrix [75]. Peaks of different heights situated between
2800 and 3000 cm ™! were observed for all tested films (2906 and 2939 cm™ for PVA, 2908 and 2939 cm™!
for PVA + TBE, 2910 and 3022 for PVA + Ia, 2854 and 2922 for PVA + Ia + TBE, and 2854 and 2924 cm™!
for PVA+Ch and PVA + Ch + TBE). Their presence was connected with vibrations of C—-H bonding
specific to polyalcohols, as the scientific literature suggests [74-76]. Moderate peaks associated with
—C-C—C- vibrations were identified around 1400 cm™! (at 1417 cm™! for PVA, PVA + TBE, and PVA + Ia
+ TBE; and at 1411 cm™! for PVA + Ch + TBE) [75]. The large peak situated around 1000 cm~! identified
in all samples (1087 cm~! for PVA and PVA + Ia; 1085 cm™! for PVA + TBE and PVA + Ia + TBE; 1083
cm™~! for PVA + Ch and PVA + Ch + TBE) emphasized the presence of C~-O-C bonds from PVA [75].
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Figure 6. FTIR spectra of the solid films.

The spectra obtained for PVA + Ia + TBE and PVA + Ch + TBE films showed few differences
toward the simpler matrices like PVA and PVA + TBE. The film containing itaconic acid showed
sharp peaks at 1633 and 1699 cm ™!, peaks that can be linked to the presence of C=0 bonds, specific to
carboxylic groups [74,77]. The spectra obtained for the film containing chitosan showed absorbance at
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a wavelength of 1411 cm™~!, which is specific to C=N bonds [78]. In the case of PVA spectra, it showed a
peak at 2160 cm™!, which indicates the presence of C=0 bonds [75], this particular peak being missing
from the rest of the formulations that contained TBE. The incorporation of tomato waste-based extract
into the PVA film solutions seemed to attenuate the presence of these aliphatic carbonyl groups.

4. Conclusions

Due to consumers’ preference for minimally processed and natural products, active packaging is
gaining importance; however, bio-packaging films generally exhibit weak mechanical attributes and
high water solubility and permeability compared to commercially available polymers. In the present
study, films containing poly(vinyl alcohol) (3% wt./v) and chitosan (1% wt./v) were enriched with TBE
and showed good antibacterial activity toward S. aureus and P. aeruginosa, with a MIC of <0.078 mg
DW/mL, also having important antimicrobial effects toward all the tested strains. The addition of Ia,
Ch, and TBE significantly contributed to the resistance of the PVA films and modified the opacity and
color of the films at the same time. Itaconic acid and chitosan reduced the transparency of the PVA films
and conferred rigidity by making them brittle, and the addition of TBE imprinted a slight elasticity to
the films. The rheological characteristics of the studied films presented shear thinning (chitosan) and
shear thickening (itaconic acid and simple films) behaviors. In the first case, the viscosity decreased
with the increase in shear rate, and in the second case, it increased and then remained constant with the
increase in shear rate. In addition, the total phenolic content of TBE-enriched PVA + Ch film-forming
solutions may deliver important antioxidant activity. Therefore, the produced films are suitable for
the packaging of a large variety of foods. Considering the high importance of low permeability in
developing ideal food packaging materials, our future research will focus on investigating the water
permeability of active packaging films enriched with by-products extracts. In subsequent studies,
we intend to also examine the anti-adhesive and anti-biofilm activity, in addition to biodegradability
assessment, of the newly developed films.
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Abstract: This paper proposes the preparation and formula analysis of anti-biofouling
Titania—polyurea (TiO,—SPUA) spray coating, which uses nano-scale antibacterial and photocatalytic
agents, titanium dioxide, to construct regularly hydrophobic surface texture on the polyurea coating
system. Through formulating analysis of anti-biofouling performance, it is found the causal factors
include antibacterial TiO,, surface wettability and morphology in order of their importance. The
most optimized formula group is able to obtain uniform surface textures, high contact angle (91.5°),
low surface energy (32.5 mJ/m?), and strong hardness (74 A). Moreover, this newly fabricated coating
can effectively prevent Pseudomonas aeruginosa and biofilm from enriching on the surface, and
there is no toxins release from the coating itself, which makes it eco-friendly, even after long-time
exposure. These studies provide insights to the relative importance of physiochemical properties of
Titania—polyurea spray coatings for further use in marine, as well as bio medical engineering.

Keywords: Titania—polyurea (TiO,-SPUA) spray coating; morphology study; surface wettability;
anti-biofouling study; surface hardness; formula analysis

1. Introduction

Photocatalytic titanium dioxide (TiO,) is a semi-conductive material, which could produce free
hydroxyl and oxygen species (reactive oxygen species) with strong oxidation-reduction ability by
photosynthesis reactions [1]. Organic compounds and inorganic oxides could be decomposed under
illumination [2]. The photocatalytic character of TiO, has successfully made it widely applied in
various types of bacteria and biofilms contamination abatement [3].

The conditioning of photoinduced bactericidal activity on TiO,-films surface experiments by
Pleskova et al., also states that reactive oxygen species (ROS) is the key to causing destruction of
bacteria [4], and its effectiveness of bactericidal activity of TiO,-films depends on several factors, such
as time of UV irradiation and thermal and chemical treatment of films on the bactericidal activity [5].
Recently, Kim et al., reported the reaction of titanium dioxide on Streptococcus mutans biofilm,
confirming that the antibacterial effect could be indicated by causing the photocatalytic reaction of TiO,
in S. mutans biofilm, even at the wavelength of visible light (405 nm) [6]. Besides, titanium dioxide
has extremely strong characters of sterilization, deodorant, mould proof, and antifouling function of
self-cleaning [7].

Polyurea coatings with better performance than traditional polyurethane and extreme properties,
such as rapid cure, insensitivity to humidity, flexibility, high hardness, tear and tensile strength [8], and
chemical and water resistance provide a great platform for the fabrication of new type of composite
coatings [9]. With proper primer and surface treatment, excellent adhesion to steel and other substrate
materials could be achieved [10]. In addition to advantages of polyurea over other coatings, the
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titanium dioxide could form nano-micro scale regular textures on the coating surface, which might
contribute to the hydrophobic and drag reduction performance and also the control of bio-adhesion [11].
Moreover, the combination of these two materials, which is designed for the prevention of biological
attachment, could maintain the immersion structure, such as ships as well as the cleanness of sonar in
marine, is seldom documented.

Typically, the hull antifouling paint is made of paint, toxic pigments, solvents, additives, and other
components [12]. One state-of-the-art antifouling paint that is used in ships in seawater as well as fresh
water reviewed by Lin et al., is indicated in Figure 1a. When the antifouling paint confronts with water,
the toxic pigment cuprous oxide releases, leaving only the adhesive shell afterwards [13]. However,
after a long enough period of exposure, the adhesive shell becomes so thick that the rate of toxins that
release into the meager water layer is below the critical value for bactericidal effect and forms a thick,
sealed, “sandwich” structure with thickness of 1000 to 1200 pm. Such a “sandwich” will produce a lot
of interfacial stress, and peel from the substrate, resulting in very rough surface morphology [12,14].
Additionally, the toxin, cuprous oxide, also imposes the risk to the environment [15].

Chlorinated rubber
or ethylene 3
Nano-sized Titania (TiO,) forming nano-scale texture on

Primer 1 Cuprous oxide layer 2 polyurea platform surface !

Metal substrate

Cuprous oxide toxic pigment

1 Long period of exposure time a — b

Bacteria & thick fouling weigh
down the structure to failure

All-in-one Polyurea
Platform

Chlorinated rubber
or ethylene 3 ruptured

Metal substrate

Primer 1 Cuprous oxide layer 2ruptured

Metal substrate

Less cuprous oxide toxic pigment

Figure 1. Schematic diagram of typically antifouling paint and all-in-one Titania—polyurea spray
coating. (a) typically antifouling paint and ruptured structure after long-time exposure, and (b)
all-in-one anti-biofouling Titania—Polyurea spray coating (TiO,-SPUA).

In this paper, the preparation and formula analysis of such coatings according to their chemical
composition, surface morphology, and wettability, which contributes to different bioactive properties,
are discussed. Different from high consumption of nano-titanium dioxide and complicated forming
process for better antibiofouling performance in most researches [16,17], this Titania—polyurea
(TiO,—SPUA) spray coating greatly reduces the use of nano-TiO; wt.% by forming all-in-one design
coating system easily, as shown in Figure 1b. It is believed that the coating that we aimed at and
developed can greatly slow down the biofouling process for marine structures, increase the efficiency
of the ecosystem with less energy consumption, and extend the maintenance cycle.

Furthermore, this newly fabricated TiO,~SPUA coating system, especially in its microstructure
properties and formulating analysis of anti-biofouling performances, have not been recorded yet.

2. Materials and Methods

2.1. Materials

50-80 wt.% isocyanates (TDI)-component “A” and 50-90 wt.% polyether amines
(Polyoxypropylenediamine)-component “B” were provided by Dragonsheild-BCTM, Specialty Products
Inc. (Washington, DC, USA). Versalink® P-1000, and it was alternative choice of Component “B”
purchased from Versalink (Essen, Germany), Air Products and Chemicals Inc. (Allentown, PA, USA).
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Low-surface-energy deformer, polydimethylsiloxane (PDMS), and isopropyl alcohol (IPA), from Sigma
Aldrich (Bangkok, Thailand) were used as provided. The anatases nano-titanium dioxide with mean
size of 39.6 nm and 0.293 polydispersity was fabricated by the sol-gel methods [2].

2.2. Experimental Procedure

2.2.1. Formulations and Fabrication of Titania—Polyurea (TiO,-SPUA) Spray Coating

Table 1 indicated the three typical group formulations of TiO,-SPUA coatings. The first two
groups (G1 & G2) of TiO,-SPUA coating formulations took consideration of the excess isocyanate
compensates for the ‘loss’ of isocyanate-groups during storage due to humidity and/or application, as
well as the ‘losses” from additives in Part B [8], and the increased weight percentage of Part A slightly
higher than Part B with index range 1.66 in Group 1 (G1) and relatively low index range 1.50 in Group
2 (G2) [10]. The Group 3 (G3) of TiO,-SPUA coating prescription remained the index range 1.00, the
only difference between T-PG3E1 (air-drying) and T-PG3E2 (oven-drying) is drying methods, which
might contribute to the different configuration of the surface [17], as shown in the pre-experiment.

Table 1. Table of TiO,-SPUA coating formulations (Group 1-3).

Part A Part B
Formulation
Code Name C"“,‘}Xf,“e“t C"“,‘}]’;,’,“e“t P1000 TiO, PDMS IPA
PGIE1 62.5 15.0 175 - - -
T-PGIE2 62.5 14.8 23 0.4 - -
T-PG1E3 62.5 147 220 0.4 04 -
T-PG1E4 62.5 147 220 0.4 - 0.4
PG2E1 60.0 - 40.0 - - -
PG2E2 60.0 8.0 320 - - -
T-PG3E1 50.0 105 36.5 15 15 -
T-PG3E2 50.0 105 36.5 15 15 -

Note: T is for formulation obtained TiO,, P is short for “Polyurea”; G is short for “Group” with same wt.% of
Part A/Component “A”; E is short for “Experiment” with different formulation of Part B; e.g., T-PG1E2 means
TiO,—polyurea Group 1 (62.5 wt.% Component “A”) Experiment 2.

For a better mixture of components, both of the chemicals were raised to 70 °C to decrease
their viscosity [18]. Subsequently, Part A and Part B were put into Kakuhunter SK-300TVSII mixer
(Shashin Kagaku Pte Ltd., Kyoto, Japan) for 180 s with vacuum level of 0.5 kPa to remove bubbles. The
revolution speed and rotation speed were set at 580 rpm and 1700 rpm, respectively [10]. After mixing,
the TiO,-SPUA coating was sprayed with 2.0 mm thickness into the Teflon mould with dimension of
100 x 100 x 10 mm?. Finally, all of the samples were put into oven under 70 °C (except for T-PG3E1)
for curing of 48 h.

2.2.2. Surface Characterizations

The surface morphology and chemical composition of TiO,~SPUA coating were characterized
by scanning electron microscopy (Hitachi S-4700, California, CA, USA) [17] that was attached with
a Bruker AXS Quantax 4010 energy dispersive X-ray spectrometer (EDX, Karlsruhe, Germany) [19].
OCA1S5 plus (Dataphysics, Filderstadt, Germany) was employed to measure the contact angles while
using distilled water. Surface energy was measured using three different liquids, dilodomethane,
ethylene glycol, and distilled water, and SCA 20 software (Dataphysics) was used to analyze data from
the regression line in a suitable plot [20,21].
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2.2.3. Preparation of Bio-Medium and Bioassays

All of the tests were conducted while using a nutrient-rich artificial fresh water medium referred
to Yuan et al. [22]. A well-studied aerobic Pseudomonas sp. NCIMB 2021 bacterium was obtained from
the National Collection of Marine Bacteria (Sussex, UK). CDC biofilm reactor (BioSurface Technologies
Corp., Bozeman, MT, USA) was used to grow Pseudomonas enriched cultures from Sentosa (SG)
seawater under different shear force and continuous flow conditions at 30.0 °C [7,22]. The source
of UV-irradiation was a Philip TUV15W lamp (Eindhoven, Netherlands) with power densities at
32.12 mW/cmZ, i.e., the maximum intensity was at 353 nm, which is under the UV-A region (315-400 nm).
The distance between the light and specimens was set to 7.0 cm, and the interval for each UV treatment
was 8 h/day to simulate the practical sunlight radiation. Specimens that were cut from coating samples
were served as removable coupons and ASTM method and E2562-12 Manual was followed. Live/Dead
BacLightTM Bacterial Viability Kit for microscopy (Thermo Fisher Scientific, Waltham, MA, USA) was
employed to undertake the detection of biofilms [23]. Pyruvate and organic carbon were inserted
into the carboy lid to speed up the enriched culture in CDC biofilm reactor [24-26]. CVD titanium
dioxide coated on AlZr (5.25% Zr) 2 um 316 L polished substrate [27] and fluoro-modified elastomeric
polyurethane, followed by previous drag-reduction work [11], were also involved as two control
groups for the analysis of biofilm-attachment mechanism and formula optimization.

2.2.4. Surface Hardness Test

ASTM-D-2240-00 Type A Teclock durometer was used to test the hardness of TiO,-SPUA coating
and its impact resistance [17,21].

3. Result and Discussion

3.1. Formulating of Surface Features

The prescription added more Part A than Part B, which was considered the possibility of
self-healing and might have un-reacted isocyanates inside the fracture surface, to have continuous
reaction with water as per the following chemical reaction [10,28]:

R-NCO + H,O — R-NH, + CO, 1)

This off-white colored Titania—polyurea (TiO,-SPUA) spray coating, as shown in Figure 2,
successfully inherited the fast reactivity of the polyurea. The curing time of all polyurea spray coating
was within one hour. In the meantime, vacuumed mixer obtained by the spraying equipment could
contribute to realize suitable mixing and remove the waste product and carbon dioxide shortly [29].
Besides, different drying methods, air-drying and oven-drying, were also tried under Group 3, would
have an impact on the curing time of TiO,—SPUA coating surface in the mould [30]. As for foam inside
such a coating, both technology-based methods (e.g., vacuum degree inside the spraying equipment)
and chemical-based prescription (e.g., defoamer, such as PDMS and IPA) have been conducted to
address this issue [10]. To conclude, the ideal solution for the foam issue should be preventing the CO,
generation and diffusion from the reaction between moisture in the air [31]. The shorter drying time
TiO,-SPUA coating needs, the smaller amount of foam caused by carbon dioxide that it would generate.
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Figure 2. Photographs of Titania—polyurea spray coating samples.
3.1.1. Morphological and Chemical Composition Analysis

For a polyurea coating group without titanium dioxide, the morphological image was relatively
flat when compared with TiO,—SPUA coatings, even other liquid additives, such as PDMS and IPA
solution, would not cause any modification of the coating surface structure [17,32]. While, for the SEM
images shown in Figure 3a—c, only the increment in nano-titanium dioxide could directly lead to the
surface textures change, and these surface structures might have a good orientation of the water flow
and detachment of biofilm [33], which was caused by the spraying and curing during preparation.
Additionally, it was gratifying to observe that the nano-TiO, particles did not generate agglomeration
and had a favorable dispersion in polyurea coatings. As the nano-titanium dioxide weight percentage
went higher, from 0.4 wt.% TiO, shown in Figure 3b to 1.5 wt.% TiO, shown in Figure 3c, textures that
formed by nano-titanium dioxide would become more distinct.

0um

oum

Electron Image 1 Electron mage 1 Toum Electon image 1

Figure 3. Scanning Electron Micrographs showing surface morphologies of sample (a) PG2E2, (b)
T-PG1E2, and (c) T-PG3E2.

It could be summarized that, as the nano-TiO, weight percentage continuously going high, the
surface morphology would cohere hydrophobic and homogeneous surfaces along with drag reduction
character at first. It is important to add that, as the weight percentage continuously increased, the
hydrophilic character from nano-TiO, would gradually take the lead, and its internal agglomerating
force would end up with rough coating surface morphology as compared to the original smooth finish.
Moreover, the profile degree, force orientation, and wettability of TiO,-SPUA coatings would also
be affected [34]. From the investigations of contact angle (CA) and surface energy (SFE) analysis
subsection, these inferences were also confirmed. From the imaging of EDX spectra, the Ti and Si
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signal appeared, and the signal intensity would continuously increase along with the increment in
nano-TiO, and defoamer PDMS.

3.1.2. Surface Wettability

Pure titanium, as well as titanium dioxide surfaces, performed as hydrophilic. However, from
the overall surface energy (SFE) and contact angle (CA) result in Table 2, the hydrophobic character
behavior of TiO,-SPUA coating was exactly different. The contact angle changed by the increase of
TiO, wt.% was also indicated, respectively, in Figure 4a—c. It could be not only due to its small weight
percentage and its minor texture structure on the coating surface, but its dispersion inside the polyurea
base coatings and use of low surface energy defoaming agent could also influence the polar component,
CA, SFE, and even biofilm test result [34].

Table 2. Values (mean + standard deviation) of contact angle (CA) and surface energy (SFE).

F°2“E‘flf"‘et;’“s PGIE1 T-PGIE2 T-PGIE3 T-PGIE4 PG2E1  PG2E2 T-PG3E1 T-PG3E2
TiO, (wt.%) - 04 - 04 - - 15 15
PDMS (wt.%) - - 04 - - - 15 15
CA (°) 615427 669+29 73049 644+14 684+69 638+19 885+64 915+26
SFE (m]J/m2) 57.3 49.4 458 515 471 52.3 37.2 325

== I . == I p . I c

Figure 4. Surface contact angle (CA) of coating surface (a) contact angle of PG2E2 (0.0 wt.%TiO,) 63.8°
+ 1.9°, (b) contact angle of T-PG1E2 (0.4 wt.%TiO,) 66.9° + 2.9°, and (c) contact angle of T-PG3E2
(1.5 wt.%TiO,) 91.5° + 2.6°.

These CA and SFE results should also be related to morphology. It is worth noting that increment
scenarios of CA would only happen at small weight percentage scale of nano titanium dioxide. As the
increase of nano-titanium dioxide particles wt.%, the nano-texture and low surface energy structure
would gradually disappear. High weight percentage of hydrophilic nano-titanium dioxide at 5% and
10% would lead to the decrement of CA to 68.0° and SFE would raise as high as 50.3 mJ/m?.

Otherwise, based on the fact that low surface energy chemistry and nano-textured morphology
of the hydrophobic coating could result in reduced protein adsorption and bacterial attachment [35],
it was not found that there was low attachment of bacteria and biofilms in the following biofouling
assays. Additionally, the hydrophobicity of such coating surface might reduce the flow resistance and
also offer a new research direction for drag reduction.

3.2. Formulating of Anti-Biofouling Performance

Cells with compromised membranes that are considered to be dead or dying will stain brightly
red, whereas the cells with an intact membrane will stain brightly green. The dark spot and slightly
blur background were due to the artifacts of substrate structures, and even surface reflection/refraction
under the Bacterial Viability Kit, respectively, rather than biofilms. In addition, more quantified
information of Pseudomonas aeruginosa in this pilot bio-assays is provided in Table S1.

113



Coatings 2019, 9, 560

3.2.1. Nano-Titanium Dioxide vs. Photocatalytic and/or EPS Degradation & Morphology

During the early stage of the Pseudomonas aeruginosa attached, reversible attachment is secreted
by bacteria with tightly-bound EPS (TB-EPS), which keeps cells together in clusters and loosely-bound
EPS (LB-EPS) bonding different bacteria clusters together to form stable micro-colonies [6]. The
continuous production of EPS by the bacteria community (made up of protein, polysaccharides, eDNA,
bacterial lytic products, and compounds from the host) provides the biofilm structural integrity [36,37].

e  High weight percentage of nano-titanium dioxide (TiO; wt.%) in the coating system may cause the
photocatalytic degradation and EPS degradation to inhibit the reversible attachment of biofilm.

The strategy to tackle Pseudomonas for high weight percentage of nano-titanium dioxide (TiO,
wt.%) is the photodegradation of the EPS matrix [38]. Through the observation of the live cells while
using the Bacterial Viability Kit, there was no sign of any live/dead Pseudomonas or any ruptured
structure of microbial cells under higher weight percentage of the nano-TiO,, i.e., there was no
indication of attached biofilm or any other microbial cells on the coating surface, except for the artificial
defects (dark areas) that are caused by long term exposure and etching from the surface as shown in
Table 3.

Table 3. Live/dead microscopy of control group with pure nano-scale TiO,,

Formulation Code Nano-TiO, 60 + 5 rpm/10 days 240 + 5 rpm/10 days
Name Surface Features wt.% (Low Shear Force) (High Shear Force)

CVD TiO; Surface Super hydrophilic
(Control (CA <5°) 100.0
Group 1)-Live
CVD TiO, Surface -
(Conztrol Supf(?rchydro};hlhc 1000
A <5° .

Group 1)-Dead

Under high shear force, the etching of CVD titanium dioxide surface was even more serious than
the ones under low shear force, as indicated in Table 3. Through characterized by 90 plus nanoparticle
size analyzer (Brookhaven, New York, NY, USA) for a leaching test, nano-titanium dioxide leaking
from CVD titanium dioxide surface was observed at the region between 35.0 and 50.0 nm in the
seawater medium after 10 days. Hence, this nano-titanium dioxide from etching in the CDC system
was supposed to work on the photodegradation of Pseudomonas [39]. The schematic diagram in
Figure 5a demonstrated the detailed processing of how nano-TiO; particles produce reactive oxygen
species (ROS) [40], inhibit DNA form replication, photodegrade EPS and many other proteins, damage
cell membrane, and even interrupt the electron transportation of cells [41].

e Low weight percentage of nano-titanium dioxide (TiO, wt.%) in the coating system may use
photocatalytic degradation to inhibit the attachment of biofilm by damaging microbial membrane
and quorum sensing.
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Figure 5. Schematic diagram of different anti-biofouling processing caused by nano-TiO,
photodegradation (a) nano-TiO, particles from etched CVD TiO; surface, and (b) Titania—polyurea
(TiO,—SPUA) spray coating.

At these lower formulation groups of 0.4 wt.%TiO, (T-PG1E2), 1.5 wt.%TiO, (T-PG3E2), and even
5.0% wt.%TiO,, with the decrement of weight percentage of nano-titanium dioxide (TiO; wt.%), the
Pseudomonas inhibition and photodegradation rate would become lower than the one with higher
TiO, wt.% (CVD TiO, Surface). The first-stage EPS would be already stabilized, and biofilm might also
reach the irreversible attachment [37,42]. However, the good news was that, through leaching test by
nanoparticle size analyzer, only fewer nano-particles could be detected than CVD ones. The result also
indicated its potential application for long term exposure in the biofouling environment.

A broken structure of microbial cells and biofilm (DNA of Pseudomonas), which were stained
red, could be clearly observed. The internal substances and degraded components [43] from microbial
cells are indicated in the Table 4. Though Pseudomonas structure was still destabilized from the
photocatalytic degradation and reactive oxygen species (ROS) from the nano-TiO,, as indicated
in Figure 5b, the biofilm was already mature when comparing with the high TiO, wt.% groups.
Additionally, the free adhesion of biofilm would possibly result from the communication of the
Pseudomonas clusters, which is so called quorum sensing/quenching [44].

Table 4. Live/dead microscopy of control group indicating the effect from nano-TiO, wt.%.

Formulation Code Nano-TiO; 60 + 5 rpm/10 days 240 + 5 rpm/10 days
Name Surface Features wt.% (Low Shear Force) (High Shear Force)
g Hydrophilic
T-PG1E2 (5° < CA < 90°) 04

Hydrophilic

T-PGIE2 (5° < CA < 90°)
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Table 4. Cont.

Formulation Code Nano-TiO, 60 + 5 rpm/10 days 240 + 5 rpm/10 days
Name Surface Features wt.% (Low Shear Force) (High Shear Force)

Hydrophobic
T-PG3E2 (90° < CA < 150°) 15
T-PG3E2 Hydrophobic 15

(90° < CA < 150°)

Moreover, the coating samples with regular roughness and morphology would also be conducive
to the detachment of biofilm [45] by changing the contact area and air-water interface [46] between
the cells and coating surface, as demonstrated in Figure Sla. For nano/micro-scale surface textures
(<10 pm), which is smaller than the cell size of Pseudomonas or its cluster (>20 pm), the liquid mobile
phase biofilm could shear freely at the air-water interface with small resistance, which resulted in wall
slippage [47] and lower friction coefficient and flow resistance. Such a slip effect indicated in Figure S1b
would also contribute to the drag reduction effect of microfluid, as proven in previous research [11,48].

At present, there are few studies on substrate interface with certain morphological characteristics,
especially those on nanometer or micron level morphological characteristics and substrate interface
film covering. Machado et al. [49] used chemical etching techniques to study the surface energy of
nano-scale PVC materials and their effects on initial cell adhesion. It was found that the surface energy
of the material and the initial adhesion of cells to the interface would be changed due to the change of
roughness and morphology and the ability to attach was reduced. Furthermore, since the cell sizes
are different, there is no uniform standard for different bacteria [50], and the relationship between
roughness and morphology and cell adhesion remains to be further studied.

3.2.2. Hydrophobicity/Hydrophilicity vs. Biofilm Adhesion

e The hydrophobic surface may reduce the adhesion of the biofilm more significantly than
hydrophilic ones under high shear force.

For most of the hydrophobic surfaces, the electrostatic interaction and cohesive strength between
the biofilm and the surface are weaker than the hydrophilic [51], so the biofilm on the
hydrophobic/superhydrophobic surface can be even easier to fail and lead to the detachment event
than the hydrophilic one [52]. PDMS, as a polymeric matrix of silicone coatings, are also well
known for their smoother and non-stick surfaces relative to other polymeric matrices. Likewise,
through vertical comparison between super hydrophobic/hydrophilic surface without effect of any
nano-titanium dioxide in the Table 5, it could be found the attachment of biofilm (Pseudomonas) at the
superhydrophobic surface (fluoro-modified elastomeric polyurethane) was relatively lower than the
super hydrophilic (concrete coupon) ones.
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Table 5. Live/dead microscopy of control group excluding the effect from nano-TiO,.

Formulation Code Nano-TiO, 60 + 5 rpm/10 days 240 + 5 rpm/10 days
Name Surface Features wt.% (Low Shear Force) (High Shear Force)
Concrete coupon of .
CDC biofilm S“P‘(’rciygrgghﬂ‘“ 00
reactor-Live
Concrete coupon of .
CDC biofilm S“pe(rciyfrgf;h‘hc 0.0
reactor-Dead
Fluoro-modified
elastomeric .
polyurethane Sup(ecrgyjr{;%lol;)blc 0.0
(Control
Group 2)-Live
Fluoro-modified
elastomeric .
polyurethane Suliéﬁyj;(ggll?blc 0.0
(Control

Group 2)-Dead

Additionally, it should be noted that biofilms on both of these two groups of polyurea coating
samples were also shown to become micro-colony formation and biofilm maturation, which were
definitely irreversible [53].

e  Hydrophobic and hydrophilic coating surface may both potentially reduce the adhesion of the
biofilm under high shear force by convection factors.

According to the horizontal comparison of each sample, the rotating speed (rpm) and shear force
could result in difference adhesive image of live/dead Pseudomonas cells, which is mainly because
of the convection around the biofilm. Under slow rotating speed (60 + 5 rpm), the shear force was
relatively low, which enable the rapid growth of the Pseudomonas, as fluid could contribute to the
diffusive transport of the metabolic substrate and the surrounding environment. As the rotating speed
went higher (240 + 5 rpm), fluid would surround Pseudomonas cell clusters, but was still too weak to
flush through them. Complex secondary flows were able to occur under this situation. Continuously
increased rotating speed would gradually weaken the cohesive strength inside the biofilm cells and
oscillating streamers would form on the downstream edge of a cell cluster [54]. Additionally, it is
not hard to understand why under higher rotating speed (rpm), the attached biofilm for both coating
samples were decreased more or less.

To conclude, setting all of the photodegradation factors aside, there is a preference between
hydrophobic and hydrophilic coating surface for the attachment of the Pseudomonas. Although
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the critical influence would be taken by the coating materials themselves, hydrophobic coatings
will still show more significant reduction for the biofilm adhesion, especially at high shear force,
than 5h3 hydrophilic ones [55]. Moreover, these reduction or inhibition of biofilm adhesion should
be non-selective.

3.3. Formulating of Surface Hardness

As most of the coating surface might suffer different types of impacts from marine organisms as
well as an undercurrent, an investigation of durability and impact resistance of TiO,-SPUA coating was
also very important [17,56]. Through supplementary optimizing design and numerical simulation of
these newly fabricated coatings, rather than PDMS, deformer IPA did not exhibit significant increment
of other mechanical performance, including surface hardness and even compression and tensile
strength, which had no means to exhausted all.

The surface hardness results are shown in Table 6. Besides, the compression behaviour for these
coatings, as shown in Figure 52, was also consistent with the hardness test results. It is not difficult to
find that three main factors: 1) proportion of Component “B” (long chain) to P1000 (short chain) wt.%,
2) Deformer PDMS wt.%, and 3) TiO; wt.% would have the main influence for the performance of
coating surface hardness. The increment of PDMS wt.% and P1000wt.% would decrease the surface
hardness, while the surface hardness would significantly increase as TiO, wt.% and Component “B”
wt.% grows. More information of the influence factors for these three main components to the surface
hardness, including many other formulations, is also indicated in Figure S3 by regression lines.

Table 6. Values of surface hardness.

F°Z“E:f"‘:éf“s PGIE1 T-PGIE2 T-PGIE3 T-PGIE4 PG2El  PG2E2 T-PG3El T-PG3E2
Component “B”:
P1000 (ot %) 15 15 15 15 0.0 40 35 35
PDMS (wt.%) 0.0 0.0 04 0.0 0.0 0.0 15 15
TiO, (wt.%) 0.0 04 0.0 04 0.0 0.0 15 15
SH (A) 77 98 48 75 50 92 72 74

To sum-up of the results that are indicated above, nano-scale TiO, and low-surface-energy PDMS
were the most two critical factors for the optimization of the coating formulation. By using the matrix
shown in Figure 6, performance that is derived from different weight percentage (wt.%) is indicated.

- A T, e 159

Off-white and opaque
Heterogeneous surface texture
High surface energy
Hydrophilic

High surface hardness
Antibiofouling

High PDMS Low PDMS
wt.% wt.%

White and translucent * Transparent and colorless
Clear and uniform texture *  Clear and uniform texture
Self-healing *  Low cost

Hydrophobic * Low surface hardness
Low surface energy * Non-antibiofouling

Off-white and opaque
Texture gradually disappear
Small foam are likely to form
High cost

Antibiofouling

Low TiO, wt.% (<1.5%)

Figure 6. Different basic performance derived from coating formulation depending on weight
percentage of TiO; and polydimethylsiloxane (PDMS).
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Based on comprehensive consideration, the formulation group with high weight percentage (wt.%)
of nano-titanium dioxide is not a good alternative to get high mechanical performance, as it might end
up with relatively heterogenous texture and a poor dispersion of the nano-titanium dioxide [17]. On
the contrary, the formulation group with lower nano TiO; wt.% and higher PDMS wt.% could not
only prevent the biofouling attachment as previous group, but also obtain homogeneous texture, low
surface energy, and many other good physicochemical performances. Additionally, these results will
also become the good references for the practical applications and the optimization of the formulations.

For the formulation of such anti-biofilm and regular morphology TiO,-SPUA coating fabrication,
a Gaussian distribution should also be agreed with and the peak of its performance was supposed to
be located at 1.0 to 5.0 wt.% of nano-titanium dioxide. One, in particular, is these biofilm attachment
assays should be treated as pilot experiments at present. Further experiments are in progress to justify
the relation among antibacterial character applied in practically marina environment.

This newly fabricated Titania-polyurea (TiO,-SPUA) spray coating has the potential to replace
the traditional antifouling paint, and its concept of all-in-one and rapid-cure polyurea platform would
greatly shorten the painting and curing time and extend the maintenance intervals. There would be no
more internal stress and peeling, resulting in very rough surface underwater, caused by the ruptured
structure of the “sandwich” coating system after long time exposure. Moreover, there is no more toxins
leaking from this Titania—polyurea (TiO,-SPUA) spray coating, which is even more eco-friendly, and
there is no worry about reaching the critical point for the antibacterial agents.

4. Conclusions

In this study, antibacterial Titania-polyurea (TiO,~-SPUA) spray coating with low consumption of
TiO; (1.5 wt.% only) are fabricated. Regular surface textures and morphology, hydrophobic wettability,
and low surface energy could be obtained during the process.

Through formulating analysis of free adhesion of Pseudomonas aeruginosa, it is found that
the directly causal factors include: (1) Antibacterial TiO,, (2) Surface wettability, and (3) Textures
and morphology in order of their importance. Nano-titanium dioxide (TiO; wt.%) in the coating
system may use photocatalytic degradation to inhibit the attachment of biofilm by damaging microbial
membrane; hydrophobic wettability might reduce the adhesion of the biofilm more significantly than
hydrophilic ones, especially under high shear force; and, nano-texture may also potentially reduce the
biofouling adhesion. Moreover, the surface hardness is affected by: (1) the proportion of Component
“B” (long chain) to P1000 (short chain) wt.%, (2) deformer PDMS wt.%, and (3) TiO, wt.%, which also
has internal relationship.

The root cause of such features would be the two main additives, nano-titanium dioxide (TiO,)
and low surface energy defoamer (PDMS) inside the coating system. All of these studies would also
provide good reference of formulation design and promising application for further application in
marine, as well as bio-medical engineering.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/9/560/s1,
Figure S1: Schematic diagram of Pseudomonas detachment influenced by surface roughness and morphology (a)
surface roughness/morphology and non-shear air-water interface, and (b) non-shear air-water interface and slip
effect of TiO2-SPUA spray coating, Figure S2: Graph of Compression Stress vs Strain (a) Compression Stress vs
Strain by PDMS wt.%, and (b) Compression Stress vs Strain by TiO2 wt.%, Figure S3: Influence factors for three main
components to the surface hardness, Table S1: Bactericidal effects of different surfaces on Pseudomonas biofilms.
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Abstract: Nowadays, edible and eco-friendly packaging applications have been studied as an alter-
native to conventional/synthetic packaging due to the great interest of consumers in healthy, safe,
and natural food, and of researchers in meeting the needs of consumers and producers. Various
biopolymers are being extensively explored as potential materials for food packaging. The edible
biopolymers utilized so far for packaging applications include proteins, lipids, and polysaccharides.
Occasionally, these biopolymers have incorporated different bioactive substances to enhance the
composite films’ characteristics. Gelatin and chitosan are two of the most important biopolymers for
the production of films. Different biopolymers or bioactive substances have been incorporated into
the matrix to enhance the gelatin-based and chitosan-based films. By incorporating other biopolymers
and bioactive compounds, the composite films” overall physicochemical and mechanical characteris-
tics are improved. Additionally, by incorporating bioactive compounds (polyphenolic compounds,
natural extracts, and essential oils), the composite films present important biological properties, such
as antioxidant and antimicrobial activities.

Keywords: gelatin; chitosan; films; bioactive compounds; biopolymers; packaging application

1. Introduction

The main direction of food packaging is to preserve the quality and aspect of products,
and this can be obtained by reducing lipid oxidation, inhibiting microbial growth, and
therefore extending the shelf life of food products. The conventional packaging is mostly
made from petroleum-based plastics [1,2]. The manufacturing of plastic globally has grown
in the last decades, and 40% of the plastic produced is utilized in packaging applications [3].
Even though plastic is advantageous as a packaging element because it is low-priced, it has
a light weight, and its facility in form molding, excellent mechanical strength, and thermal
sealing, the sizeable utilization of plastic packaging may also result in unfavorable outcomes
for the environment [4-6]. These adverse environmental effects of plastic packaging are
related to its low biodegradability and reduced reuse and recycling. Therefore, large
quantities of plastic may cause world contamination and pollution [7,8].

Nowadays, edible and eco-friendly packaging applications have been studied as an
alternative to conventional/synthetic packaging, due to the great interest of consumers in
healthy, safe, and natural food, and of researchers to meet the needs of consumers and pro-
ducers and to obtain biodegradable and nontoxic films/coatings for the food industry. Therefore,
various biopolymers are being extensively explored as potential materials for food packaging.
The edible biopolymers tested so far for packaging applications include proteins, lipids, polysac-
charides, and all achievable mixtures among these. Occasionally, these biopolymers or their
combinations have incorporated different additives, such as antioxidants, antimicrobials, flavors,
or colors, to enhance the characteristics of the films [4,9].
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Additionally, controlling the migration of components from packaging materials to
foods is essential because it could result in the transfer of undesirable compounds that
could reduce the safety of food for consumption or change its sensory and nutritional
properties [10]. However, migration may also be desirable whenever the incorporated
compounds are meant to be released gradually over time to preserve the food from any
unfavorable chemical reactions, and thus extending the shelf life [11]. For this reason, it is
essential to also research the components that can be passed from the packaging to the food.

Protein and polysaccharides are the most suitable and renewable biopolymers for food
packaging applications [12,13]. Films/coatings based on gelatin and chitosan have been
studied intensively in the last few years [14-17].

This review highlights the recent progress in food packaging based on gelatin and
chitosan or on combinations of them or with other biopolymers and bioactive compounds.
The overview also provides the most important physical, chemical, mechanical, and biolog-
ical characteristics of the obtained composite films and their possible applications for the
food industry.

2. Gelatin

Gelatin is one of the important components of protein-based packaging, and it can
be obtained from collagen by its partial hydrolysis. It possesses the capacity to form
adequate films for the food packaging industry [18,19]. The primary rheological properties
of gelatin are bloom and viscosity, and these properties are typically the outcome of the
production process utilized. The average molecular weight, amino acid content, and chain
polymerization level are all connected to the viscoelastic characteristics [20]. Commonly,
gelatin is obtained from certain mammals, like pork and cow, or poultry [19,21].

Nowadays, alternative gelatin sources, such as gelatin from various fish species, are
being explored [19,22]. Due to its functional qualities, such as its capacity to bind water,
produce gels, operate as a gas barrier, form films, create foam, and have an emulsification
property, gelatin is widely utilized in the food, pharmaceutical, photographic, and cosmetics
sectors [23].

Although gelatin exhibits excellent gas barrier and swelling properties, it has poor
mechanical resistance and is permeable to water vapor. Gelatin’s poor water vapor barrier
characteristic limits its application as a packing material. The limitations of gelatin can be
improved by combining it with other valuable components [4,9,14,24].

According to previous research, the performance of gelatin for food packaging appli-
cations has been improved by combining gelatin with other biopolymers, such as chitosan,
starch, soy protein, pectin, and carboxymethylcellulose (CMC) [25-30], or with other nat-
ural compounds, such as polyphenols [31-35] and essential oils [36-45]. For instance,
combining gelatin with chitosan, starch, and tapioca starch improved the mechanical char-
acteristics [25,26,29]. Incorporating polyphenols in the gelatin matrix was reported to
add antioxidant and antimicrobial activities for the composite films [19,31,32,35]. Also, a
gelatin—essential oil composite presented low WVP in comparison with the native gelatin
films [37-39,41,42]. Figure 1 contains a schematic representation of gelatin types and
origination, and the compounds that can be incorporated in the gelatin matrix.
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Figure 1. Schematic representation of gelatin matrix incorporated with functional materials for
improving the characteristics of the composite films.

2.1. Origination of Gelatin
2.1.1. Gelatin Obtained from Mammals

Most gelatin sources originate from mammals, particularly cattle and pigs, with pig
skin representing 46% of all sources, bovine hide approximately 29%, and pork and cattle
bones 23% [46]. Due to their abundant availability, bovine and porcine skin gelatins are
used extensively in the food sectors.

Gelatin is produced by partial hydrolysis of collagen, and is classified into two types.

Gelatin from bovine skin is usually defined as type B gelatin and is prepared through
an alkaline method. In contrast, gelatin from porcine skin is defined as type A gelatin and
is prepared through an acidic method. Type A gelatin has an isoelectric point at pH 7-9.4,
and has higher amino acid content compared to type B, which has an isoelectric point at
pH 4.8-5.5. Due to its greater gel characteristics (gel strength and viscosity), and powerful
film-forming properties, mammalian gelatin is more often used than other sources [24].

Mammal gelatins, however, have considerable limitations and issues regarding re-
ligious concerns, as Muslims, Jews, or Hindus cannot use or ingest them for various
reasons [47]. Furthermore, substitutes for porcine and bovine gelatin replacement have
also been prioritized and taken into consideration due to the possible risk of transmitting
harmful microbes from bovine spongiform encephalopathy, known as mad cow disease,
and from foot and mouth diseases [48].

Therefore, due to these limitations of mammalian gelatin and the need to use gelatin
from different sources, researchers” interest in gelatin obtained from other sources, like
poultry and aquatic species, has grown considerably [47].
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2.1.2. Gelatin Obtained from Poultry

Poultry skin, foot, and bone represent an alternative to mammalian gelatin. Duck,
chicken, and turkey species are among the poultry sources used for this purpose. According
to several studies, poultry gelatin is similar to mammalian gelatin in terms of its amino
acids, secondary structure, and molecular weight (285 g/mol for poultry and 350 g/mol
for mammal gelatin) [49,50].

Compared to bovine gelatin, the gel derived from chicken skin and chicken feet seems
to have a much higher bloom value, according to Sarbon et al. [49] and Rahman and
Jamalulail [51].

Meanwhile, according to Nik Muhammad et al. [52], commercial bovine gelatin had
a bloom value of 217 g, but duck feet gelatin obtained by diverse acids treatment had a
greater bloom strength (226-334 g). A higher percentage of cross-linked £ and « chain
components results in high bloom strength and leads to higher melting temperatures and
viscosity. Additionally, it was observed that the gelatin from chicken skin and duck feet
contained amino acids like glycine, proline, hydroxyproline, and alanine, which helped
increase the gel’s strength and stability. Interestingly, it was found that the imino acid
content (e.g., proline, hydroxyproline) of duck-feet- and chicken-skin-derived gelatins was
higher than that of the bovine gelatin [37,49].

Gelatin derived from poultry products has good film-forming characteristics due to
its high imino acid concentration and high bloom value [49,52].

2.1.3. Gelatin Obtained from Aquatic Species

An alternative to mammalian gelatin comes from marine sources, such as warm- and
cold-water fish (skins, bones, and fins). Marine gelatin sources are not connected to the risk
of bovine spongiform encephalopathy epidemics. In addition, it is suitable for usage by
Muslims, Jews, or Hindus, where mammalian gelatin is prohibited [47].

Fish processing byproducts can be used as an alternative raw material for preparing
high-protein ingredients, since protein makes up the majority of components of most fish.
This is especially true for producing food-grade gelatin due to the significant amounts of
collagen in fish [22].

Compared to mammalian gelatin’s bloom values, fish gelatin often has a lower bloom
value due to the variances in proline and hydroxyproline content, which depends on the
fish species and environment temperature. Depending on the type of fish, the environment,
and the extraction technique utilized, there may be variations in viscosity values. Proline
and hydroxyproline concentrations in fish gelatins are typically lower than those in the
mammalian gelatins [24].

However, several studies have reported that warm-water fish gelatins have higher
imino acid levels when compared to cold-water ones [53,54].

Regarding film characteristics, fish gelatin shows potential linked to attributes such as
remaining translucent, nearly colorless, water-soluble, and very extensible [55].

2.2. Gelatin-Based Composites
2.2.1. Combined Gelatin and Other Biopolymers

The variety of biopolymer combinations” physical, chemical, and textural features
have been the subject of intense research in the last years to generate novel products. The
formulation and characterization of combined gelatin-biopolymers films are summarized
in Table 1.
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In a study published by Howell, three ways were outlined that proteins might be
described in terms of how they interact with other biopolymers: synergistic interactions,
aggregation, and phase separation. These three characteristics may lead to fascinating and
technically valuable applications. It has been noted that synergistic interactions can improve
gelation qualities beyond those of the individual protein utilized alone [56], and they
were observed in gelatin-whey protein isolate [57] and whey-egg albumen mixtures [58].
Proteins aggregation may occur due to electrostatic interactions, and it could be useful
for improving gelation in case of 3-lactoglobulin [59]. Combining two biopolymers may
also occur with phase separation. In the composite obtained, the biopolymers produced
separate phase networks. Phase separation has been reported in protein-protein and
protein—polysaccharide mixtures [57].

Sarbon et al. [57] investigated the physical, thermal, and microstructural properties
of the gelatin-whey protein isolate mixture by using a large deformation rheological test
(heating gelation followed by cooling and compression). All combinations of gelatin
and whey protein isolate produced gel strength values that were higher than anticipated,
indicating a synergistic interaction and improvement of the gelling properties of both the
gelatin and whey proteins.

Several studies also outlined the possible mixture between protein and polysaccha-
rides. Gelatin—chitosan composite was prepared and characterization was performed of its
physical and mechanical properties. The findings showed that adding chitosan significantly
increased the elastic modulus (EM) and tensile strength (TS), making the films stronger
than gelatin films. However, adding chitosan significantly lowered the elongation at break
(EAB) characteristic. According to the structural characteristics examined, gelatin and
chitosan interacted to create a novel material with improved mechanical performance [25].

Incorporating gelatin with CMC also highlighted some important modifications, such
as increased TS and puncture test of the films, water vapor permeability (WVP), reduced
EAB, opacity, and UV-light penetration of the films, and it increased the thermal stability.
By using Fourier transforms infrared spectroscopy (FTIR) and X-ray diffraction (XRD)
analyses, it has been confirmed that the functional groups of gelatin interact strongly with
CMC. With the addition of CMC to gelatin-based film, crosslinking and intermolecular
bonds were established and improved some of the mechanical and physical properties of
the film [60].

The mechanical and physical characteristics of edible films were found to be affected
by the addition of potato starch to gelatin-based film. With increasing potato starch concen-
trations, the TS, EM, transparency, thermal characteristics, WVP, ultraviolet, microscopy,
and visible light barrier transmission improved, while the EAB lowered. This may suggest
promising developments for the insertion of potato starch as a potential crosslinking agent
to enhance the mechanical and physical characteristics of gelatin-based films, particularly
in the context of the production of food packaging materials [61].

A formulation of three polymers was also studied. Gelatin was combined with CMC and
chitosan [62,63]. Jahit et al., showed that chitosan and the CMC addition greatly impact the
film’s characteristics. The film’s amorphous nature was minimized by making it more crystalline
as the chitosan concentrations increased. Given that the formulation’s gelatin/CMC/ chitosan
ratio of 60/30/10 exhibited the second-lowest WVP (2250 x 10~7 gomm-h~!.cm~2.Pa~1)
and the highest biodegradability rate, it seems ideal for prospective usage in the food
packaging [62].
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Table 1. The characteristics of the gelatin-biopolymers mixtures.

Physical/Chemical/Mechanical/Biological

Formulation Characteristics References
. o synergistic interaction
Gelatin, whey protein isolate 1 gelling properties, EM [57]
Gelatin. sov protein isolate 1 mechanical properties when the weight ratio of soy protein [64]
/SOy P isolate: gelatin is 1:3
Gelatin, soy protein isolate 1 TS, EAB, EM, flexibility [27]
1 mechanical properties
Gelatin, chitosan | permeability [25]
good UV-light protection qualities
. 1 TS, puncture test of film, thermal stability, WVP, | EAB, opacity,
Gelatin, CMC and UV-light penetration of the films (601
. . L Wvp
Gelatin, CMC, chitosan 1 biodegradability [62]
. . 1 flexibility, EAB, WVP, thickness
Gelatin, CMC, chitosan 1 TS and puncture force [63]
. . 1 thickness, WVP, UV-light protection, thermal stability, | TS, EAB,
Gelatin, chitosan, xanthan gum VIS light transparency [28]
. 1 mechanical strength, water solubility (WS), WVP, thickness
Gelatin, starch | opacityimproved appearance of refrigerated Red Crimson grapes [26]
. 1 TS, EM, WVP, melting temperature, UV-VIS light protection
Gelatin, potato starch 1 WS, EAB [61]
Gelatin, tapioca starch 1 TS, EAB, thickness, WVP, UV-light protection, thermal stability [29]
- tap visible light transmission, film transparency
Gelatin, pectin 1 thickness, TS, antioxidant, and antibacterial activities [30]

J WVP, EAB

T-increased values of the tested characteristics, |-decreased values of the tested characteristics.

2.2.2. Combined Gelatin and Polyphenols/Extracts Rich in Polyphenols

An extensive and increasing list of bioactive substances have been or are now being
integrated into films, with phenolic compounds (polyphenols, phenolic acids, flavonoids,
anthocyanin) (Table 2) being the most prevalent [31,32,65-68].

Plant extracts represent an important source of polyphenols. These compounds
have antioxidant and antimicrobial effects; therefore, the incorporation of polyphenols
in the biopolymers matrix leads to composite films with antioxidant and antimicrobial
activities. Based on that result, several studies have used these compounds in bioactive
and biodegradable films [19,35,66,69-72].

The capacity of the active groups in gelatin-based films to quench radicals plays
a significant role in the antioxidant activity of those films. The gelatin protein’s amino
acid groups provide to native gelatin films poor antioxidant activity [73,74]. However, a
gelatin film’s antioxidant activity is increased when it is conjugated with diverse phenolic
compounds [19,31,32,67,71,74].

Both 2,2-azino-di-3-ethylbenzthiazoline-6-sulfonate (ABTS) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical scavenging and reducing power analyses are used to
measure the antioxidant activity of gelatin-based films. Using the ABTS and DPPH scav-
enging methods, Hanani et al., evaluated the antioxidant capacity of gelatin-based films.
The radical scavenging ability for the control (only gelatin) film was 32% for ABTS and 53%
for DPPH assay. However, the film’s antioxidant activity was significantly enhanced by
adding 1% pomegranate peel powder, and the ABTS and DPPH scavenging activities rose
to 48% and 60%, respectively. The antiradical activity was significantly improved with the
addition of pomegranate peel powder, as seen by the increase in ABTS and DPPH radical
scavenging activity as pomegranate peel powder concentration increased in the gelatin-
based films. The ABTS and DPPH radical scavenging activity of the gelatin film with 5%
pomegranate peel powder was the highest, with 80% and 72%, respectively. Pomegranate
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is well known for its high content of bioactive substances, including phenolic compounds
and anthocyanins, which are strong antioxidants and may scavenge DPPH and ABTS
radicals [71].

Gelatin-based films are also tested for their antioxidant properties using the reducing
power assay. Wu et al., observed that the reducing power activity of gelatin film was low
and gelatin film with 0.7% green tea extract exhibits a reducing power of 65% of 1.0 mg/mL
vitamin C. These findings showed that the gelatin—green tea extract film’s antioxidant
activity was enhanced in a concentration-dependent manner in comparison with the gelatin
film without the extract [69].

Similar results were obtained when gelatin films incorporated rosmarinic acid [67],
chlorogenic acid [65] and grape seed extract, and gingko leaf extract [70].

Gelatin-based films with antimicrobial properties are a crucial barrier in preventing
the spread of foodborne infections. Incorporating rosmarinic acid into gelatin film provides
antimicrobial action with a lengthy half-life [74]. Pathogenic bacteria such as Escherichia
coli and Staphylococcus aureus aggregated following treatment with gelatin-rosmarinic
acid films, exhibiting a morbid morphology and afterward being fully lysed. Even after
three months of storage, it was discovered that gelatin—rosmarinic acid films possessed
substantial antimicrobial activity, indicating that these films offer major benefits in food
packaging [74].

The antimicrobial activity of gelatin-based films containing phenolic compounds or
plant extracts rich in polyphenolic content was also reported by several studies. Gelatin—
protocatechuic acid [31], gelatin—epigallocatechin gallate [32], gelatin—tannic acid [68],
gelatin-mangrove extract [19], gelatin-pomegranate peel extract [71], and gelatin—date
by-products [72] films displayed good antimicrobial activity against Gram-negative (E. coli)
and Gram-positive (S. aureus) bacteria.

Fu et al., obtained a gelatin—chlorogenic acid film with antioxidant and antimicrobial
activity against E. coli, Pseudomonas aeruginosa, Listeria monocytogenes, and S. aureus, with
potential applications in fresh seafood preservation [65].

Moreover, phenolic compounds can form hydrogen and hydrophobic interactions.
Hydrogen and hydrophobic interactions between the hydroxyl groups present in the
aromatic rings of phenolic compounds and the carboxyl groups of gelatin side chains might
improve gelatin film functional characteristics [73].

One study designed a gelatin film including haskap berries extract, where the phe-
nolic components of the extract, mainly anthocyanins and phenolic acids, generated hy-
drogen crosslinking between the hydroxyl groups of the phenolic compounds and the
amino/hydroxyl groups of the gelatin. This crosslinking improved mechanical strength,
flexibility, air, WVP, film brightness, and WS. Consequently, haskap berries extract enhanced
the capacity of gelatin composite films for application in active packaging [75].

The incorporation of phenolic compounds in gelatin-based films led to the improve-
ment of the functional properties. The protection and tamper-resistance of food packaging
are significantly influenced by the TS of the packaging materials. Higher tensile strengths
are typically chosen for a range of packing items as they provide a stronger seal with safe
load stability and help to produce higher-quality products for the customer [24].

Several studies showed that phenolic compounds increased gelatin-based film TS
yield [19,66-69,71,75]. EAB is the ratio of the modified length to the starting length when
the sample is damaged. It refers to the ability of a plastic sample to withstand shape
changes without developing cracks [24].

Various researchers concluded that adding natural extracts, such as phenolic com-
pounds, to gelatin-based films increased the films” extensibility and EAB values. These
compounds may have a plasticizing effect on the resulting films [19,31,67,74,75].

Good oxygen and moisture protection properties are essential for food packaging
films since too much oxygen or moisture can cause lipid oxidation and microbiological
degradation of food during transport or storage. Packed products” quality and storage life
can be significantly enhanced when the packaging films serve as practical barriers against
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oxygen or water. As a result, it is essential to keep WVP as low as achievable. Currently,
gelatin film linked with phenolic compounds can produce composite films with WVP lower

than simple gelatin films [19,31,35,67-70,74,75].

Table 2. The characteristics of gelatin—polyphenol mixtures.

Physical/Chemical/Mechanical

Formulation Characteristics Biological Properties Applications References
Gelatin 71 thickness, EAB Antioxidant activity (DPPH), antimicrobial
rotocatechui,c acid achieved fine look, | light activity against E. coli and S. aureus, with Beef preservation [31]
p transmittance, TS, WVP high protocatechuic acid amounts.
Gelatin, epieallocatechin Antioxidant activity (DPPH (50%-99%),
/ CPlg 1 bloom strength FRAP (200-662 pug Vc/g)), antimicrobial Active packaging [32]
gallate (EGCG) L . 2
activity against E. coli and S. aureus
Gelatin, Galla chinensis 1 gel strength and therma% stability, | Not determined Packaging 3]
extract swelling of gelatin
Gelatin, R.ei‘im;q thde HZS-pr‘oducing ll?)a‘cte}:ia, tho.tﬁl Chinese Seabass
eugenol/ 3-cyclodextrin not determined viable Lseudonionas spp. anc tsychrophiic during superchilling [34]
. counts, total volatile basic nitrogen, K value,
emulsion free f . storage
ree fatty acids
. J WVP, solubility - - o o . .
Gelatin, mango peel films more rigid and less flexible Antioxidant activity (DPPH 70%-85%) Active packaging [35]
Gelatin,
. | TS, EAB, lowest WVP . - s
green tea extract Jowest TS, EAB, | WVP All the films presented antioxidant activity Active food packaging [70]
grape seeds extract | TS, EAB, WVP (DPPH)
gingko leaf extract ’ ’
Gelatin, istlrcanc(f chebulae 1 gel strength, thermal stability Not determined Packaging [76]
Antioxidant activity (ABTS), antimicrobial Fresh seafood
Gelatin, chlorogenic acid not determined activity against E. coli, P. aeruginosa, L. o [65]
. preservation
monocytogenes, and S. aureus
Gelatin, epigallocatechin TS, EM, |EAB Antioxidant activity (DPPH 67%) Reduce the oxidation [66]
gallate of cod-liver oil
Gelatin, 1 TS, EM, EAB with high amounts of Antioxidant activity (DPPH 77%) Reduce the_ oxida}tior\ 6]
green tea powder green tea powder of cod-liver oil
Gelatin, green tea extract 1 TS] EAB, WS, WVP Antioxidant activity (DPPH 15%-55%) Active packaging [69]
Gelatin, rosmarinic acid T thickness, TS, EAB, light protection, | Antioxidant activity (DPPH 75%-90%) Bacon preservation [67]
. e Antioxidant activity (ABTS), antimicrobial . .
Gelatin, rosmarinic acid 1T EAB, | TS, EM, WVP activity against E. coli and S. aureus Active packaging [74]
. - T TS Antimicrobial activity against E. coli and S. Cherry tomatoes,
Gelatin, tannic acid | EAB, WVP, oxygen permeability aureus grapes [68]
. . Antioxidant activity (DPPH 15%-60%),
Gelatin, mangrove T thickness, EAB, TS antimicrobial activity against S. aureus, E. Active packaging [19]
extracts 1L Wvp . ! S N
coli, Bacillus subtillis, Salmonella sp.
Antioxidant activity (DPPH 59%~72%,
Gelatin, pomegranate 1 thickness, WVP, TS ABTS 48%-80%), antimicrobial activity Active packagin 71]
peel powder | film solubility, EAB against S. aureus, L. monocytogenes, and E. p ging
coli
Gelatin,
haskap berries 1TS, EAB |WVP, WS Antioxidant activity (DPPH) Shrimp spoilage [75]
extract
Gelatin, date Jwater holding capacity, WS Antimicrobial activity against E. coli and S. Active packaging 172]

by-products

color change

aureus

T-increased values of the tested characteristics, |-decreased values of the tested characteristics.

2.2.3. Combined Gelatin and Essential Oil

The antimicrobial and antioxidant capacities of the essential oils from plants and spices
make them valuable food additives. Moreover, by reducing lipid oxidation, essential oils
can increase the shelf life of food products. Terpenic and phenolic compounds, biologically
active substances, are abundant in essential oils. Additionally, most of them are declared
to be Generally Recognized as Safe. However, due to their robust flavor, their application
as food preservatives is frequently restricted. Therefore, essential oils can be added to the
edible film to avoid this issue [77,78]. The formulation and characterization of combined
gelatin—essential oil films are summarized in Table 3.
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Table 3. The characteristics of gelatin—essential oil mixtures.

Physical/Chemical/Mechanical

Formulation Characteristics Biological Properties Applications References
Gelatin, ginger essential oil 7 thickness, WVP, EAB, | TS Antimicrobial activity against E. coli Antimicrobial active 1361
and S. aureus packaging
Antimicrobial activity against
Gelatin, cinnamon leaf oil 1 TS, slightly decreased WVP Salmonella typhimurium, E. coli, L. Cherry tomatoes [37]
monocytogenes, and S. aureus
Antioxidant activity (DPPH 12%-60%,
Gelatin, oregano essential oil Insignificant modification FRAP), antimicrobial activity against E. Food active packaging [38]
coliand S. aureus
Antioxidant activity (DPPH 1%-9%,
Gelatin, lavender essential oil J WVP, TS FRAP), antimicrobial activity against E. Food active packaging [38]
coli and S. aureus
Gelatin, thyme essential oil + EAB, | TS, WVP Antimicrobial activity aga1n§t L. Chicken ten.derlom 139]
monocytogenes and E. coli packaging
Gelatin, citrus essential oils . .
. o 1TS, JEAB, WVP (glycerol 20%)7 Antioxidant activity (DPPH, ABTS, . .
(bergamot, kI?rfnﬁ;llme, lemon, EAB, | TS (glycerol 30%) Active packaging [40]
Gelz.mn, root esss{ntlal (lnls +EAB, | TS and WVP Anhoxldant.achv%ty (DPPH, ABTs)plal Active packaging [41]
(ginger, turmeric, plai) > turmeric > ginger essential oils
Gelatin, Zataria multiflora . . Antioxidant activity (ABTS), Antioxidant,
(thyme-like plant) essential TWVE, EABC light barrier antimicrobial activity against P. antimicrobial active [43]
i properties, | TS vinosa. E. coli. S ous. B. sublili .
oil aeruginosa, E. coli, S. aureus, B. subtilis packaging
. Antimicrobial activity
Gelatin, essential oils LTS, EAB’ WVP (lemongrass), Lemongrass: E. coli, L. monocytogenes, S. . .
solubility, transparency 1 heat P Active packaging [42]
(bergamot, lemongrass) BN aureus, S. typhimurium
stability ) .
Bergamot: L. monocytogenes, S. aureus
Antioxidant activity (DPPH 38%-72%),
. - . . antimicrobial activity against .
Gelatin, elssent.lal oils (clove, | thickness, WS, EABslightly Brochothrix thermosphacta, Listeria Blodegliadal\)le food [44]
garlic, origanum) decreased WVP innocua packaging systems
L. monocytogenes, Shewanella putrefaciens
Antimicrobial activity against E. coli, S.
Gelatin, sage essential oil 1 WVP, 1 thickness aureus, L. innocua, Fruits, vegetables, and [45]

Saccharomyces cerevisiae, Penicillium
expansum

meat packaging

T-increased values of the tested characteristics, |-decreased values of the tested characteristics.

Essential oils added to edible films, in this case, gelatin films, lead to an increase in the
gelatin film’s biological activity and water resistance [78].

In recent years, researchers have focused on the analysis of incorporating essential
oils into gelatin-based films. In a study conducted by Tongnuanchan et al., citrus essential
oils were added to a gelatin-based film, which decreased WVP, and the obtained films
displayed antioxidant activity [40].

Similar results, such as decreased WVP, were obtained when the gelatin-based films
incorporated cinnamon leaf essential oil (0.5 %) [37], lavender essential oil (2000-6000 ppm) [38],
thyme essential oil (0.5, 1, 1.5%) [39], root essential oil (ginger, turmeric, plai, different levels,
25%, 50%, and 100%, based on protein content) [41], lemongrass essential oil (5%—-25% (w/w
protein)) [42], garlic and clove essential oil (1 uL/ cm? of plates) [44], and sage essential oil
(2 mL/100 mL distilled water) [45].

Li et al., reported that ginger essential oil was incorporated into gelatin-based films
and led to increased WVP when the ratio of oil/gelatin rose from 0% to 12.5% [36].

Kavoosi et al., reported a similar result after the WVP of a gelatin—Zataria multiflora
composite increased when the oil/protein ratio changed from 0 to 8% [43].

Given that the WVP relies on the hydrophilic/hydrophobic ratio of the film’s com-
pounds, the specific composition of essential oils may be responsible for the observed
variations in reported different WVP. Even so, adding a hydrophobic material will not nec-
essarily diminish the WVP of the films; it also depends on how the added lipids affect the
microstructure of the composite film [44]. An essential quality of food packaging materials
is WVP. Loss of textural characteristics and subsequent microbiological growth in foods
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could result from moisture from the atmosphere moving into food products. In light of this,
a lower WVP may offer good water barrier properties in the gelatin—essential oil films [39].

The antimicrobial activity of the gelatin-based films incorporating essential oils was
reported for several strains (Table 3). Li et al., prepared gelatin-based films by combining
it with low-content (0%—-1%) ginger essential oil. The antimicrobial activity of films that
incorporated ginger essential oil was tested on E. coli as Gram-negative and S. aureus
as Gram-positive bacteria. A higher log CFU/mL value indicates better antimicrobial
efficiency. Low antimicrobial activity was detected on gelatin-based film for both strains.
As the amount of ginger essential oil in the films grew, so did their antibacterial activity.
The 1% gelatin-ginger essential oil film reported the greatest antimicrobial activity, with
values of 2.65 log CFU/mL against E. coli and 5.63 log CFU/mL against S. aureus [36].

Yang et al., discovered similar results when they investigated gelatin-based films’
antimicrobial activity with cinnamon leaf essential oil against E. coli, S. typhimurium,
L. monocytogenes, and S. aureus. In contrast to the gelatin film, which did not prevent
bacterial pathogens from growing, the inhibitory zone grew in proportion to the cinnamon
leaf essential oil concentration. Additionally, the antimicrobial activities were more efficient
against Gram-positive bacteria than against Gram-negative ones [37].

Similar results, where antimicrobial activities are more efficient against Gram-positive
bacteria than against Gram-negative ones, were obtained when gelatin-based films incorpo-
rated other essential oils, such as thyme essential oil [39], Zataria multiflora essential oil [43],
bergamot and lemongrass essential oils [42], clove and garlic essential oils [44], and sage
essential oil [45].

The mechanism of action of oils against bacteria is attributed to cytoplasm loss due to
phospholipid cellular wall degradation, or due to interactions among oils and cell enzymes.
Because an external lipopolysaccharide wall or proteins protect the peptidoglycan cell wall
in the outer membrane, Gram-negative bacteria are more resistant to oil attack [45,79].

3. Chitosan

Chitosan (Figure 2) is a polysaccharide-related chemical compound and a copolymer
of N-acetylglucosamine and glucosamine residues linked by -1,4-glycosidic bonds. Be-
cause of its availability and low price, biocompatibility, non-toxicity, biodegradability, and
film-forming properties, chitosan is regarded as the most promising replacement for conven-
tional plastics in the production of films/coatings, with a wide range of uses in many fields,
including food application, pharmaceuticals, agriculture, and beauty products [80-83].

Chitosan products are very viscous, closely resembling natural gums with antimicro-
bial activities due to active amino groups, and they can constitute clear films to improve
the quality and shelf life of processed and fresh foods [6,84]. Due to its capacity to form a
partially permeable, durable, and flexible film, chitosan can be used to create edible films
that can change the internal atmosphere, reduce water loss, and postpone the spoilage of
fruits and vegetables. These characteristics give chitosan advantages over other edible
coatings [85,86].
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Figure 2. The chemical structure of chitosan.

In contrast to these associated advantages, chitosan-based films have drawbacks such
as low UV-light barrier properties and reduced mechanical characteristics. In addition, the
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hydrophilicity of chitosan films makes them extremely susceptible to moisture, which is
a significant disadvantage for packaged food products with high water content. Despite
chitosan’s implicit antioxidant and antimicrobial properties, these might not be sufficient to
avoid severe growth of microorganisms and oxidation in the ambient environment. Hence,
adding natural compounds, such as phenolic compounds, plant extracts, and essential
oils or other biopolymers, may provide better antioxidant and antimicrobial activities
and enable the development of packaging films with improved mechanical, physical, and
biological characteristics [87].

3.1. Origination of Chitosan

Chitosan is obtained from chitin. Chitin (Figure 3), after cellulose, is the second-most
prevalent structural polysaccharide in nature. Because of its acetyl groups, chitin has few
applications; however, the deacetylation process transforms chitin into chitosan. The acetyl
group in chitin is changed into hydroxyl and amino groups in the chitosan during the
deacetylation process [88,89].
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Figure 3. The chemical structure of chitin.

Chitin is naturally found as organized crystalline microfibrils that serve as structural
elements for funguses or yeast cell walls and the external skeletons of arthropods. Crab and
shrimp shells are currently the primary commercial sources of chitin, where it is present in
the x-chitin form [90]. Another significant source of chitin is squid, found in the 3-form,
which has been reported to be more susceptible to deacetylation. Due to the substantially
weaker intermolecular hydrogen link caused by the parallel configuration of the major
chains, this chitin also exhibits increased properties such as higher solubility and reactivity,
and a better affinity for solvents and swelling than the x-chitin [91]. Chitin can be found
in the y-form, mainly in fungi and yeast, as a mixture of the - and p-forms instead of a
distinct polymorph [92]. Algae, fungi, bacteria, and some species of insects can also serve
as substitute sources of chitin and chitosan [88,89,92].

To extract chitin from the shell, protein and minerals must be removed by depro-
teinization and demineralization. Additionally, a discoloration step is added [88,92].

Typically, “chitosan” is a group of polymers created following the variable degrees of
chitin deacetylation [90]. In reality, chitin and chitosan are distinguished by the degree of
deacetylation, which represents the equilibrium of the two types of residues. Chitosan is a
product that has a deacetylation degree greater than 50% [92]. Deacetylation also results
in a depolymerization process, as shown by modifications in chitosan’s molecular weight.
Using an enzymatic or a chemical procedure, chitin can be transformed into chitosan [88].
Because of their low costs and efficiency for mass production, chemical techniques are
frequently utilized to produce chitosan for commercial usage [90].

3.2. Chitosan-Based Composites
3.2.1. Combined Chitosan and Other Biopolymers

Films and coatings produced from chitosan have some disadvantages, including low
water resistance, low UV-light barrier properties, and reduced mechanical characteristics,
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when compared to films formed by mixing two or more biopolymers, rendering them
unsuitable for use in films/coatings production in the food industry [17,87].

Several naturally occurring biopolymers, such as polysaccharides (e.g., cellulose,
pectin, starch, or alginate) and proteins (e.g., protein isolate, gelatin, or collagen), can be
combined with chitosan to create films (Figure 4). As the produced films are affordable,
stable, and display improved properties (water and thermal stability, mechanical or bi-
ological properties), polysaccharide blends generally provide several advantages over
other biopolymer blends [17]. The physical, mechanical, and biological properties of chi-
tosan films that have incorporated other biopolymers for packaging materials have been
investigated (Table 4) [93-99].

Table 4. The characteristics of the chitosan-biopolymers mixtures.

Physical/Chemical/Mechanical

Formulation Characteristics Biological Properties Applications References
Chitosan, corn T WS, TS, EAB, | WVP by
s tarci\ comparison with corn starch film Not determined Active packaging [93]
color change
. . Antimicrobial activity against . .
Chitosan, starch 1 thickness and WS, | WVP L. innocua Active packaging [94]
| thickness, light transmittance,
Chitosan 1 TS, EAB, Young’s modulus Antifungal activity against
’ successfully incorporate Aspergillus niger, antioxidant Active packagin [95]
sporopollenin Y p pers 8 P §ing
porop sporopollenin into chitosan, activity
enhanced hydrophobicity of films
1 thickness, WVP, WS, TS, EAB,
Chitosan, pectin Young’s modulus Not determined Packaging [96]
|} density and opacity
T thermal stability, oxygen barrier . . .. .
Chitosan, properties, thickness, WVP, TS, Antimicrobial ac tivity agal'nst .
nanocellulose Young’s modulus, S. aureus, E. cqlz, and Candida Chicken meat [97]
| film’s transparency albicans
Antioxidant activity (DPPH),
. . antimicrobial activity against S.
Chitosan, Sardinella Opzflﬁtkgsf\}g?;;ﬁrg:ggfr&s aureus, Micrococcus luteus, L. Shrimp [98]
protein isolate " 7 monocytogenes, Bacillus cereus, packaging
L WVE, TS, and EAB, color change Salmonella enterica, P. aeruginosa,
E. coli, Klebsiella pneumoniae
The optimal contents of the
Chioan M, O N o il st 50 g
sodium alginate 5 prep E. coliand S. aureus &g

composite film were 1.5%, 0.5%,
and 1.5%. 1 TS, EAB, WVP

T-increased values of the tested characteristics, |-decreased values of the tested characteristics.
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Figure 4. Schematic representation of chitosan matrix incorporating functional materials for improv-
ing the characteristics of the composite films.

For example, chitosan was combined with corn starch. The cross sections of films
exhibited a continuous surface devoid of a blurry and porous structure, devoid of phase
separation among the two polymeric materials, and a compact design in the polymer
composite [93]. The study’s findings demonstrated that chitosan could interact with
corn starch to establish hydrogen bonds between the NH3™ of the chitosan and the OH™
of the corn starch, which enhanced the composite film’s mechanical characteristics, TS
and EAB, while lowering its WVP, properties needed for films used in the food industry
packaging [93].

Similar results were obtained in the study published by Escamilla-Garcia et al., where
chitosan was combined with starch to enhance the composite film’s physical, mechanical,
and biological properties. Additionally, the chitosan—starch films presented antimicrobial
activity against L. innocua, which indicates that these composites could be used to ensure
the safety of food products in the packaging industry [94].

Films produced from the sporopollenin—chitosan blend were developed and character-
ized for the first time in a study published by Kaya et al. [95]. Sporopollenin is a biopolymer
obtained from plant pollens; in that study, pollens of Betula pendula were used, that possess
outstanding properties, including biocompatibility with other materials, nontoxicity, and
biodegradability, as well as good thermal and strong acid and basic solutions resistance.
To take advantage of these essential benefits, and the fact that this biopolymer is easy to
collect and available in nature, sporopollenin samples were mixed into chitosan film to
obtain a composite with improved characteristics. The incorporation of sporopollenin
into the chitosan matrix has been confirmed by several analyses. The incorporation of
growing quantities of sporopollenin into chitosan-based films was favorable, considering
that physical, chemical, and mechanical characteristics were improved, and the films” hy-
drophobicity and biological (antioxidant and antifungal) properties were enhanced. These
results indicate that sporopollenin could be recommended as a material for manufacturing
chitosan-based composites [95].
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Younis et al. [96] have developed a biodegradable packaging material by combining
chitosan with pectin. While chitosan and pectin may be used separately due to their
capacity to produce films, the current research found that mixing chitosan and pectin could
develop a composite film with better characteristics than either of its parts. Combining
chitosan with pectin may have synergistic effects that enhance several film properties,
notably mechanical characteristics. The chitosan and pectin intermolecular interactions
(hydrogen bonds, hydrophobic interactions, and ionic complexation) significantly enhanced
the network of polymers in the film matrix. They allowed the TS, Young’s modulus, and
EAB to increase, which were likely responsible for these synergistic effects [96].

Recently, Costa et al. [97] evaluated the characteristics of chitosan-nanocellulosebased
films. Combining nanocellulose into other biopolymeric matrices makes possible the
development of greater composites while maintaining their biodegradability and improving
their mechanical properties and barrier characteristics [100]. Therefore, in this study, the
addition of nanocellulose enhanced the thermal stability and oxygen barrier properties
and slightly increased WVP. The improvement of the mechanical characteristics of the
chitosan/nanocellulose-based films was noticed by the rise in TS and Young’s modulus of
the composite. Additionally, these composite films exhibited antimicrobial activity against
E. coli, S. aureus, and Candida albicans. The reduction of total volatile basic nitrogen on the
surface of the chicken meat by chitosan/nanocellulose-based films suggests their potential
application as packaging for retarding beef deterioration [97].

Moreover, Sardinella protein isolate, obtained from blue crab and Sardinella aurita by-
products, was used as a biopolymer in a study conducted by Azaza et al. [98]. The protein
isolate was incorporated into the chitosan matrix to obtain an active packaging composite
film with better characteristics. Incorporating the protein isolate into the chitosan matrix
improved the UV-VIS light barrier due to the formation of links between the two polymers,
and it decreased WVP due to the strengthening of the cross-linking in the composite films
and the limitation of the mobility of the polymer matrix. Although the protein isolate
incorporation into the chitosan matrix led to a slight decrease in mechanical properties,
the results showed that the composite films had better biological characteristics than the
control film [98].

In a recent study, chitosan was combined with two other biopolymers, sodium alginate
and carboxymethyl cellulose, and the characteristics of the new composite films were
assessed [99]. These three biopolymers were used due to the potential antibacterial activity
of the chitosan films, the high strength of the CMC, and the flexibility and film-forming
capacity of sodium alginate. The composite film presented improved mechanical properties
and also good antibacterial activity, with a 96% antibacterial rate against E. coli and a
93% antibacterial rate against S. aureus; therefore, the composite film has potential for use
as an active packaging [99].

3.2.2. Combined Chitosan with Polyphenols/Extracts Rich in Polyphenols

In an attempt to increase the biological and functional properties of chitosan-based
films, several studies have been performed and assessed on the effects of the incorporation
of various kinds of natural extracts rich in polyphenols or phenolic compounds into the
chitosan matrix (Table 5). Plants react to stress by producing polyphenolic compounds
as secondary metabolites. Polyphenolic compounds present in plants are phenolic acids,
flavonoids, and anthocyanins. These compounds minimize oxidation and cell damage
and act as powerful antibacterial and antioxidant agents. When they are utilized in film
or coating formulations, the polyphenolic compounds display synergy and increase the
composite films’ total antibacterial and antioxidant activity [17]. Several studies have found
that incorporating phenolic compounds or plant extracts rich in polyphenolic content into
chitosan films improves their mechanical properties (Table 5).

The mechanical characteristics of a film are highly reliant on intra-molecular bonding,
the type of chitosan matrix, the microstructure of the chitosan network, and the presence
of crystalline phase inside the film [101,102]. The literature indicates that modifications
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of the mechanical characteristics of chitosan films by the incorporation of various phe-
nols/extracts rich in polyphenols are not similar. Some compounds increase the mechanical
strength, whereas others reduce it.

The incorporation of propolis extract (5%-20%) increases the TS and EAB in chitosan—
propolis composite film [103,104]. Additionally, it has been described in several studies that
the incorporation of phenolic compounds, such as gallic acid [105], epigallocatechin gallate
nanocapsules (2.5%, 4.5%, 6.0% (w/v)) [106], ellagic acid (0.5%, 1.0%, 2.5%, 5.0% w/w) [107],
protocatechuic acid (0.8, 1.6, 2.4, 3.2 g) [108], proanthocyanidins (5, 10, 15, 20 wt%) [109],
syringic acid (0.25%, 0.5%) [110], phenolic acids (ferulic, caffeic, tannic, gallic, 1%) [81], or
curcumin (1%) [111], into chitosan-based films, reinforces the mechanical strength of the
chitosan composite. In chitosan-based films, the incorporation of olive leaves extract (10%,
20%, 30% w/w) [112], or purple rice and black rice extracts ((1, 3, 5 wt%) [113], achieved
an increase in the film’s TS and EAB, whereas the addition of pomegranate peel extract
(10 g/L) [114], thyme extract (0.15% w/w) [115], turmeric extract [116], mango leaf extract
(1%-5%) [117], or purple-fleshed sweet potato extract (5, 10, 15 wt%) [118] improved only the
TS, and the addition of pomegranate peel extract (1%, 2%, 3%) [119], grapefruit seed extract
(0.5,1.0, 1.5% v/v) [120], Berberis crataegina fruit extract (1 g) [121], and Nigella sativa seed-cake
extract (2.5%, 5%, 7.5%) [122] improved only the EAB. On the other hand, several studies
have reported that the incorporation of polyphenols/extracts rich in polyphenols may
decrease the mechanical characteristics [84,101,102,114,123-126].

Usually, an increase in the strength of chitosan—polyphenols films is associated with
a strong bond between the phenolic compounds and the chitosan matrix that explains
the enhanced stiffness. On the contrary, a decline in strength is related to the reduction
of intermolecular interactions between chitosan chains in the presence of polyphenolic
compounds [116]. Riaz et al. [102] reported that the decrease in mechanical characteristics
is due to the reduction of intermolecular interactions between chitosan chains and the loss
of crystalline phase inside the film.

The barrier properties of chitosan-based films are helpful in maintaining the preserva-
tion and nutritional value, and in prolonging the shelf life, of food products [127].

A recent study indicated that chitosan—propolis films” water vapor and oxygen per-
meability decreased with increased amounts of propolis incorporation into the chitosan
matrix [103]. In one study, blueberry, parsley, and red grape extracts [128] were incor-
porated into the chitosan matrix. Oxygen permeability was reduced by an average of
21% for films containing 5% blueberry extract, by 16% for films containing 5% parsley
extract, and by 14% percent for films containing 5% red grapes extract. The decrease in
oxygen permeability of the chitosan—extract films is caused by the potential of cross-linking
between the polyphenolic content of the extracts and the chitosan matrix [128].

Furthermore, the incorporation of epigallocatechin gallate nanocapsules [106], proto-
catechuic acid [108], turmeric extract [116], and Sonneratia caseolaris leaf extract [84] into
chitosan-based films reported UV-VIS light barrier properties for the chitosan composite
films. The UV-VIS light barrier property of a film is a significant aspect, because the
packaged food’s resistance to oxidative degradation might be enhanced by the UV-VIS
light barrier characteristics, which could prevent nutritional loss, color changes in the food,
and off flavors [108]. The UV-VIS barrier property could be related to the incorporation
of polyphenolic compounds into the inter-molecular pores of the chitosan matrix, which
might block UV-VIS light transmission, and to the aromatic groups present in polyphenolic
compounds, which might absorb the UV-VIS radiations [106,116].

Since one of the main purposes of a film is to prevent moisture transfer between the
food and the environment in order to avoid or postpone deterioration, WVP should be
reduced as low as necessary to keep products fresh [123]. Decreased WVP was reported in
several studies for chitosan-based films incorporating various natural extracts abundant in
polyphenols, such as pomegranate peel extract [119], tea extract [124], Lycium barbarum fruit
extract [125], honeysuckle flower extract [126], Nigella sativa seedcake extract [122], mango
leaf extract [117], Herba Lophatheri extract [129], Chinese chive (Allium tuberosum) root
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extract [102], and olive leaves extract [112]. Similar results were reported when phenolic
compounds were incorporated into the chitosan matrix. For instance, the incorporation of
syringic acid in the chitosan matrix improves WVP [110]. The results show that chitosan—
syringic acid films significantly decreased WVP in comparison to control films, and WVP
decreased as the syringic acid amounts increased [110].

Chitosan-based films may be used as active packaging in order to inhibit food oxi-
dation. Antioxidant activity of the chitosan-based films was improved by the addition
of propolis extract [103,104]. With an increased amount of propolis being integrated
into the chitosan matrix, the DPPH radical scavenging capacity improved. This result
might be explained by the presence of phenolic compounds in the propolis extract [104].
Chitosan-based films incorporating different phenolic compounds have higher antioxidant
activity than simple chitosan films [81,108]. The enhancement of the antioxidant activ-
ity of chitosan-based films was noticed with the addition of blueberry, parsley, and red
grapes containing polyphenols extracts [128]. Recently, Rambabu et al. [117] reported that
chitosan-based film incorporating mango leaf extract presented higher antioxidant activity
compared with control films. The antioxidant activity of mango leaf extract is due to the
presence of polyphenolic content and some compounds with antioxidant potential, such as
mangiferin [117].

It is well known that polyphenols are natural compounds with a variety of biological
properties. There are various phenolic compounds that possess antimicrobial activity;
therefore, antimicrobial properties of chitosan films are expected to increase with the
addition of polyphenols to their composition [130]. Several researchers evaluated the
biological properties of chitosan-based films enriched with polyphenols/extracts rich in
polyphenols (Table 5). The combination of chitosan-based films with polyphenols/extracts
rich in polyphenols augmented the antimicrobial activity against Gram-negative and
Gram-positive bacteria [84,101,102,107,114,116,121,129,131]. Recently, Sun et al. [123] re-
ported that polyphenol compounds extracted from thinned young apple increased the
antimicrobial activity of chitosan-based films against three molds (Colletotrichum fructicola,
Botryosphaerial dothidea, and Alternaria tenuissima). Moreover, the composite films did not
have activity against yeasts (S. cerevisiae, Baker’s yeast, and Tropical candida) [123].

Table 5. The characteristics of chitosan—polyphenol mixtures.

Formulation

Physical/Chemical/Mechanical

Characteristics Biological Properties Applications References

Antioxidant activity (DPPH),

1S, EAB, | WVE, oxygen antimicrobial activity against S. aureus,

Chitosan, propolis extract permeability ) Salmonella Enteritidis, E. coli, and P, Active packaging [103]
color changes of the films .
aeruginosa
Antioxidant activity (DPPH
(49.8%-94.5%), ABTS (20.3%-83.6%)),
antimicrobial activity against
7 thickness, thermal stability, TS Staphylococcus hominis, Pantoea sp.,
Chitosan, propolis extract | transparency, EAB, WS Arthrobacter sp., Erwinia sp., B. cereus, E. Active packaging [104]
color change coli, S. aureus, Metschnikowia rancensis,

Cladosporium sp., Penicillium
brevicompactum, Botrytis cinerea, and
Alternaria sp.

Chitosan, gallic acid

1 TS (for chitosan:gallic acid ratio
1:0.1, 1:0.5)
1 EAB and WVP (for chitosan:gallic
acid ratio 1:0.1)

Antioxidant activity (DPPH, ABTS),
antimicrobial activity against E. coli Active food packaging [105]
and L. monocytogenes

Chitosan, epigallocatechin gallate

Active

nanocapstles (with zein) 1 TS, EAB, VIS-light protection Antioxidant activity (DPPH) packaging [106]
1 EAB, WVP Antioxidant activity (DPPH),
Chitosan, ellagic acid 1 TS, Young’s modulus, UV-light antimicrobial activity against P. Active [107]
s elag protection aeruginosa and S. aureus, prevent packaging
good thermal stability photo-oxidation of light-sensitive foods
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Table 5. Cont.

Physical/Chemical/Mechanical

Formulation Characteristics Biological Properties Applications References
1 thickness, opacity, WS, UV-light
barrier
Chitosan, protocatechuic acid | moisture content, WVF, EAB, Antioxidant activity (DPPH) Achv_e [108]
color change packaging
TS increased up to 1% acid
incorporation, afterwards decreased
Antioxidant activity (DPPH 68%-92%),
. . . . . antimicrobial activity against E. coli, S .
Chitosan, t(}:ll nnﬁjnyoll):ng apple 1 WT\/tll”u"?gnEb/i,l%di\jtlglcV::tent aureus, L. monocytogenes, Colletotrichum a‘/:li:vien [123]
poyp s ’ fructicola, Botryosphaerial dothidea, and packaging
Alternaria tenuissima
7 thickness, density, WS, Antioxidant activity (DPPH 30%-67%,
. J thermal stability, WVP, TS, EAB, ABTS 70%-90%), antimicrobial activity Active
Chitosan, apple peel polyphenols moisture content, transparency against E. coli, B. cereus, S. aureus, and S. packaging (o1]
color change typhimurium
Antioxidant activity (DPPH, ABTS),
Chitosan, proanthocyanidins | thermal stabilit antimicrobial activity against M. luteus, Active [132]
' P y y B. subtilis, E. coli, S. aureus, Proteus packaging
vulgaris, and P. aeruginosa
1 thickness, opacity, thermal stability, L -
WS, WVP, TS, UV-VIS light barrier Antioxidant activity (DPPH), .
. i s - antimicrobial activity against E. coli, Active
Chitosan, proanthocyanidins J moisture content, EAB, oxygen Sal lla, S 4 Kagi [109]
ermeability almonella, S. aureus, and L. packaging
p monocytogenes
color change
1 thickness, density, WS, opacity, TS
when the amount of syringic acid
was under 0.5% and EAB when the Antimicrobial activity against S. aureus Preservation of quail
Chitosan, syringic acid amount of syringic acid was 0.25%, Y ag . egg Active [110]
. o and E. coli -
J moisture content, thermal stability packaging
and WVP
color change
Chitosan, phenolic acids (ferulic 1 TS, EAB, Young’s modulus, Active
acid, caffeic acid, tannic acid, thermal stability, WVP Antioxidant activity (DPPH 17%-89%) . [81]
L packaging
gallic acid) color change
. . TTS Antimicrobial activity against S. aureus Active
Chitosan, curcumin | EAB, WVP, and Rhizoctonia solani packaging (1]
| WVP, TS, EAB, thickness and Antioxidant activity (FRAP), Acti
. S N . R . ctive
Chitosan, carvacrol transparency, antimicrobial activity against E. coli . [114]
packaging
change color to yellow and S. aureus
Chitosan, pomegranate peel 1 thickness, TS Antioxidant activity (FRAP), Active
| EAB and transparency L A L A . [114]
extract antimicrobial activity against S. aureus packaging
change color
Chitosan, pomegranate peel 1T EAB - - o/ &m0, Active
extract LTS, WVP Antioxidant activity (DPPH 21%-57%) packaging [119]
. 1 TS, EM, opacity L L Active
Chitosan, thyme extract decreased: EAB, color change Antioxidant activity (DPPH) packaging [115]
. . 1 TS, Young’s modulus, WVP, Antimicrobial activity against S. aureus Active
Chitosan, turmeric extract UV-VIS barrier property and Salmonella packaging [11e]
. 1 thickness, WS L . Active
Chitosan, tea extract | water content, WVP, TS, EAB Antioxidant activity (DPPH) packaging [124]
Chitosan, grapefruit seed extract 1 thickness, EAB, |TS Antifungal activity Breadl [120]
preservation
Antioxidant activity (DPPH, FRAP),
antimicrobial activity against Serratia
Chitosan, maqui berry extract . marcescens, Alcaligenes faecalis, Active
(Aristotelia chilensis) not determined Aeromonas hydrophila, Pseudomonas packaging (131]
fluorescens, Citrobacter freundii,
Achromobacter denitrifican, S. putrefaciens
. . . T density .
Chitosan, Lyciurm barbarusm fruit | TS, EAB, WVP, WS, moisture Antioxidant activity (DPPH) Active [125]
extract packaging
content
Chitosan, honeysuckle flower 1T WS, density | WVP, TS, EAB, Antioxidant activity (DPPH), Active packaging [126]

extract (Lonicera japonica Thunb)

moisture content

antimicrobial activity against E. coli
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Table 5. Cont.

Physical/Chemical/Mechanical

Formulation Characteristics Biological Properties Applications References
Antioxidant activity (DPPH 86%),
. antimicrobial activity against E. coli, S.
Chitosan, Berberis T thickness, EAB . thypmurium, Proteus microbilis, Proteus Active
: - | transparency, TS, WS, Young's . o . [121]
crataegina fruit extract . wvulgaris, P. aeruginosa, Enterobacter packaging
modulus
aerogenes, S. aureus, Streptococcus
mutans, Bacillus thuringiensis
. . . 1 thickness, EAB, .
Chitosan, Nigella sativa seedcake | | Lo o' ontent, WVP, TS color Antioxidant activity (DPPH, FRAP) Active [122]
extract packaging
change
. 1 thickness, TS, EM, | moisture Antioxidant activity (DPPH, FRAP, Cashew nuts
Chitosan, mango leaf extract content, WS, WVP, EAB preservation [117]
Chitosan, Herba Lophatheri extract 1 opacity, density, | WS, WVP, Antioxidant activity (DPPH), Active
from dried leaves of Lophatherum moisture content antimicrobial activity against E. coli ackagin [129]
gracile Brongn color change, higher oil resistance and S. aureus P ging
Antioxidant activity (DPPH 20%—47%,
Chitosan, Chinese chive (Allium 1 thickness, thermal stability | TS, ABTS 28%-57%), antimicrobial activity Soybean oil [102]
tuberosum) root extract EAB, WS, WVP, moisture content against B. cereus, S. aureus, E. coli, and S. packaging
typhimurium
Chitosan, Sonneratia caseolaris (L.) 1 light barrler_ property, WS, WVP Antimicrobial activity against S. aureus Vietnamese banana
1 TS, EAB, moisture content change . 3 . [84]
Engl. leaf extract color and P. aeruginosa preservation
Antioxidant activity (ABTS), Active
Chitosan, olive leaves extract 1 WS, TS, and EAB, | WVP antimicrobial activity against L. ackagin [112]
monocytogenes and Campylobacter jejuni P sing
Chitosan, blueberry extract 1 thickness, WVP Antioxidant activity (DPPH, ABTS, Active [128]
by-products | oxygen permeability, water content FRAP) packaging
Chitosan, parsley extract 1 thickness, WVP Antioxidant activity (DPPH, ABTS, Active [128]
by-products | oxygen permeability, water content FRAP) packaging
. . Antioxidant activity (DPPH, ABTS, .
Chitosan, red grapes extract T tthkngS?’ wvp FRAP), antimicrobial activity against E. AChV.e [128]
by-products J oxygen permeability, water content coli packaging
1 thickness, WS, WVP when the
o,
extract exceeded 5 wt% andoTS when Antioxidant activity (DPPH), color
Chitosan, purple-fleshed sweet the extract was 5 wt% variations of films to pH, pink-red (pH Monitoring food
. |} EAB, WVP when the extract was 5 4 X [118]
potato extract o 3.0-6.0), purple-brown (pH 7.0-8.0), spoilage
wt%, TS when the extract exceeded 5 and greenish—green (pH 9.0-10.0)
wt%, moisture content and light & & P ’
transmittance
1 thickness, EAB, TS, light barrier Antioxidant activity (DPPH),
L . property, and WVP when the extract PPN . o
Chitosan, purple rice extract o H-sensitive in different buffer Monitor pork spoilage [113]
purp exceeded 1 wt% P P potiag
. solutions
| moisture content, change color
1 thickness, EAB, light barrier
property Active
Chitosan, black rice extract ] moisture content, TS when the Antioxidant activity (DPPH) ackagin [113]
extract exceeded 1 wt% p ging

change color

T-increased values of the tested characteristics, |-decreased values of the tested characteristics.

3.2.3. Combined Chitosan and Essential Oil

Essential oils are secondary plant metabolites with strong fragrance and great an-
tioxidant and antimicrobial properties. The main content is represented by bioactive
compounds, such as polyphenolic compounds, alkaloids, aldehydes, carotenoids, and
monoterpenes [133]. In order to decrease their volatility, and enhance antioxidant and
antimicrobial activities, essential oils may be incorporated in polymer matrices such as
chitosan [17]. A unique advantage of essential oils utilization seems to be the synergistic ef-
fects of their constituents, as contrasted to the sum of the activities of the separate bioactive
compounds [134]. Several studies have reported that chitosan films incorporating essential
oils have improved characteristics (Table 6).

Shen and Kamden [135] reported that the incorporation of citronella and cedarwood
essential oils into the chitosan matrix affected the mechanical characteristics. The TS of
composite films was reduced when the amounts of the essential oils increased. They
observed that incorporating low amounts of essential oils led to increased EAB. However,
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they noticed that by incorporating increased amounts of essential oils, a decrease in EAB
was obtained. This result may be described as the substitution of stronger polymer—polymer
bonds with weaker polymer-oil bonds in the film network [135].

Similar results were reported by other researchers. Priyardashi et al. [136] observed an
increase in EAB for chitosan-apricot kernel essential oil films with the incorporation of low
amounts of the essential oil; however, when the ratio of chitosan: essential oil exceeded
1: 0.5, the EAB decreased. Moreover, they observed an increase in the TS with an increase
in the essential oil amount being incorporated into the film [136].

A similar pattern for the EAB of chitosan—piper betle Linn oil films was reported in the
study conducted by Nguyen et al. [137].

The addition of basil essential oil and thyme essential oil to chitosan-based films
improved the mechanical characteristics of the composite film. The TS and EM were
increased, whereas the EAB decreased [138].

An important property of the composite films is water vapor permeability. Decreased
WVP was reported in several studies for chitosan-based films incorporating various es-
sential oils, such as citronella (10%, 20%, 30% w/w) [135], cedarwood (10%, 20%, 30%
w/w) [135], basil (0.5 g, 1 g/100 g) [138], thyme (0.5 g, 1 g/100 g) [138], and apricot kernel
(0.125,0.25, 0.5, 1%) [136]. Hydrogen and covalent bonds between the chitosan matrix and
the bioactive compounds may result in reduced WVP of chitosan—essential oil films. These
interactions might minimize the capacity of hydrophilic groups to establish hydrophilic
linkages and, therefore, minimize the interactions with water, resulting in a composite film
with better moisture resistance. Additionally, even at low concentrations, the existence
of a hydrophobic dispersion causes discontinuity in the hydrophilic phase that leads to
decreasing WVP [135,136].

Several studies reported that by incorporating essential oils into a chitosan matrix,
the biological activities may be improved. For instance, Liu et al. [139] prepared chitosan—
peppermint essential oil and chitosan—fennel essential oil films and evaluated the antioxi-
dant activity of the composite films using DPPH scavenging method. The chitosan-based
film had the lowest antioxidant activity among all the films (55%). The chitosan-based film’s
antioxidant activity could be associated with the NH; units in the chitosan matrix, units
that interacted with DPPH and generated stable molecules. The incorporation of essential
oils into chitosan-based films enhanced their ability to scavenge DPPH. The chitosan—
peppermint essential oil film had higher antioxidant activity (67%) than the chitosan-based
film, due to the peppermint composition with antioxidant properties. Moreover, the trans-
anethole molecule in fennel essential oil could be responsible for the greater antioxidant
activity of the chitosan—fennel essential oil film (68%) compared to the chitosan-peppermint
essential oil film [139].

In another study, Hafsa et al. [140] prepared chitosan—Eucalyptus globulus essential oil
films with different essential oil content and evaluated its antioxidant and antimicrobial
activities. The authors reported that the DPPH scavenging ability of the composite increased
with increasing essential oil content. The highest antioxidant activity was 44% (chitosan
incorporating 4% (v/v) essential oil), which was substantially higher than that of chitosan-
based film (only 10%). Furthermore, the antimicrobial activity of the composite films was
tested against three bacteria, E. coli, S. aureus, and P. aeruginosa, and two fungi, C. albicans
and Candida parapsilosis. The results of the study showed that all composite films showed
antimicrobial activity against all strains tested and the antimicrobial activity increased with
increasing essential oil content [140].

Similar results were obtained in a study conducted by Priyadarshi et al. [136]. They
incorporated different amounts of Apricot kernel essential oil into chitosan-based films,
and they tested the biological activities for all the composite films and also for the chitosan-
based film. It was observed that the antioxidant and antimicrobial activities increased with
increasing essential oil content. Moreover, the chitosan—apricot kernel essential oil films
were tested for antifungal activity. The authors evaluated the potential of the composite
films for the inhibition the of growth of Rhizopus stolonifer on bread slices. The films were
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observed to successfully limit the growth of fungi on bread, hence extending its shelf

life [136].

Table 6. The characteristics of chitosan—essential oil mixtures.

Physical/Chemical/Mechanical

Formulation Characteristics Biological Properties Applications References
. . . 1 EAB (low essential oil content),
Chitosan, cltr(())irl\ella essential thermal stability Not determined Packaging [135]
} WVP, TS, moisture content
. 1 EAB (low essential oil content),
Chltcgssa;g,n%eacllaori‘ffood thermal stability Not determined Packaging [135]
} WVP, TS, moisture content
. Tested for antifungal activity, but the film
Chitosan, basil essential oil T thickness, TS, EM did not inhibit the growth of A. niger, Packagin; [138]
| WVP, EAB g g ging
’ Botrytis cinerea, and R. stolonifer
. Tested for antifungal activity, but the film
Chitosan, thyme essential oil T thic‘l;\;l\e;;s/E"l;SéEM did not inhibit the growth of A. niger, B. Packaging [138]
4 cinerea, and R. stolonifer
1 density, thermal stability, and opacity
Chltosan., fegnel } WS, water swelllr\g, thickness, and Antioxidant activity (DPPH 68%) Actlvle [139]
essential oil moisture content packaging
color change
. . 1 density, thermal stability, and opacity .
Ch”ojss‘;h ﬁ’iealfl’%;rm‘“‘ | WS, water swelling, and thickness Antioxidant activity (DPPH 66%) aﬁﬁ:‘ fn [139]
color change P ging
Antioxidant activity (DPPH 23%—43%),
Chitosan, Eucalyptus globulus 1 opacity antimicrobial activity against E. coli, S. Active [140]
essential oil | moisture content, WS aureus, P. aeruginosa, C. albicans, C. packaging
parapsilosis
T opacity, TS Antioxidant activity (DPPH 26%-35%),  Inhibited th h
) ) | moisture content, WS, WVP nt}o)fl anF acm‘lty (D ! 6%-35%), nhibite ‘t e growt]
Chitosan, apricot kernel .. 4 v antimicrobial activity against S. aureus of fungi on bread,
C o EAB first increased, and then when the p) . M 5 C [136]
essential oil . . . R and B. subtillis, antifungal activity against active food
ratio of chitosan:essential oil exceeded Jon: -
1: 0.5 decreased R. stolonifer packaging
1 UV-light barrier, EAB (at 0.4 and 1% - ..
o R Antioxidant activity (DPPH), .
Chitosan, piper betle Linn oil oil incorporation), antimicrobial activity against S. aureus, E. King orange [137]

| thermal stability, TS, EM, and EAB

preservation

(at 1.2% oil incorporated) coli, P. aeruginosa, and S. typhimurium

T-increased values of the tested characteristics, |-decreased values of the tested characteristics.

4. Conclusions

Gelatin and chitosan are two of the most important biopolymers for the production of
films and coatings. Although gelatin exhibits excellent gas barrier and swelling properties,
it has poor mechanical resistance and is permeable to water vapor molecules. The chitosan-
based films have some disadvantages, including low water resistance, low UV-VIS light
barrier properties, and reduced mechanical characteristics.

These limitations could be improved by combining gelatin and chitosan with other
biopolymers or with bioactive compounds, such as polyphenols, natural extracts, and
essential oils. Combining gelatin and chitosan with other biopolymers leads to improved
mechanical properties, water vapor, and UV-VIS light barriers, and greater thermal stability
of the obtained films. Additionally, incorporating different polyphenolic compounds,
natural extracts rich in phenolic content, and essential oils into gelatin-based and chitosan-
based films leads to increased physicochemical and mechanical properties and, even
more relevant for the food industry, improved biological properties, and antioxidant and
antimicrobial activities.

All these improved characteristics of composite films help in maintaining the quality,
reducing lipid oxidation, avoiding microbial growth, and extending the shelf life of the
packed products.

On the other hand, the implementation of alternative biodegradable materials in the
existing infrastructure, and the technological transfer of the findings from a laboratory
scale to industrial levels, represents a serious economic effort and a great challenge for both
stakeholders and the scientific community.
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Abstract: Nowadays, technological advancement is in continuous development in all areas,
including food packaging, which tries to find a balance between consumer preferences, environmental
safety, and issues related to food quality and control. The present paper concretely details the concepts
of smart, active, and intelligent packaging and identifies commercially available examples used in the
food packaging market place. Along with this purpose, several bioactive compounds are identified and
described, which are compounds that can be recovered from the by-products of the food industry and
can be integrated into smart food packaging supporting the “zero waste” activities. The biopolymers
obtained from crustacean processing or compounds with good antioxidant or antimicrobial properties
such as carotenoids extracted from agro-industrial processing are underexploited and inexpensive
resources for this purpose. Along with the main agro-industrial by-products, more concrete examples
of resources are presented, such as grape marc, banana peels, or mango seeds. The commercial and
technological potential of smart packaging in the food industry is undeniable and most importantly,
this paper highlights the possibility of integrating the by-products derived compounds to intelligent
packaging elements (sensors, indicators, radio frequency identification).

Keywords: smart packaging; by-products; antioxidant properties; indicators; sensors; zero-waste;
food quality; shelf-life

1. Introduction

The food packaging concept arose with the desire of humans to conserve food for a longer time,
and it was adapted gradually to the industrialization and commercialization processes [1].

Since the earliest times, people consumed fresh food on the same days when raw materials were
hunted or reaped from the garden without any food preservation issues. With the evolution through
time and the trend of the population to live in communities, the need for food preservation appeared
and food packaging solutions were found. Glass is found as the first material for food packaging in
written history, as a precedent of paper, which is now widely used in the food industry [1]. Moving to
one of the most debated packagings of the contemporary era, plastic material is found in specific
studies from the year 1870 [1]. Back then, brothers John W. Hyatt and Isaiah S. Hyatt had patented the
first commercially available plastic material, which was a mixture containing pyroxylin and camphor
used in the manufacture of objects such as dental plates or shirt collars [1]. The evolution of this
packaging material is spectacular, reaching 380 million metric tons in 2015 globally, covering 40% of
the materials used for packaging. From this ratio, 60% is used only in the food packaging industry,
and the rest is used in areas such as healthcare, cosmetics, or household [2].

Regardless of specific domains (e.g., medical, pharmaceutical, automobile, construction),
constant progress can be observed in all fields, as well in the food packaging industry, and a
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significant evolution is perceived, according to global digitalization. If in the past few years researchers
were focused on developing new packaging materials, in the present moment, the spotlight relies on
developing new packaging concepts, such as electronic devices (e.g., indicators, sensors) incorporated
in the package, providing more information about the food inside.

Nowadays, the challenge in the food industry is to fulfill consumer demand, which is focused on
healthy, fresh, and the least processed food products. With the need to have relevant options that enhance
their lifestyle, concerning the shorter time for shopping in the supermarket, and less time spent cooking
the food, consumers are also aware of the effects of packaging on the environment. Globalization has
allowed many products from all around the world to be more accessible, and consumers are used to
obtaining these products at any time and relatively at a low cost [3]. As a result of these reasons and
others such as safety, marketing, or cost-effectiveness, producers pay much attention to the packaging
they choose for the products.

At a global level, the food packaging area is one of the most advanced industries, which makes
people think about the economic impact of this manufacturing sector [4]. Advancing this idea, the price
of the packaging is found in the final price of the food, and consumers know this aspect. This is one of
the reasons why it is difficult to introduce a new concept of packaging in the market place, only if its
cost is lower or if the consumer is informed and knows its benefits [5].

In 2009, the food packaging industry was estimated at the value of US$380 billion, and it is one of
the largest packaging industries, representing more than 50% of all packaging industries at a global level.
Plastic is the most imported packaging material, and it is evaluated at $9.5 billion, followed by paper
with $4 billion, glass with $1.6 billion, and wood $0.3 billion. The food packaging market has a huge
economic impact also on the developing countries taken in the study by The Food and Agricultural
Organization of the United Nations (FAO), and its value was estimated at US$15.4 billion [4].

Generally, the package of a product has a substantial role in its journey, beginning with transport,
the distribution process, retailing, and most important, protection and preservation. With all these
efforts, a report published by the World Packaging Organization shows that more than 25% of food
products are wasted because of improper packagings such as inappropriate dosage, an absence of
reclosing function, insufficient storage protection, or smaller package sizes [5]. To solve these specific
problems strongly related to the global concern of food waste, the technologies of food packaging keep
advancing. Furthermore, producers from the packaging market are permanently challenged to develop
new packaging models in line with consumers’ request, which is in a continuous changing process.

Consumer requests are in a continuously changing process; therefore, producers from the
packaging market are permanently challenged to develop new packaging models. The latest trends on
the supermarket’s shelves are the ready-to-eat products with improved shelf life based on the newest
methods, such as active, intelligent, and smart packaging concepts.

Besides the safety improvements for food quality or marketing solutions that smart packaging offers
for consumers and producers, it has an impact also for the economic domain, especially due to the
global market which is expected to be doubled until 2021 [6], and to reach US$26.7 billion until 2024 [7].
For example, active packaging, which is characterized by an active function to extend the shelf life of
the food product through bioactive compounds, was estimated in 2013 to occupy 26.9% from the global
market of the packaging industry, which is evaluated at US$6.4 billion, while intelligent packagings were
estimated at US$2.3 billion [8]. The most relevant countries that develop active and intelligent packaging
are the US, Japan, and Australia. Figure 1 presents the growth rate predicted by 2026 [7].

The main purpose of food packaging is to prolong the shelf life of the food by protecting it from the
outside environment [9]. Improving this aspect and maintaining the quality of the products supposed
to use new strategic methods of fabrication or a new strategy of packaging. Various strategies can
be used for improving the shelf life of a product, such as time—-temperature devices, nanomaterials,
the addition of chemicals, carbon dioxide emitters/absorbers, oxygen indicators, and barcode label
biosensors [3,10-12]. This kind of packing can be part of two categories, active or intelligent packing,
and if these two methods are combined, it can be called smart packaging [13].
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GROWTH RATE PREDICTED BY 2026

UK, 1270,12%

Us, 3600,34%

Australia, 1960,
19%

Japan , 2360,
22%

Figure 1. Global growth rate predicted by 2026 for the largest market (Data Sources from Ref. [7]).

The present review paper is focused on bringing answers and opening future research directions
for the most common problems of the food packaging industry, such as food safety and control
managing, food waste, and foodborne diseases. In addition, further attention is needed to the
outstanding, unresolved, research issues such as reusability, biodegradability, and environmental
protection against the waste resulted from food packaging industries. In this context, the present review
points out possible solutions for developing alternative food packaging materials and recovering
bioactive compounds from agro-industrial by-product sources that can support the “zero waste”
agenda by integrating it in innovative food packaging.

The paper also aimed to make a classification of the newest smart packaging, including how
this technology can be a solution for food waste and how compounds recovered from agro-industrial
wastes can be used in active and intelligent packaging.

2. Concepts Definitions

Beginning with the middle of the 20th century, important evolution and major changes have been
made in the development of new food packaging concepts, such as aseptic processing and packaging,
modified atmosphere packaging, microwaveable packaging, and smart, active, and intelligent
packaging systems [1]. Besides, the three advanced packaging technologies are all derived from the
artificial intelligence technology associated with recent advances of computer science, which are found
to serve in several practical applications, for example, porous materials [14], medical science [15,16],
and the food industry [17,18].

Innovative packaging can be a way to transfer and apply intelligent science from the food industry
to consumers. The newest concepts, active, intelligent, and smart packing exceed the usual attributes
of a food pack. Intelligent packaging is considered a system that communicates with the consumer [19].
Active packaging is considered one of the most innovative concepts due to its precise functions
that enable reading, feeling, seeing, or smelling the food inside [20]. Smart packaging is considered
an update of the active pack to grow the industry of food products, especially the food packaging
industry, with precious functions such as chemical and electrical-driven functions such as electronic
displays storage temperature, self-heating or self-cooling containers, updated nutritional data, and the
application of high-voltage pulsed electric fields [20-22]. Innovative packaging is a hot topic with an
increased research interest; therefore, the concepts are described differently by scientists, and clear
definitions have not been established yet. Some of these definitions are presented in Table 1.
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The packaging has a role in preventing contamination of the food product and maintaining its
freshness also. The food validity period can be determined depending on food product specifications
such as the content of saturated and unsaturated fatty acids, enzyme activity, water activity, pH,
or protein content [10,28-30], and the packaging type used as a barrier layer from contamination [19].

The shelf life of a food product is determined as the time between when the product was packaged
and the last day that it can be consumed without any health risks and at the same quality. The expiration
date can be limited by numerous intrinsic and extrinsic factors that are presented in Table 2, which can
influence sensorial, textural, and microbial characteristics [13].

Table 2. Intrinsic and extrinsic factors that can influence the shelf life.

Intrinsic Factors Extrinsic Factors Reference
Water activity Time-temperature profile [9]
pH value Temperature control [31]
Redox potential Relative humidity [13]
Available oxygen Exposure to light [32]
Nutrients Microbial environment [32]

Natural microflora Environment in packaging [9,13]

Biochemical products Heat treatment [13]
Preservative Purchaser handling [13]

Distance between the place of production and place of sale is another issue raised with globalization
that accentuated the drawbacks related to shelf life. Most of the foods are perishable and for this
reason, producers have chosen different methods to improve the product’s shelf life such as cooling,
heat treatment, or modified atmosphere [33]. With all these, the microorganisms are not eliminated,
and they stimulate reducing the quality and food safety. To solve and control this issue, the concept of
active, intelligent, and smart packaging was developed.

3. Smart Packaging

According to many studies, smart packaging is defined as the packaging that includes both
active and intelligent systems acting synergistically, as illustrated in Figure 2. It is capable of
monitoring the changes during storage (increases/decreases in temperature or humidity) and acts to
slow down the quality degradation. Using the compounds from active packagings, such as antioxidants,
emitters of carbon dioxide, antibacterial agents, humidity, ethylene, and oxygen scavengers together
with intelligent devices has obtained the concept named “smart packaging” [7,24,34,35].

Smart packaging includes devices that are capable of heating or cooling food inside and show
in real time the nutritional information on the electronic display [21]. Some of the smart packaging
belonging to the canning and beverage industries has been shown in a study [36]. A device incorporated
in the package that can change the temperature of the food inside was developed for bottles, cans,
or carton packages. It can lower the product’s temperature with 18 °C in a short time (two or three
minutes) before consumption. The principle of this packaging is based on absorbing the heat from the
liquid inside, using the vapors obtained by releasing from a vinyl bag a quantity of pressurized water
that evaporates immediately [37].

Another example of smart packaging is dedicated to heat coffee, tea, soup, and hot chocolate
cups. In this case, the exothermic reaction between water and calcium oxide is the basis. Inside the
cup, calcium and water are placed separately. Consumers are asked to invert the cup and mix the
components, thus activating an exotherm reaction. The material that the cup is made of allows keeping
the temperature for approximately 20 min [36].
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Protection and
preservation

Communication
and marketing

Figure 2. Smart packaging concept.

A new principle improved is an electronic tracking tag, which helps to have better control on the
food distribution chain. Appling the Radio Frequency Identification (RFID) technology was advanced
as a pack that is useful to prevent fraud, decrease economical losses, and enhance the fundamental
operation such as storage, distribution, and marketing. RFID packaging can be considered smart
packaging only if it is used alongside a sensor or biosensor that can provide the specific location of the
product [35].

Oxygen-absorbing technology involves the combination of oxidation of certain compounds
(iron powder, ascorbic acid, photosensitive polymers, enzymes), which are able to reduce the oxygen
level inside the package, from the regular value between 0.3% and 3%, which is found in the conventional
packaging systems such as modified atmosphere, vacuum, or substitution of internal atmosphere to an
oxygen value of 0.01% [30]. Ascorbic acid and sodium bicarbonate were used for the development of a
smart oxygen-absorbing label used in the meat industry. It is working to release carbon dioxide while
absorbing the oxygen from the packaging, which is a reaction that preferably happens only when it is
required. This action offers protection and prolongs the shelf life of the food inside. It can be made to
operate at different temperatures (refrigeration or freezing) and a specific humidity [38].

The area of smart packaging is in full development and can provide solutions to reduce foodborne
diseases and also help to reduce environmental problems. Research in this field is growing, evolves,
and matures continuously, and smart packing is expected to improve food safety and quality soon.

4. Active Packaging

The concept of active food packaging is defined as innovative packaging that interacts with the
food and absorbs derived chemicals to prolong the shelf life and ensure safety and quality at the same
time. Active packaging creates a barrier between food and environmental space and stays in touch
with the food inside, offering protection [29]. An important characteristic of active packaging is the
capability of maintaining a low concentration in oxygen to slow the lipid oxidation. A low oxygen
atmosphere can be achieved by the incorporation of antioxidant compounds (that act as protectors
against oxidation processes) such as vitamins C and E [11], propolis, tocopherols, or plant extracts [29].

Overall, active packaging involves active compounds from different sources that can be in contact
with the food or can be incorporated in the coating material [8]. Active compounds should be safe for
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human health; if combined active compounds are used, the mixture must be evaluated and authorized
by the European Food Safety Authority [25].

4.1. Nanomaterials

The latest trends in the active packaging industry are to develop new active materials for preventing
degradation and maintaining the quality for a longer time [28]. Good candidates to evolve in this
direction are nanomaterials given their mechanical, optical, thermal, and antimicrobial attributes [11].

Nano packaging materials have an advantage in the food industry due to the protection they
can assure against the foodborne pathogens as Escherichia coli, Staphylococcus aureus, and Salmonella,
which are known for food poisoning [39]. Researchers have claimed that nanotechnology can solve the
most common food poisoning symptoms such as fever, diarrhea, nausea, vomiting, and abdominal
pain, which can even cause death in the case of children, pregnant women, and old people [40—42].
According to many research papers, nano packaging can also come with solutions for reducing
environmental waste by using bionanocomposites (chitosan, starch, alginate, carboxymethyl cellulose,
pectin) [43-45]. To make biocomposite materials an efficient solution for the food packaging industry,
they should be improved for having high antimicrobial activity, better mechanical proprieties, and gas
barrier functions. These improvements are possible using nanotechnology and active and intelligent
packaging solutions [46]. A good mechanical amendment and antimicrobial activity for the most
common pathogens found present in food were identified as zinc oxide (ZnO) nanoparticles and
titanium dioxide (TiO,) nanoparticles [39,43]. Both biocompatible materials have been tested for their
efficacy against Salmonella typhi, Klebsiella pneumoniae, and Shigella flexneri. The results showed that
TiO, and ZnO have inhibitory action against the bacteria mentioned above [39,47].

4.2. Polymers

The research on sustainability and the circular economy bring to the front the zero-waste processes
that require the re-integration of by-products as a priority for the zero-waste agenda [48]. In this
context, many studies have been made for developing new methods to integrate compounds extracted
from by-products in usual technologies, such as food packaging.

The most important fact is that those compounds can be recovered from food by-products,
such as seafood by-products (heads, gills, skin, trimmings) [49,50] for chitosan extraction, and fruit
and vegetable industries by-products (pumpkin seeds and peels, grapefruit peel, sunflower head,
sisal waste, pomegranate peel, eggplant peel, sour orange peel) for alginate and pectin [51-54].
They present high proprieties of biocompatibility, bioadhesion, and biodegradability, which is why
their applicability is persistently growing [44].

As a coating material, a mixture of chitosan with 0.5% apple peel polyphenols or chitosan—
proanthocyanidins combination has shown better mechanical proprieties and tensile strength [55,56].
Better flexibility and water resistance presented the films based on chitosan and grape seed extract or
chitosan and apricot kernel essential oil in a ratio of 1:1 [57,58]. The application of starch in the packaging
industry is limited by the disadvantage of reduced plasticity [59]. A mixture form by urea and ethanolamine
can act as a plasticizer to prepare thermoplastic starch and succeeds to growth its mechanical properties and
solve the issue of low plasticity [60]. Packaging mixtures presented behind do not cause environmental
problems, are biodegradable and not toxic, and can be obtained from sustainable sources [61,62].
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4.3. Antioxidants

Polyphenols are parting from the class of phytochemicals, and they can be found in plant-derived
products such as coffee, tea, wine, fruits, vegetables, or chocolate [63,64]. They can be recovered from
plant residues such as peels, bran, husks, and skins, which usually are wasted in their processing [65,66].
Many studies highlight the benefits that polyphenols can bring to human health, beginning with the
preventive effects against cardiovascular disease [67-69], anti-inflammatory, anticoagulant, anticancer,
and antioxidant proprieties [70-76]. For those functions and others (e.g., the prebiotic effect [64]),
polyphenols are used in several areas such as drugs and the food industry or packaging area.

However, active packaging is still a studied area with great potential, which can improve the food
packaging industry considerably.

5. Intelligent Packaging

The food industry is in continuous progress and one of the most revolutionary concepts developed
recently is intelligent packaging [26]. Intelligent packaging can be represented by a small tag that
is capable of monitoring the quality of food and can notice the consumer if there is a contamination
problem with the food product [77]. In comparison with active packaging, intelligent packaging has
the advantage to communicate directly with the consumers through an incorporated device [78].

With the technology evolution, indicators used in intelligent packaging were classified into two
categories: indirect indicators and direct indicators, as presented in Figure 3. Researchers are now
focused to develop more the second category (direct indicators) because of their ability to maintain
the quality of the product and also to give more targeted information about volatile compounds of
microbial origin, biogenic amines, toxins, or pathogenic bacterias [3].

Indirect indicators Direct indicators

Volatile compounds:
organic acids, ethanol
nitrogen and sulfuric.
~ €ompounds

- Pathogenic bcteia

Figure 3. Food quality and safety indicators used in intelligent packaging.

The latest consumer demands of the 21st century are the products that can help them saving time,
such as “ready-to-eat” and “heat and eat” meals. Another requirement registered is represented by
the products” microwavable, easy opening, reusable characteristics [79]. An easy-to-use food package
label (Figure 4a) for pork was developed using pH indicators (bromocresol purple, bromothymol
blue, and a mixture of bromothymol blue and methyl red) for monitoring freshness and shelf life [80].
A self-adhesive label, named Fresh-Check (Figure 4b), was developed to ensure consumers about
the freshness of the perishable food products. “The active center circle of the Fresh-Check darkens
irreversibly, faster at higher temperatures and slower at a lower temperature”; in this way, consumers
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can know for sure if the product is fresh or not [81]. Another study has developed an on-package
colorimetric sensor label (Figure 4c) for monitoring the ripeness of the apple after packing. This sensor
was able to detect the aldehyde emission, in solution or vapor, of apples based on Methyl Red. As the
apples mature, the sensor label changes its color in yellow, orange, and red in the end [82].

Fresh Medium Spoiled R &
§4 24 34 4d 34 64 74 i Fresh-Check Indicator
mdicator 1 | 1 O I O O Extra Check ¢ for freshness™
maicror 2 [ 1 O I O O O

maicaor 3| N (D I O I O
maicaror 4 [N 1N (N O I O
maicaror 5 [N [ (N 1 [ I O O
USE

Indicator 6 USE NOW DO NOT USE

(b)

>

()

Figure 4. (a) Color changes of indicator labels for lean pork, (b) Fresh-Check label, (c) Color changes of

a sensor label after exposure to apple flavor.

However, carefully watching the action of the intelligent labels, an important aspect to note is
that these labels used as indicators are in direct contact with the food, which can be dry (coffee, fruits,
and vegetables, bakery ware), liquid (beer, beverage), or semisolid (meat, fish). The migration of
compounds from food contact labels according to food safety needs to be tested agreeing to the specific
European directives (Regulation 450/2009) that regulate that active and intelligent packaging materials
require authorization [3].

Intelligent packaging can give information about the state of food inside and can present the
entire lifecycle of the product beginning with packing and distribution up to selling [78,83]. It can be
used along with active packaging for watching the effect of the active compounds and their efficacy.

Intelligent packaging has a specific role: to improve safety and quality issues and to control the
traceability of the food products. To fulfill this task, systems such as sensors, indicators, and Radio
Frequency Identification (RFID) are used [26].
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5.1. Sensors Used in Food Packaging

Sensors are one of the most studied electronic devices from the intelligent packaging field.
Their main function is to detect and convert a signal form to another, using a transducer [19].
Sensors can be classified into active or passive sensors. If the transducer needs external power for
measurement, the sensor is active; if it measures without help, the sensor is passive [24]. A traditional
sensor is capable of measuring parameter changes such as temperature, pH, humidity, light exposure,
or color changes. Research is advancing in the improvement of chemical sensors that can monitor
package integrity and food quality and safety [19,24,84]. Among the chemical sensors found in the
scientific literature are those detecting volatile organic compounds, compounds with high sensitivity,
and gas molecules (H,, CO, NO,, O,, H,S, NH3, CO,, CHy), which have high importance to the food
sector [24].

Biosensors are part of chemical sensors that differ by the biological components used as detectors
such as cells, antibodies, bacteria, yeast, fungi, plant and animal cells, biological tissue or enzymes,
which are obtained by isolation and purification from biotechnological processes [24]. The most
successful type of biosensor is the glucose sensor for diabetics, which is from the medical part, but they
are found also in the pharmaceutical industry, food and process control, environmental monitoring,
defense, and the security area [85].

In the intelligent packaging industry, chemical sensors, biosensors, and others can be used and
incorporated in films. Flex Alert Company Ltd. with Vancouver-based partners has developed
a commercially available biosensor that is capable of detecting pathogens (E. coli, Salmonella,
and aflatoxins) in coffee beans, dried nuts, seeds, wine barrels, and fresh fruit. An active biosensor,
using wireless communication, alerts manufacturers, consumers, and distributors to some toxin
presence by sending information in real-time during storage and in packaged products [86].

Following the potential of sensors in the food industry, it can be seen that they may be a solution
for combating food waste and also for reducing the risk of diseases caused by altered foods.

5.2. Indicators Used in Food Packaging

Indicators are part of the intelligent packaging group of devices. They have a different method of
action than sensors do, by providing immediate qualitative visual information such as color change,
color intensity change, or diffusion of colors, which are irreversible changes about the product [24,87].
Indicators are the most commonly used in commercial form, and a few of them are presented in Table 3.
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5.3. Radio Frequency Identification

Radio Frequency Identification (RFID) is an automatic identification technology based on remote
data storage and retrieval using devices named labels, which are improved with wireless sensors for
product identification. The RFID system is made of specific elements presented in Figure 5. In the
food industry, RFID technology is part of the intelligent packaging sector. An RFID tag tracks food
traceability in real time and monitors the entire cold chain for food applications (e.g., intercontinental

fresh fish logistic chain) [106].

MEMORY
£ MICROCYP
£
> READER
A ANTENNA
L]
=

PACKAGING

Figure 5. Radio Frequency Identification system elements.

RFID tags can be part of two categories, passive and active tags; the category depends on the
use or not of external or integrated batteries for the transfer of information in the memory microchip.
Passive tags are using a magnetic field created between the reader antenna and tag; thus, the intelligent
tag takes the energy and transfers the encoded data to the memory chip of the label. Active RFID
tags are using batteries for energy power to make the circuit between the microchip and the reader
antenna [87]. Taking back to first principles, the working process of the RFID system is explained in

Figure 6.

ata stored in
tags are

activeted by the

reader

Readers are
decoding the data
and transfer the
information to a
computer system

omputer system
is further

processing the

information

Figure 6. The working principles of an RFID system.

Therefore, RFID tags can increase the efficiency of supply chains and provide suppliers with an
advanced method of food product monitoring until they become available to consumers.
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6. Food Packaging Materials

6.1. Typical Packaging Materials

Since the Industrial Revolution from the 18th—19th century, industries had lost the value of
reusing the packaging or the packaging material [24]. Over the years, this fact caused unwanted
waste, which created much damage to the environment. The Food and Agricultural Organization of
the United Nations (FAO) made a short report and a SWOT (Strengths, Weaknesses, Opportunities,
and Threats) analysis of the food packaging industry in developing countries. They have presented a
global view of this industry, with special attention in its size, structure, and the materials used. The
most applied materials for packing are represented by paper, rigid plastic, metal, and glass, as seen in
Figure 7 [4].

The most applied materials for food packaging

40%
N 34%
35%
30% m 27%
25%
20% m 15%
15% " 11%
10%
0%
paper plastic metal glass

Figure 7. The most applied materials for food packaging (Data Sources from Ref. [4]).

In 2015, an amount of 322 M tons of plastic waste was registered, of which 49 M tons was from
the food packaging industry [43]. Packaging materials used in the modern era such as glass, metals,
paper, plastic, and alternative biomaterials are presented in Table 4 with their advantageous and
disadvantageous characteristics.
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6.2. Alternative Materials

Alternative biomaterials can refer to different compounds (e.g., poly-lactic acid, starch, cellulose)
incorporated in coating materials. The most important aspect of the food industry is the material used
for packaging. To solve the issues of plastic pollution caused by the food packaging or pharmaceutical
industries, the researchers on this domain are focused on finding alternatives packaging solutions [43].

The latest trends are to use bioplastic such as biopolymers and also plant extract incorporated
for their antimicrobial properties [107]. Natural biodegradable polymers are obtained in a
complex metabolic process. Biopolymers belong to the class of proteins, polysaccharides, lipids,
phenolic compounds, and other classes, and they can be extracted from biomass or obtained from the
vegetal, animal, or microbial sources presented in Figure 8 [45].

Biodegradable polymers
. Synthesized from bio Produced directly by
Extracted from biomass e micro organisms
\
X v A L
Polysaccharides | Protein Lipids
+ Starch (potato,| * Animal protein « Poly lactic acid * Polyhydroxyalkonates
wheat, maize,|  (whey, collagen, Free fatty )
rice, corn) gelatin) * Bacterial cellulose
* Cellulose « Plant protein | acids, bees *Other polyesters
(cotton, wood,|  (wheat, gluten, * Xanthan, curdlan,
lignocellulosic|  soya) wax, carnauba
complex) pullulan
* Chitosan wax

* Alginates,
pectins, gums

Figure 8. Classification of natural biodegradable polymers.

Starch is one of the most used natural biodegradable polymers at the moment, and it is being
part of the carbohydrates class; its chemical structure is presented in Figure 9. The most important
sources of starch are cereals (wheat, rice, corn) and tubers (potato) [107,113]. Starch contains two
fundamental compounds: amylose, which is responsible for the structure and the rigid proprieties,
and amylopectin, which helps digestion through its precise functions such as the enhancing of solubility
of the polymer [114]. More than this, using starch-based biofilms is offering food package antioxidant
activity, especially if gallic acid is added, 0.3 g/g starch [110]. A Systematic Review and Meta-Analysis
has also shown recently the potential of using potato starch in the development of biofilms used for
food packaging because it is an important raw material derived from many industries such as fruits
and vegetable processing, has a low cost, and is the most wealthy biomaterial [115].

CH0H CH0H CH0H
H 0 0 0O H
H H H H
H H H
n
OH OH OH
0 0
OH OH
H OH H OH H OH

Figure 9. Chemical structure of polymeric starch.
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Carotenoids are a part of the lipophilic pigment class. The most well-known sources are red,
yellow, and orange fruits and vegetables, especially carrots, tomato, watermelon, and some species
of fish such as salmon and crustaceans, principally cooked lobster and crab [61,116]. In addition to
other pigments such as chlorophyll, -carotene, anthocyanins, and lycopene, which are presented in
Figure 10, 3-carotene is added in the composition of biofilms used to make food packaging. The great
attention of the researchers received the importance of (3-carotene for its proprieties of excellent natural
antioxidant and colorant products [117]. The encapsulation of 3-carotene is used for obtaining active
biodegradable packaging films. The presence of 3-carotene has proved better thermal protection for the
packaging films and greater protection against the oxidation process [61]. A recent study has developed
a poly-lactic acid (PLA) film with three different compositions, using lycopene, 3-carotene, and bixin.
The standard curves of the three compounds were made in the following concentrations: 3-carotene
(Amax = 449 nm), from 2.2 to 105.4 pg mL ™! (R2 = 0.999); lycopene (Amax = 480 nm), from 0.3 to 13.9 pg
mL~1 (R2 = 0.999); bixin (Amax = 457 nm), from 0.3 to 5.3 pg mL~! (R2 =0.996). All types were destined
for sunflower oil oxidation protection [118]. The carotenoids were progressively released to the food
simulant, the attainment of approximately 45% release of (3-carotene and lycopene, and approximately
55% release of bixin. The PVA films improved with 3-carotene and lycopene have proved a good
barrier against light and oxygen, and PVA films with bixin presented the best antioxidant activity for
sunflower oil [118].

p -carotene anthocyanin

lycopene

@
"‘W
b o o

o

Figure 10. Bioactive pigments and their chemical structure.

Intelligent and active packaging has been obtained by poly(vinyl alcohol) (PVA) films mixed with
chitosan, itaconic acid, and tomato by-products extract (ITBE) [117]. TBE was used in another research
study as anatural pigment due to its carotenoid content [119]. TBE is rich in carotenoids (lutein, lycopene,
and (-carotene), an content of 3.273 mg/100 g DW, and phenolic compounds (e.g., caffeic acid-glucoside
isomer, 5-caffeoy lquinic acid, quercetin-diglucoside), the total content of 80.596 mg/100 g DW [117].
This active film has proven to have increased physical properties (diameter, thickness, density, weight),
inhibition effects against bacterias such as S. aureus and P. aeruginosa, and antimicrobial activity to
S. aureus, E. coli, P. aeruginosa, S. enterica Enteritidis, and S. enterica Typhimurium [117].

The literature shows that chlorophyll is recommended to be used as a colorimetric temperature
indicator for 50 to 70 degrees in chitosan films, along with anthocyanin, which is capable of detecting a
temperature variation in intelligent packaging due to the property of changing its color depending on
the temperature [34,120].
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Another bioactive compound from the pigment class with high antioxidant activity that can be
incorporated in active packaging is lycopene [116]. The most known natural sources are tomatoes,
especially the peels [121], but it can be found also in guava or papaya [122]. An important aspect is that
lycopene can be extracted from the tomato product waste [123]. A study shows that tomato processing
by-products contain up to 0.1% lycopene and other bioactive compounds such as tocopherols and
other carotenoids [124]. A research paper presented a method to replace synthetic oil-based stabilizers
with naturals antioxidants compounds obtained from tomato and grape seeds recovered from the
tomato and wine industries [125].

By-products can be recovered from food waste, which represents a high-value source of functional
components such as proteins, fibers, polysaccharides, phytochemicals, lipids, and fatty acids [126].
One of the best-known by-products that is very frequently used in the world is bran resulting from
the grain industry. Bran has a low price, great availability, and multiple functional proprieties
(antioxidant and anti-inflammatory activity) due to the high content of phenolic compounds, fibers,
and minerals [127].

Aby-product that can be used from the winery waste is grape marc. [128]. Globally, the production
of grapes, achieved in 2017 an amount of more than 77,000 tons and only the pulp is used for the
wine production. The rest (seeds and peels) forms the grape marc abundant in epicatechin, catechin,
gallic acid, procyanidins, and phenolic acids, which makes it have good antioxidant and antimicrobial
activity [129].

Globally, banana production is registering an amount of 102 tons annually, of which 35% is only the
peel, which is considered waste. One study developed an antioxidant chitosan biofilm improved with
banana peels extract, which is fraught in bioactive compounds. The active biofilms were particularly
made for maintaining the postharvest quality of apple during storage [109]. The by-product of mango
is another example of a fruit that is used for developing active films for the food packaging industry.
The seeds of mango had a large concentration of bioactive compounds, while the peel is rich in
polysaccharides. The film created present good properties of permeability, color stability, antioxidant
activity, and greater hydrophobicity [112].

7. Future Perspectives

Intelligent food packaging is an area with great potential for increasing the food packaging
sector, providing fast, inexpensive, and efficient ways to monitor the environmental conditions of
food in the supply chain. The next generation of food packaging developments and food packaging
materials must be more environmentally friendly, and more importantly, they should be reusable,
easy to use, and communicative with the consumers, to avoid the specific problems related to food
waste, food quality managing, or foodborne diseases. For all this to become possible, supplementary
attention should be driven to the innovative packaging and materials. Furthermore, recent strategies
involving agro-industrial by-products showed that numerous bioactive compounds can be recovered
and integrated into functional food packaging. Overall, future studies will be made on this topic with
the purpose of continuing evolution in the food packaging industry.

8. Conclusions

This review paper presents the most important aspects associated with active and intelligent
packaging and highlights many bioactive compounds recovered from agro-industrial by-products
that may be useful in active or intelligent packaging. Smart packaging has a strong impact on
food quality and control by allowing consumers to directly interpret the freshness and safety of the
food inside. Intelligent packaging is an improved version of active packaging, simply by including
devices from indicators and sensors classes for increased accuracy. The next future research can be
made for by-product compounds integration in the elements of smart packaging (e.g., indicators,
sensors) or for the design of new concepts of smart packaging that includes recovered bioactive
compounds. Nevertheless, the trend of zero waste and the efforts made in the world of science
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to find environmentally friendly solutions to combat food waste and to capitalize raw materials at

high capacity is constantly growing; accordingly to this tendency, shortly, more compounds will be

integrated into food coatings.
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