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Preface to ”Recent Advances in Surface and Coatings

Technology”

Development of new surfaces and coatings has resulted in scientific and technological

progress. Coatings technology offers the possibility of producing advanced surface with

tailored physicochemical and biological properties to meet requirements for food, biomedical,

and environmental applications. This e-book gathers recently published papers that have attracted

considerable attention and consideration, providing updates on this research topic. Specifically,

this book collects new information on designed surfaces, coatings, and materials based on

metals, polymers, ceramics, and composites. Some research describes the techniques for the

preparation and characterization of gel, functional surfaces, and coatings, and their potential

application in drug delivery or films for food preservation. Other studies outline different surface

preparation processes or novel techniques for modifying the surface features for load-bearing

implant applications. One paper focuses on the synthesis of stimuli-responsive hydrogels for new

perspectives such as antimicrobial coatings for cotton–cellulose fabric. A review is devoted to

probiotic microencapsulation technology. The collection delivers scientific findings to both academic

and industrial readers.

Antonia Nostro
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Abstract: The use of nanocomposites based on biopolymers and nanoparticles for controlled drug
release is an attractive notion. We used halloysite nanotubes that were promising candidates for
the loading and release of active molecules due to their hollow cavity. Gel beads based on chitosan
with uniformly dispersed halloysite nanotubes were obtained by a dropping method. Alginate was
used to generate a coating layer over the hybrid gel beads. This proposed procedure succeeded in
controlling the morphology at the mesoscale and it had a relevant effect on the release profile of the
model drug from the nanotube cavity.

Keywords: halloysite; alginate; chitosan; gel beads; drug release

1. Introduction

Researchers have defined hydrogels in many different ways, but nowadays the most accepted
definition is the existence of a three-dimensional network, formed by the cross-linking of polymeric
chains, that possesses the capability to swell thanks to the presence of hydrophilic groups and to
maintain a very high amount of water in its structure [1,2]. Since their discovery, hydrogels have
received attention from the scientific community due to the wide range of applications they can be
used for: Environmental issues like water remediation, drug delivery systems and tissue engineering,
cosmetic and food packaging industry, and oil spill recovery [3–8]. Furthermore, with the evolution of
nanotechnology, the challenge to design and prepare hydrogels with specific and requested features
at the nano-scale led to the development of nanohydrogels. Among the different polymeric species
that can be used to achieve this aim, polysaccharides cover a marked importance, especially in the
preparation of the so-called “polysaccharide-based natural hydrogels”, for some of their most peculiar
properties such as water solubility and swelling capacity, biocompatibility and biodegradability,
self-healing and pH sensitivity that are crucial for their use [9,10]. Moreover, the possibility to modify
the structure of the polysaccharides and the adaptability of their networks allows for the development
of eco-friendly smart materials [11,12]. To date, the most widely used raw materials include natural
biopolymers such as chitosan, alginate, pectin and cellulose. One of the major factors limiting the
use of nanohydrogels is their structural instability, thus making necessary the use, among others,
of inorganic nanoparticles to overcome them [13–16].

Among clays, halloysite nanotubes (HNTs) have great importance thanks to their own main
characteristics [17]. HNTs are a naturally occurring alumino-silicate whose structural formula is
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Al2Si2O5(OH)4·nH2O, where Al is disposed in an gibbsite-like octahedral organization of Al–OH
groups whereas Si–O groups form a tetrahedral sheet [18,19]. Both aluminols and siloxanes layers are
overlapped in a kaolinite typical sheet that rolls up due to some structural defects and to the presence
of water molecules, thus giving halloysite its peculiar narrow nanotubular structure [20–22].

HNTs dimensions depend on the natural deposit the clay is extracted from. In particular,
the internal and external diameters are approximately 10–15 and 50–80 nm respectively, while the
nanotubes length can range from 100 nm to 2 μm. [19] Interestingly, it is possible to classify halloysite
by considering the distance between interlayers. For instance, it can be 7 or 10 Å depending on the
number of water molecules present between the layers, which is namely 0 or 2, respectively [23,24].
Moreover, one of halloysite’s most fascinating and important features is the different charge, in the pH
interval from 3 to 8, between the outer surface that is mainly composed of Si–O groups and negatively
charged, and the inner surface that is mainly composed of Al–OH and positively charged [25,26].
This different charge, due to the chemical composition, allows for selective functionalization, exploiting
both the covalent and electrostatic interactions of each surface with other oppositely charged species:
Drug molecules, polysaccharides, proteins, lipids, surfactants and so on [27–29]. All these features,
and also considering that they are low cost, eco- and biocompatible materials [30], make HNTs suitable
for designing hybrid materials for waste water remediation [31–35], cultural heritage treatment [36,37],
biotechnological applications [38–44], and packaging [45–50].

Notably, halloysite is commonly used as a component in drug delivery systems through exploiting
its characteristics in combination with other organic moieties, for example the temperature responsive
polymers such as poly(N-isopropylacrylamide) (PNIPAAMs) that can selectively interact with the
inner/outer surfaces thus influencing the release kinetics by changing their adsorption site [51],
or natural occurring biopolymers for the preparation of end capped nanotubes with smart gates,
or reverse inorganic micelles for the formation of nanohydrogels inside the HNTs lumen for a triggered
absorption or release [52,53].

As evidenced in a recent review [17], the combination of polymer hydrogels and hollow
inorganic nanotubes represents a perspective strategy for the fabrication of functional carriers in
an advanced application.

In this work, we prepared hydrogel beads based on chitosan containing halloysite nanotubes.
An alginate layer was introduced by diffusion and immersion of the beads in a sodium alginate solution.
The dispersion of nanotubes into the hybrid gel and the localization of the alginate was investigated by
SEM and fluorescence microscopy. Doxycycline, an antibiotic of the tetracycline class, was used as the
model drug and it was loaded into the halloysite cavity by using a literature protocol [54]. This work
represents a promising step for a valid alternative to generate hybrid hydrogels with oppositely
charged polysaccharides and nanoclay with specific morphology for controlled drug release.

2. Results and Discussion

2.1. Morphology of the Hybrid Gel Beads

Figure 1 shows the optical image of the prepared chitosan/HNTs gel beads covered with a
calcium alginate layer. They had an average diameter of 3.5 mm that shrinked to 0.8 mm when
dried. To highlight the halloysite nanotubes distribution in the beads, SEM images were taken
and they showed the presence of halloysite nanotubes in a random orientation within the polymer
matrix (Figure 1). Similar findings have been reported by us for alginate/halloysite gel beads [55].
The dispersibility of the nanoparticles could be explained by the affinity between the polymer and
halloysite and the colloidal stability of the nanoclay in polymer solution [56]. It should be noted that
the halloysite cavity did not interact with the chitosan polycation as the inner surface of the nanotubes
was positively charged [26]. Therefore, the HNTs lumen was preserved for drug loading.
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Figure 1. (a) Optical image of wet alginate/chitosan/halloysite nanotubes (HNTs) gel beads and
(b) SEM image of the inner part of the dried gel beads.

Neither optical nor SEM imaging were able to identify the alginate location in the beads.
We therefore thought to label the alginate polymer with a fluorescent probe 5-(4,6-dichlorotriazinyl)
aminofluorescein (DTAF) that showed fluorescent emission when exited at 490 nm. Firstly, a blank
experiment on chitosan/halloysite gel beads was carried out and negligible fluorescence was observed.
The laser scanning confocal microscopy images on chitosan/HNTs gel beads covered with a calcium
alginate layer clearly showed a fluorescent layer with an average thickness of approximately 130 μm,
revealing that the diffusion of alginate into the chitosan/halloysite gel beads occurred up to a certain
extent and the core of the beads was alginate free (Figure 2). On this basis, one could conclude that the
simple preparation protocol allowed us to prepare a controlled complex architecture in mesoscopic
scale that might be suitable for sustained release of active substances.

Figure 2. Laser scanning confocal microscopy images of alginate/chitosan/HNTs gel beads. Note that
Alginate was labelled with 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF).

2.2. Drug Release Experiments

Release experiments were carried out by using doxycycline chlorohydrate as a model drug that
could be loaded into the halloysite nanotubes [54]. The pK value for the drug was approximately 3
and the solubility dropped down as soon as the non-ionic form was obtained at pH > pK. Therefore,
under our experimental conditions the drug was always neutral. The release profiles in water are
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provided in Figure 3 for doxycycline from halloysite nanotubes, chitosan/HNTs dried beads and
alginate/chitosan/HNTs dried beads. It was clearly observed that halloysite incorporation into
chitosan gel beds only slightly slowed down the drug release from being fully available in the solvent
media in 20 min. The sustained release was due to the slow release of the drug from the nanotube
cavity and the subsequent drug diffusion through the polymer matrix to the solvent. The presence of an
alginate coating significantly slowed down the doxycycline release from the hybrid beads. In particular
after 20 min only 50% of the drug was released into the solvent media while a full release occurs
in more than 80 min. These results could be interpreted by considering that the alginate shell in
combination with the oppositely charged chitosan could generate a highly viscous layer that further
delayed the drug diffusion from the beads to the solvent.

Figure 3. (a) Doxycycline chlorohydrate release as a function of time for different carriers. (b) Sketch
view of the different release systems.

3. Materials and Methods

3.1. Materials

Halloysite, acetic acid, sodium hydroxide, ethylenediaminetetraacetic acid and DTAF, sodium
alginate (Mw = 70–100 kg mol−1), and chitosan (Mw = 50–190 kg mol−1) were Sigma products.
Doxycycline chlorohydrate (C22H24N2O8•HCl, Mw = 480.90 kg mol−1) was from Alfa Aesar. Halloysite
characterization was reported in our recent publication [19].

3.2. HNTs Loading with Doxycycline Chlorohydrate

The drug loading into HNTs cavity was carried out by using a procedure well eshtablished in
literature [54]. Briefly, 0.5 g of doxycycline chlorohydrate was mixed with 2 g of HNTs in 20 cm3 of water.
The dispersion was kept under vacuum for 30 min. This procedure was repeated three times before
centrifugation at 8000 rpm for 20 min to separate the loaded HNTs from the supernatant. The loaded
HNTs were rinsed with water and the drug loading of 4.2 wt % was determined by thermogravimetry.
The experimental thermogravimetric curves are provided in Supplementary Material. The method
used for drug loading calculation was detailed elsewhere [57].

3.3. Preparation of Gel Beds

The chitosan based gel beads were prepared by using the dropping technique [58]. Chitosan
(2 wt %) was dissolved in water containing 0.5 wt % of acetic acid. A peristaltic pump was used to
drop the chitosan solution into an aqueous solution of NaOH 1.5 M. The needle diameter was 0.4 mm
and the distance from the needle to the liquid surface was 2 cm. The obtained gel beads stood in the
NaOH solution overnight, and afterwards they were rinsed with water three times. The preparation

4



Coatings 2019, 9, 70

of the hybrid HNTs/Chitosan gel beads was carried out by using the same methodology. In this
case, HNTs loaded with doxycycline chlorohydrate were dispersed into the chitosan solution with a
polymer: HNTs weight ratio of 1:1. Some of the beads were in contact with a sodium alginate solution
(2 wt %) for 10 mins and then with CaCl2 0.1 M to cross-link the alginate polymer. Beads were dried
out at 40 ◦C overnight.

3.4. Doxycycline Chlorohydrate Release Experiments

The release profiles in water were determined by measuring UV-VIS spectra in a quartz cuvettes
without stirring. In particular, one dried bead or the equivalent amount of loaded HNTs was weighted
and directly placed into a cuvette. An amount of 2 cm3 of distilled water was added and the spectra
was recorded for 200 min.

3.5. Synthesis of DTAF Labeled Sodium Alginate

Alginate fluorescent labelling was carried out following the literature [59]. Sodium alginate
(10 mg cm−3) was solubilized in sodium bicarbonate (50 mM) and 1.0 M NaOH was used to adjust the
pH to 9. DTAF (concentration of 10 mg mL−1 in dimethyl sulfoxide) was added at room temperature
with an alginate: DTAF solutions volume ratio of 1:0.4. After one night of stirring, the mixture was
dialysed in a 10 kDa cut-off dialysis tubing against phosphate-buffered saline (PBS) until the DTAF
was not detected in the dialysate by UV at 490 nm.

3.6. Experimental Methods

UV-VIS spectra of doxycycline chlorohydrate were recorded by a Specord S600 (Analytik, Jena,
Germany). Doxicycline chlorohydrate in water had a peak at 362 nm with an extinction coefficient
of 23.6 ± 0.3 cm3 mg−1. SEM images were obtained by using a microscope ESEM FEI QUANTA
200F (FEI, Hillsboro, OR, USA) in high vacuum mode (<6 × 10−4 Pa). Before each SEM experiment,
the surface of the sample was coated with gold in argon by means of an Edwards Sputter Coater
S150A (Edwards Lifesciences, Milan, Italy) to avoid charging under an electron beam. Laser scanning
confocal microscopy images were obtained using a LSM 780 instrument (Carl Zeiss, Jena, Germany)
equipped with apochromatic 20× and 40× objectives and argon laser (488 nm). Images were processed
using ZEN Black software (Carl Zeiss MicroImaging GmbH, Göttingen, Germany). Thermogravimetry
(TG) measurements were performed by means of a Q5000 IR apparatus (TA Instruments, Milan, Italy)
under nitrogen flows of 25 and 10 cm3 min−1 for the sample and the balance, respectively. The sample
(approximately 3 mg) was heated from room temperature to 700 ◦C at 10 ◦C min−1. Calibration was
carried out by following the procedure reported in literature [60].

4. Conclusions

In summary, we prepared hybrid gel beads with a chitosan rich core and an alginate rich shell
containing halloysite nanotubes. The clay nanoparticles were loaded with a model drug and showed
a good dispersion within the beads. The kinetics of the drug release was controlled by a core/shell
structure. This work opens new perspectives into the preparation of hybrid biopolymer/nanoclay
structures for drug delivery applications, and proposes a new strategy for obtaining tuned drug release.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/2/70/s1,
Figure S1: Thermogravimetric curves for HNTs loaded with Doxycycline chlorohydrate and their pure components
(HNTs and Doxycycline chlorohydrate).
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Abstract: Iron oxide nanoparticles have been extensively studied for challenges in applicable areas
such as medicine, pharmacy, and the environment. The functionalization of iron oxide nanoparticles
with dextran opens new prospects for application. Suspension characterization methods such
as dynamic light scattering (DLS) and zeta potential (ZP) have allowed us to obtain information
regarding the stability and hydrodynamic diameter of these suspended particles. For rigorous
characterization of the suspension of dextran-coated iron oxide nanoparticles (D-MNPs), studies have
been performed using ultrasound measurements. The results obtained from DLS and ZP studies
were compared with those obtained from ultrasound measurements. The obtained results show a
good stability of D-MNPs. A comparison between the D-MNP dimension obtained from transmission
electron microscopy (TEM), X-ray diffraction (XRD), and DLS studies was also performed. A scanning
electron spectroscopy (SEM) image of a surface D-MNP layer obtained from the stable suspension
shows that the particles are spherical in shape. The topographies of the elemental maps of the
D-MNP layer showed a uniform distribution of the constituent elements. The homogeneity of the
layer was also observed. The morphology of the HeLa cells incubated for 24 and 48 h with the
D-MNP suspension and D-MNP layers did not change relative to the morphology presented by the
control cells. The cytotoxicity studies conducted at different time intervals have shown that a slight
decrease in the HeLa cell viability after 48 h of incubation for both samples was observed.

Keywords: iron oxide; dextran; suspension stability; thin layer; cell viability

1. Introduction

In recent years, progress made in the area of materials science has opened great opportunities
for the use of nanoparticles in biotechnological applications. Inorganic materials are one of the most
investigated types of materials for their properties and offer tremendous opportunities in chemistry,
physics and biology. These materials are considered promising candidates in the development of newly
nanostructured materials and devices with controllable physicochemical and biological properties.
Moreover, in recent decades, important advances have been made in the fabrication, characterization,
and tailoring of the properties of nanoparticles, generating valuable solutions for numerous biomedical
applications [1–3]. Among inorganic materials, magnetic particles have been intensively studied since

Coatings 2019, 9, 773; doi:10.3390/coatings9120773 www.mdpi.com/journal/coatings9



Coatings 2019, 9, 773

their introduction in the 1970s for their exquisite properties for applications in medicine and biology for
magnetic targeting (targeted drug delivery, targeted gene therapy, targeted radionuclides), magnetic
resonance imaging (MRI), and immunoassay applications (gene therapy, cell labeling, ribonucleic
acid (RNA) and deoxyribonucleic acid (DNA) purification, cell separation, cell purification), as well
as hyperthermia generation [4–10]. Therefore, these materials cover the entire processes involved in
current medical practices (i.e., diagnostics, therapy, and treatment). The use of small-scale iron oxide
has been common practice approximately 40 years, but in recent decades a considerable deal of attention
has been focused towards the study of several types of iron oxide nanoparticles, magnetite (Fe3O4),
and maghemite (γ-Fe2O3), due to the special properties that they exhibit at the nanometric scale [1–10].
Magnetite is an iron oxide with a cubic inverse spinel in which oxygen forms a closed face-centered
cubic (fcc) structure and Fe cations occupy the interstitial (tetrahedral and octahedral) sites. Due to
this structure, the electrons can hop between the Fe2+ and Fe3+ ions in the octahedral sites, even at
room temperature, making magnetite an important class of half-metallic materials [11]. Furthermore,
using a convenient surface coating, magnetic nanoparticles can be dispersed using certain solvents
and can be used to obtain homogenous suspensions, designated as ferrofluids [12–15]. In recent
decades, biocompatible aqueous-based magnetic fluids have attracted a great deal of attention in the
development of novel biomedical applications such as magnetic resonance imaging, magnetic targeted
drug delivery, magnetic intracellular hyperthermia, magnetic cell separation, and alternating current
(AC) magnetic field-assisted cancer therapy, etc. [2,12–17]. In order to obtain stable magnetite magnetic
fluids, usually, a biocompatible surface coating, commonly a natural polymer, is used. Polysaccharides
are common natural polymers, formed of repeated monosaccharides that have numerous reactive
groups, such as hydroxyl (–OH) amino (–NH2) groups. These materials are often used as coatings
for magnetic nanoparticles due to their antifouling and biocompatible properties. Moreover, they
are also generally appreciated due to their versatility for further modifications. Recent studies have
highlighted that polysaccharides could be successfully used as anti-fouling coatings for magnetic
resonance imaging agents in the reduction of protein adsorption and for improving the biocompatibility
of magnetic nanoparticles [2,7,18–22]. Dextran is a natural glucose-based polysaccharide and is one
of the most used polymers used in the coating of magnetic nanoparticles [18–20]. This natural
polymer is preferred due to its exquisite properties of solubility, low toxicity, biocompatibility, and
its high affinity to iron oxide nanoparticles [6,22]. The prevention of non-specific protein adsorption
is of utmost importance in the development of biocompatible material agents for medical implants,
diagnostics, and therapeutics [2,12–22]. In this context, preliminary studies regarding the development
of magnetite magnetic fluids stabilized using dextran have been reported since 1978 by Syusaburo
and Masalatsu [18], and later studied by different research teams (S19 and S20). Moreover, several
nanoparticles of this class are now approved by the United States Food and Drug Administration (FDA)
and are used successfully in the medical field. Feridex I.V. (ferumoxides) is the first nanoparticle-based
iron oxide imaging agent that has been approved by FDA (it was approved in 1996) and it is used
in the detection of liver lesions [7]. Since then, other versions, like Combidex (ferumoxtran-10)
and Feraheme (ferumoxytol) have been approved to be used in human diagnostics and treatment.
Due to their proven biocompatibility, dextran-coated iron oxide nanoparticles are already recognized
for their use in the development of multifunctional imaging agents [19–21]. Recently, in order to
improve their efficiency, researchers have focused on the development of thin layers of magnetic
nanoparticles. Processing the material into a thin layer improves the treatment efficiency and allows
the obtainment of a homogeneous coating with a controlled release of an active component, having the
same resemblance as the starting material. In this context, the aim of this study was the obtainment of
stable dextran-coated iron oxide nanoparticles solutions (D-MNPs) and using them in the development
of uniform and homogenous thin layers for biomedical applications. Complementary studies such
as dynamic light scattering (DLS), zeta potential (ZP), TEM, XRD and ultrasound measurements
were performed on the D-MNP suspensions that were used to make the coatings. The morphology,
uniformity, and chemical compositions of the obtained layers were also studied by scanning electron
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microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). Furthermore, cytotoxicity and cell
viability studies were performed on both the D-MNP suspensions and the obtained layer.

2. Materials and Methods

2.1. Materials Reagents

Ferric chloride hexahidrate (FeCl3· 6H2O), ferrous chloride tetrahydrate (FeCl2·4H2O), natrium
hydroxide (NaOH), dextran (H(C6H10O5)xOH) with a molecular weight of ~40,000, perchloric acid
(HClO4), and hydrochloric acid (HCl) were acquired from Merck (Bucharest, Romania). Deionized
water was also used. A silicon substrate, using the spin-coating procedure, was purchased from
Sil’tronix Silicon Technologies (Archamps, France).

2.2. Synthesis of D-MNPs

Chloride hexahydrate (FeCl3·6H2O) dissolved in water and ferrous chloride tetrahydrate
(FeCl2·4H2O) in 2 M HCl were mixed at room temperature. The molar ratio of [Fe3+]/[Fe2+] was 2.
The mixture was added drop by drop into the dextran solution (30% w/v) and 400 mL NaOH (2 M)
solution at 90 ◦C under continuous stirring for about 45 min. The resulting solution was continuously
stirred (200 rpm) for 1 h at 90 ◦C. A 5 M NaOH solution was added dropwise to obtain a pH equal
to 12. The black precipitate was treated repeatedly with a 3 M perchloric acid solution (400 mL).
The [Fe2+]/[Fe3+] ratio in final suspension was about 0.05. The last separation was performed by
centrifugation at 16,000 rpm for 1 h. Finally, the particles were re-dispersed into a dextran solution.
Finally, the dextran-coated iron oxide nanoparticle (D-MNP) solutions were obtained.

2.3. Thin Layer of D-MNPs

To achieve the thin layer, 0.3 mL of the D-MNP resulting solution was used. Here, 0.3 mL was
pipetted using a syringe on the top of the silicon substrate. During the deposition, the silicon substrate
was rotated at 1000 rpm for 40 s. The process was repeated 20 times. After each coating, the layer was
dried in a nitrogen atmosphere for 1 h at 70 ◦C immediately after coating. After the last coating, the
resulting layer was dried in a nitrogen atmosphere for 1 h at 70 ◦C and then treated at 100 ◦C under
vacuum for 1 h to further densify the film.

2.4. Characterization Methods

Ultrasonic measurements were performed in a 100 mL suspension of D-MNPs, which were
previously stirred for 30 min at room temperature using a magnetic stirrer (Velp, Usmate, Italy). After
stopping the stirring, ultrasound pulses were sent through D-MNP suspension [23]. The recording of
digital signals from the oscilloscope at a very precise interval of 5.00 s was done using an electronic
device. The evolution of the signals in time offers information both on the stability of the suspension and
the attenuation of the signals in time. For signal processing, under the same experimental conditions,
double distilled water was considered as the reference fluid.

Dynamic light scattering measurements (DLS) and ζ-potential evaluations were performed on a
SZ-100 Nanoparticle Analyzer (25 ± 1 ◦C; laser wavelength 532 nm) from Horiba-Jobin Yvon (Horiba
Ltd., Kyoto, Japan). The scattering angle was 173◦ and the primary data were obtained from the
correlation function of the scattered intensity. The dispersion medium viscosity was 0.895 mPa·s. The
obtained samples were diluted 10 times in ethanol before the investigations of the DLS and ζ-potential.
To determine the hydrodynamic diameter (DH), the sample was illuminated with a laser source that
allowed the estimation of the particle diffusion velocity. For each analyzed sample, there were three
recorded determinations. The final value was determined by averaging the three measurements.

In order to evaluate the morphology of the D-MNP sample, a scanning electron microscope (SEM)
with a HITACHI S4500 (Hitachi Ltd., Chiyoda, Japan) was used. A dedicated attachment to the SEM
apparatus allowed us to assess the chemical composition of the D-MNP sample by energy dispersive
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X-ray spectroscopy (EDS) at 20 kV. The morphology of the samples was investigated by transmission
electron microscopy using a CM 20 (Philips-FEI, Hillsboro, OR, USA) transmission electron microscope
equipped with a Lab6 filament (Agar Scientific Ltd., Stansted, UK) operating at 200 kV. The XRD
patterns of the synthesized D-MNP samples were recorded with a Bruker D8 Advance diffractometer
(Bruker, Karlsruhe, Germany), using Cu Kα (λ = 1.5418 Å) radiation in the 2θ ranging from 20◦ to 70◦
and a high efficiency LynxEye™ linear detector (Bruker, Karlsruhe, Germany). The crystallite sizes of
the D-MNP samples were appraised from the X-ray line broadening using Scherrer formula:

d = Kλ/βcos θ

where d is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the
grain size, K is a dimensionless shape factor, with a value close to unity. The shape factor has a typical
value of about 0.9, but varies with the actual shape of the crystallite, λ is the X-ray wavelength, β is
the line broadening at half the maximum intensity (FWHM) after subtracting the instrumental line
broadening, in radians, and θ is the Bragg angle.

2.5. Hela Cell Viability Assays

The cytotoxicity assays of the samples were performed using the HeLa cell line Sigma-Aldrich
Corp., St. Louis, MO, USA). In order to study the in vitro interaction of the HeLa cells with the samples,
two-time intervals were chosen (24 and 48 h). The HeLa cells were trypsinized, counted, and seeded
into 24-well plates at a density of 5 × 104 cells per well. The plates were incubated in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-Aldrich Corp., St. Louis, MO, USA), supplemented
with 10% fetal bovine serum (Sigma-Aldrich Corp., St. Louis, MO, USA), at 37 ◦C, in a humid
atmosphere of 5% CO2 for 24 h. To assess the cytotoxicity of the D-MNP solutions, the cells were
treated with 100 μg/mL of solution. The treated cells were then kept for 24 and 48 h at 37 ◦C, in a
5% CO2 atmosphere, and a quantitative assay of the HeLa cell’s viability was conducted using the
conventional 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) reduction assay. The
results were interpreted as percentages of the viable cells treated with D-MNP solution relative to the
viability of untreated cells (control, 100%). In the case of the D-MNP layers, the HeLa cells previously
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich Corp., St. Louis, MO, USA),
supplemented with 10% fetal bovine serum (Sigma-Aldrich Corp., St. Louis, MO, USA), at 37 ◦C,
in a humid atmosphere of 5% CO2 for 24 h, were incubated with the D-MNP layers for 24 and 48 h.
After 24 and 48 h of incubation, the cell viability was evaluated using the MTT reduction assay.
Furthermore, the morphology and the cell cycle features of the HeLa cells incubated with both D-MNP
suspensions and D-MNP layers were also analyzed. For that purpose, after being incubated for 24,
respective to 48 h with the HeLa cell cultures, the samples were fixed using cold ethanol, stained with
propidium iodide (PI), and visualized with the aid of a Leica DFC 450C fluorescence microscope (Leica
Camera, Wetzlar, Germany). After growing HeLa cells in the presence of the samples for 24 and 48 h,
the cell suspension was fixed in 70% ethanol for at least 30 min. After centrifugation, the cell pellet was
resuspended in a 1 mL phosphate buffer containing 50 g/mL RNA-z and PI. The stained cells were
analyzed at the flow cytometer within 2 h after fixation. DNA histogram deconvolution analysis was
performed using FlowJo software (FlowJo v9) and the Watson model, measuring the percentage of
cells in the G0/G, S, G2/M phases. The cytotoxic assays were conducted in triplicate and the results
were presented as mean ± SD.

2.6. Statistical Analysis

The biological studies were carried out in triplicate. To perform the statistical analysis, a t-test
and analysis of variance (ANOVA) were used. Differences between samples were considered to be
significant at p < 0.05.
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3. Results and Discussions

To estimate the stability of the D-MNP suspension used to obtain the thin layers, a non-destructive
ultrasound-based technique was used.

The ultrasound studies were performed on the D-MNP suspension obtained by the coprecipitation
method. The stability of the D-MNP suspension was studied both according to the evolution in time
of the signals obtained from sending ultrasonic pulses through the studied suspension, depending
on the evolution in time of the attenuation. The processing of the obtained results was performed
according to the results obtained for double distilled water under the same experimental conditions.
The exact determination of the speed of ultrasound in the D-MNP suspension for each signal was
established according to the time delays between the first three recorded echoes and those of the
reference suspension (bi-distilled water in our case). For the D-MNP suspension, the calculated velocity
at 24 ◦C was 1508.2 m/s, while for the reference fluid it was 1494.84 m/s. This speed cannot be a reliable
parameter in the characterization of the evolution of the sample as it has very little variation during
the sedimentation of the particles. From the maximum amplitude of the transmitted signals compared
to the recording moments, a more significant variation was determined. As can be seen in Figure 1,
there was a slow and continuous variation of amplitudes, which will be used for further processing.
Moreover, during the recording (3200 s), the suspension did not precipitate. On the other hand, the
commonly encountered passage of the separation surface in front of the transducers does not appear in
this case. As can be seen in the figure, there is a very brief initial interval of less than 60 s, during which
the amplitude increases faster, followed by more than 3000 s of slow evolution. The first transmitted
echo, which is best recorded, tends slowly towards a relative amplitude which is below 1, the value
which would correspond to pure water. This remark is also an indicator of the high stability of the
suspension, which will be quantitatively determined in the following section.

Figure 1. Relative amplitudes evolution vs. the recording moments.

The entire measurement period is relevant for the stability of this particular suspension. It can
be observed that during this period of time, the amplitude of the first echo, which was determined
with the highest precision, showed a slowly increasing value. The slope of this amplitude vs. time is
related to the stability parameter, which in this case is s = 1

Am

∣∣∣dA
dt

∣∣∣ = 0.0000444 (1/s), with Am being the
averaged amplitude of the signals. This small value indicates an excellent stability. It is reminded here
that for pure water s = 0. The suspension has a typical signature in the frequency spectrum of the first
transmitted echo (Figure 2).
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Figure 2. Frequency spectrum of the first transmitted echo. Reference fluid (♦) and all recorded echoes
superimposed (many colors).

The lowest curves correspond to the first period of sedimentation and the upper ones correspond
to the asymptotic sedimentation of the suspension fluid. The peak is at 4 MHz, which is a characteristic
of the transducers. The spectrum for the reference fluid is indicated by blue markers. Another piece of
information concerning the suspension is the spectral amplitude variation during the experiment. The
recorded first echo was split into harmonic components of frequencies between 2 and 8 MHz (Figure 3).
It is interesting to point out that the component at 2 MHz tends, on average, to a relative amplitude of 1,
meaning that the suspension becomes transparent to signals at this frequency. All higher frequencies
exhibit a continuous increasing path for their relative amplitudes, from a minimum of 0.86 towards 0.97
during the long recording interval. The evolution for each frequency is difficult to extract from Figure 3.

Figure 3. Spectral amplitudes relative variation vs. time for the first echo.

More explicit information on the attenuation dependency of frequency is given in Figure 4a,
compared to the same dependency on frequency for the reference fluid. The attenuation is considerably
higher (1.3–3.6 nepper/m) for the sample compared to 0.3–1.3 nepper/m for the reference fluid.
A characteristic of this suspension is the local maxima of attenuation between 3 and 4 MHz, at which
acoustic energy is absorbed and scattered more than in an equivalent homogeneous fluid.
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Figure 4. Attenuation vs. frequency for the first transmitted echo (a) and attenuation vs. time for the
spectral components of echo 1 (b).

Certainly, the attenuation for each spectral component depends on the moment during the
experiment, as shown in Figure 4b. At all selected frequency components, the initial attenuation was in
a narrow interval of 4–5.5 nepper/m. The components at 2 and 3 MHz kept a higher attenuation in time,
which descended towards 2.6 and respectively 3.3 dB/m after 3250 s of monitoring time. The other
frequencies diminished their attenuation to lower than 2 nepper/m. Only the 2 MHz component
tended to a very low attenuation. As a partial conclusion, a transducer with a central frequency as low
as 2 MHz would not be capable to extract the distinct features of this sample.

The D-MNP suspension reaches a very stable state after about 1 min and remains stable, with a
maximum amplitude variation of 4%, for a very long time.

Complementary studies to investigate the stability of the suspension to be used in the production
of thin layers were performed by DLS. DLS and ζ-potential studies were performed on diluted solutions
while ultrasound measurements were performed on the solution used to make the thin layers.

The DLS and ζ-potential investigations were performed on dilutions of the stable suspension of
D-MNPs maintained under ambient conditions. The results obtained from the DLS investigations and
ζ-potential are presented in Figure 5. For the DLS and ζ-potential measurements, the suspensions of
D-MNP were diluted 5 times. The average hydrodynamic size (DH) obtained by DLS was 27.8 ± 5 nm
(Figure 5a). On the other hand, it was observed that the particles were monodispersed.

15



Coatings 2019, 9, 773

 

Figure 5. Particle size distribution (a) from DLS measurement and ζ-potential curves (b) of the
dextran-coated iron oxide nanoparticle (D-MNP) suspensions.

The stability of the D-NMPs suspension depends on the electrostatic repulsion. As a result,
measuring the ζ-potential for D-MNP suspensions is very important. Here, the ζ-potential value for
D-NMs suspensions was −44.1 mV (Figure 5b). This value of the ζ-potential ensures an electrostatic
repulsion force between particles that is large enough to prevent the attraction and collision caused by
Brownian motion. The value of the ζ-potential showed that the stability of the D-MNP suspension
was good.

The morphology and size of D-MNPs was evaluated by TEM and SEM analysis (Figure 6).
The TEM results showed that dextran-coated iron oxide particles are spherical in shape and are
dispersed (Figure 6a). The average diameter calculated from the size distribution was 7.3 ± 0.6 nm
(Figure 6b). The size distribution was obtained after measuring about 1000 particles. A SEM micrograph
of the D-MNP particles is presented in Figure 6c. It can see that the morphology of the D-MNP particles
was uniform. The particles are spherical, with nanoscale dimensions. The average diameter calculated
from SEM image was 8.5 ± 0.4 nm (Figure 6d).

In order to investigate the crystalline structure of D-MNPs, the D-MNPs suspensions were
centrifuged at 12,000 rot/min and the resulting powder was dried in an oven at 80 ◦C. The X-ray
diffractogram of the D-MNP powder after drying at 80 ◦C is presented in Figure 6e. All diffraction
characteristic peaks corresponding to (220), (311), (400), (511) and (440) planes were identified. The
identified diffraction peaks were indexed to a face-centered cubic spinel structure (Fd3m3 space group)
with a lattice parameter of a= 8.334 Å (JCPDS card No. 39-1346). The lattice parameter of the synthesized
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D-MNP (a = 8.334 Å) was in agreement with the bulk lattice parameter of maghemite (a = 8.3474 Å).
These results were in agreement with those previously reported in the literature [8,24–26]. Scherrer’s
equation [27] was used to calculate the crystallite size of D-MNPs from the XRD line broadening. The
calculated crystallite size (DXRD) was 7.1 ± 0.1 nm. The very good crystallinity of the D-MNPs was
confirmed by the XRD patterns.

  

Figure 6. Large-area TEM (a), size distributions from TEM (b), SEM image (c) and size distributions
from SEM (d) of iron oxide coated with dextran and X-ray diffraction pattern of dextran-coated
maghemite nanoparticle (D-MNPs) (e).

The DXRD was in good agreement with the size of D-MNPs obtained from TEM micrographs
(DTEM). On the other hand, the DH obtained by DLS was substantially higher than the DTEM obtained
from the TEM micrographs. This difference may be due to the fact that the TEM analysis was done
on powder while the DLS studies were performed on suspensions. The difference between the TEM
and DLS results may be due to the fact that TEM analysis cannot measure any particle coating agent,
while DLS provides information on both the particle diameter and the molecules or ions that are
attached to its surface [28]. On the other hand, the DLS technique also measured possible aggregates of
particles in the solution. By observing the molecules (dextran in our case) attached to the surface of the
particles, the diameter determined by DLS measurements will be larger than that observed by TEM [29].
According to previous studies [30] it is possible that the particles may remain well dispersed/stable by
coating with a polymer (in our case, dextran). It is known that when the particles are uncoated they
tend to become agglomerated due to strong interparticle interactions.

The morphology and thin surface layers obtained from the stable suspension of D-MNPs
were evaluated by SEM investigations (Figure 7a). Here, a SEM image of the surface D-MNP
layer shows that the particles are spherical in shape. For a precise morphology assessment of the
D-MNP layer, the 2D micrograph has been converted into a 3D surface map image (Figure 7b) using
specialized software [31–33]. The chemical composition of the thin D-MNP layer was estimated by an
Energy-dispersive X-ray spectroscopy (EDX) survey (Figure 7c). The peaks of the typical chemical
element constituents of the D-MNPs were identified (i.e., C, O, and Fe). No other peaks that could
belong to impurities were observed. This result shows the good purity of the obtained D-MNPs. In the
topographies of the elemental maps of the D-MNP layer, a homogeneous and uniform distribution of
the constituent elements was revealed.
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Figure 7. SEM image of surface the D-MNP layer: 2D (a), 3D (b), and the energy-dispersive X-ray
spectroscopy spectra of D-MNP layer (c) and the elemental mapping of the D-MNP layer (d).

The toxicity of the D-MNP suspension and D-MNP layers were investigated using the first
immortal human cell line (HeLa cells), which is known to be a remarkably durable and prolific cell
line [34]. The HeLa cells were incubated for 24 and 48 h with the D-MNP suspension and D-MNP
layers, then visualized using a fluorescence microscope. The morphology of the HeLa cells treated with
the D-MNP suspension and D-MNP layers after 24 and 48 h of incubation are presented in Figure 8a–e.
Figure 8b,c depicts the morphology of the HeLa cells incubated for 24 h with the investigated samples.
The morphology of the HeLa cells incubated for 48 h with the samples are depicted in Figure 8e,f.
The morphology of the HeLa cells grown in the culture medium for 24 and 48 h used as control are
depicted in Figure 8a,d. The results of the fluorescence microscopy revealed that the morphology
of the HeLa cells incubated for 24 and 48 h with the D-MNP suspension and D-MNP layers did not
change relative to the morphology presented by the control cells. Furthermore, the influence of the
D-MNP suspension and D-MNP layers on the HeLa cell cycle was also investigated after 24 and 48 h
of incubation by flow cytometry. The results of the cell cycle analysis are presented in Figure 8g–l. The
DNA histogram deconvolution was performed using the FlowJo software (FlowJo v9). The percentage
of cells in the G0/G, S, and G2/M phases were quantified using the Watson model. It was observed that
all tested compounds exhibited a small-scale level of cytotoxicity against HeLa cell cycle development
for all of the tested time intervals. The flow cytometry histograms, depicted in Figure 8g–l, are in
good agreement with the microscopy images of the HeLa cell culture incubated for 24 and 48 h with
D-MNP suspension and D-MNP layers. The cell cycle analysis demonstrated that both the D-MNP
suspension and D-MNP layers did not present a significant toxicity towards HeLa cells, even after 48 h
of incubation.

The cell cycle diagrams of the HeLa cells incubated for 24 and 48 h with the D-MNP suspension
(Figure 8h,k) and D-MNP layers (Figure 8i,l) were comparable to the cell cycle diagrams obtained for
the HeLa cells grown in culture medium used as control (Figure 8g,j). The results of the percentage
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of cells in the G0/G, S, G2/M phases quantified using the Watson model revealed that there was no
blockage of the eukaryotic G2/M phase, indicating no toxicity.

 

Figure 8. The morphology of the HeLa cells incubated with the D-MNP suspension (b) and D-MNP
layers (c) at 24 h, relative to the control (a). The morphology of the HeLa cells incubated with the
D-MNP suspension (e) and D-MNP layers (f) at 48 h, relative to the control (d). The cell cycle histogram
analysis of HeLa cells incubated with D-MNP suspension (h) and D-MNP layers (i) at 24 h, relative to
the control (g). Cell cycle analysis of the HeLa cells incubated with the D-MNP suspension (k) and
D-MNP layers (l) at 48 h, relative to the control (j).

In order to assess the cytotoxicity of the D-MNP suspension and D-MNP layers, a quantitative
MTT assay was performed to determine the cell viability of the HeLa cells after the 24 and 48 h
incubation time intervals, in the presence of the D-MNP suspension and D-MNP layers. The results
of the cytotoxicity tests at different incubation time periods (24 and 48 h) of the D-MNP suspension
and D-MNP layers on the HeLa cell lines are shown in Figure 9. The MTT studies revealed that
after 24 h of incubation time, there were no representative differences in the values of cells viabilities
between the cells treated with D-MNPs suspension and D-MNPs layers and the control cell culture.
The results have emphasized that after 24 h of incubation, the cell viability of HeLa cells was 96%
in the case of the D-MNP suspension and 92% in the case of the D-MNP layers. Moreover, the MTT
assay results show that after 48 h of incubation a slight decrease in HeLa cell viability was observed
for both samples. In this case, a cell viability of 92% was obtained in the case of HeLa cells exposed
to the D-MNP suspension and a cell viability of 88% was obtained in the case of HeLa cells exposed
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to the D-MNP layers. The results highlight that there is a correlation between the incubation time
and the small toxicity effects presented by the tested samples. Moreover, the MTT suggested that the
D-MNP suspension had better biocompatible properties than the D-MNP layers. The results obtained
in the present study are in good agreement with previous studies regarding the toxicity of iron oxide
nanoparticles [35–42]. Moreover, the results obtained from the statistical analysis, where p = 0.042,
demonstrated that the observed difference observed in the cytotoxicity assays is unlikely to be due to
chance, indicating a significant finding.

 

Figure 9. HeLa cell viability after incubation with the D-MNP suspension and the D-MNP layers at
different incubation times.

Usually, the cytotoxicity induced by nanomaterials and nanolayers depends on numerous
parameters, such as the type of the nanoparticles, their size and shape, the concentration, incubation
time, and also the type of cell line [35–38]. In their study regarding, the “synthesis, characterization
and toxicological evaluation of iron oxide nanoparticles in human lung alveolar epithelial cells”,
Dwivedi et al. [39] reported that the cell viability of A-549 cells diminished to 84%, 72%, and 56%
after being incubated for 24 h with different concentrations, specifically, 10, 25, and 50 μg/mL,
respectively, of iron oxide nanoparticles (IONPs). Another study conducted by Karlsson et al. [40]
regarding the cytotoxicity of several metal oxide nanoparticles reported that iron oxide particles
(Fe3O4, Fe2O3) exhibited none or low toxicity, while CuZnFe2O4 particles induced DNA damage
to the A549 cell line. During recent years, several materials have been employed as coatings for
IONPs in order to stabilize their physicochemical and biological properties. Villanueva et al. [41]
studied “the influence of surface functionalization on the enhanced internalization of magnetic
nanoparticles in cancer cells”, and their results emphasize that iron oxide nanoparticles coated with
dextranamino at concentrations of 0.05, 0.1, and 0.5 mg/mL present a low toxicity against HeLa cells.
Moreover, Ankamwar et al. [42] demonstrated in their study that IONPs coated with a bipolar surfactant,
namely, tetramethylammonium 11-aminoundecanoate, at concentrations of 0.1 to 10 μg/mL had no
toxicity against HeLa cells. Furthermore, they have reported that the cytotoxicity of IONPs coated
with a bipolar surfactant, tetramethylammonium 11-aminoundecanoate, was strongly dependent on
the nanoparticle concentration [42].

4. Conclusions

The purpose of this study was to obtain stable suspensions in order to achieve homogenous
and uniform coatings. The results obtained by complementary analysis techniques revealed the
good stability of the suspension. The surface of the realized layer was uniform and homogeneous,
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with no cracks. Moreover, the uniform distribution of the constituent elements (C, O, and Fe) were also
observed in the topographies of the elemental maps of the D-MNP layers.

The biocompatibility of the D-MNP suspension and D-MNPs layers were investigated using the
HeLa cell line after 24 and 48 h of incubation. The qualitative cytotoxicity assays, using fluorescence
microscopy, revealed that the D-MNP suspension and D-MNP layers did not present any toxicity
towards the HeLa cells after 24 and 48 h of incubation. Moreover, the analysis of the cell cycle
histogram demonstrated that both the D-MNP suspension and D-MNP layers had no significant toxic
effects against the development of HeLa cells. Furthermore, the quantitative MTT assays proved
that the D-MNP suspension and D-MNP layers had a negligible toxic effect on the development of
the HeLa cells and that the effect was dependent on the incubation time. Therefore, both D-MNP
suspensions and D-MNP layers are good candidates for use in the development of biomedical and
cancer research devices.
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Abstract: Starch is one of the most abundant polysaccharides on the earth and it is the most
important source of energy intake for humans. Thermoplastic starch (TPS) is also widely used for
new bio-based materials. The blending of starch with other molecules may lead to new interesting
biodegradable scaffolds to be exploited in food, medical, and pharmaceutical fields. In this work,
we used native starch films as biopolymeric matrix carriers of chemo enzymatically-synthesized
poly (glycerol-adipate) (PGA) nanoparticles (NPs) to produce a novel and biocompatible material.
The prototype films had a crystallinity ranging from 4% to 7%. The intrinsic and thermo-mechanical
properties of the composite showed that the incorporation of NPs in the starch films decreases the glass
transition temperature. The utilization of these film prototypes as the basis for new biocompatible
material showed promise, particularly because they have a very low or even zero cytotoxicity.
Coumarin was used to monitor the distribution of the PGA NPs in the films and demonstrated
a possible interaction between the two polymers. These novel hybrid nanocomposite films show
great promise and could be used in the future as biodegradable and biocompatible platforms for the
controlled release of amphiphilic and hydrophobic active ingredients.

Keywords: starch; nanoparticles; biomaterial; biocompatible; Caco-2; polyglycerol adipate; DMA;
composites; polymer synthesis

1. Introduction

Starch is one of the most abundant polysaccharides on the earth and has a huge potential
as a very well-defined raw material for functionalized biomaterials. Starch consists of two major
polymers, amylose and amylopectin [1]. Amylopectin is a much larger molecule than amylose
(Mw = 1 × 107–1 × 109) and represents 65%–75% of starch. It has a highly branched structure,
with α-(1–4)-linked D-glucose backbones and approximately 5% of α-(1–6)-linked branches [2].
Amylose is a quasi-linear polymer composed by α-(1–4)-linked glucose residues and has a molecular
weight of approximately 1 × 105 to 1 × 106 Da [3]. Amylose has a small degree of α-(1–6)-linked
branches. Amylopectin and amylose together form semi-crystalline and insoluble granules with
an internal lamellar structure.

Thermoplastic starch (TPS) has been widely used as raw material for the production of novel
biobased compostable materials [4–8]. Unfortunately, TPS forms a brittle material that is sensitive to
water [8]. An option to improve the intrinsic characteristics of TPS is to blend or coat it with other
biocompatible and bio-renewable polymers. Depending on the polymer used, the blend will have
diverse functionalities and properties [4,9,10].
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Bio-based poly (glycerol-adipate) (PGA) can be envisaged as a suitable candidate for starch
co-polymeric-blends. In fact, PGA is a functionalizable, biocompatible, and biodegradable
macromolecule [11–13]. Interestingly, PGA can be synthesized by a green poly-condensation reaction
catalyzed by a lipase immobilized on acrylic beads (Novozyme 435) (Figure 1).

Figure 1. Polycondensation reaction of glycerol and dyvinil adipate catalyzed by Novozyme 435.

The enzymatic synthesis of poly-(glycerol adipate) (PGA) from divinyl adipate and glycerol is
a simple and versatile strategy [11–13]. It is possible to exploit the chemo- and regio-selectivity of
the enzyme to leave the secondary hydroxyl moiety unreacted, avoiding tedious and complicated
protection/deprotection chemistry steps [12].

The reaction temperature is optimally performed at 50 ◦C to produce a highly linear polymer
backbone motif with negligible branching [14–17]. Since the hydroxyl moieties are positioned in the
outer shell of the nanoparticles (NPs), PGA will create low-force interactions with starch. This will
avoid phase separations and allow the formation of a cohesive film. Furthermore, the utilization
of a polysaccharide as the matrix for PGA nanoparticles will enable the formation of a possible
biocompatible device for drug or flavor delivery.

In the present study, native starch extracted from barley was used as a base for cast biomaterial
films. Because of the intrinsic brittleness of starch, the films were plasticized with glycerol.
Furthermore, native starch films were used as a coating of PGA nanoparticles to produce a novel and
biocompatible scaffold. The materials produced were characterized for their macro- and microstructure,
chemical composition, crystallinity, thermos-mechanical properties, and biocompatibility.

2. Materials and Methods

2.1. Materials

Unless otherwise stated, all the chemicals used in this work were purchased from Sigma-Aldrich.
Barley starch was kindly donated by Altia starch (Sweden). The human intestinal epithelial
adenocarcinoma cell line, Caco-2, were obtained from the American Type Culture Collection (ATCC)
and used between passages 45 and 50. Cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 ◦C in a humidified incubator with 5%
CO2. Cells were routinely grown in 75 cm2 culture flasks to 70% confluence. Caco-2 cells were seeded
at a density of 1 × 104 cells per well in 96-well plates for cytotoxicity experiments and cultured for 24 h
before assaying.

2.2. Methods

2.2.1. Poly-(Glycerol Adipate)(PGA) Synthesis

Glycerol (125 mmol) and divinyl adipate (125 mmol) were poured into a 250 mL 3-neck
round-bottomed flask and mixed with anhydrous 50 mL tetrahydrofuran (THF). The resulting
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system was heated in a tared oil bath. Lipase (1.1 g extracted ≥5000 U/g, recombinant, expressed in
Aspergillus niger) was added into the mixture when the internal temperature of the reaction reached
40 to 45 ◦C and achieved a single homogeneous liquid phase. The stirring was set at 250 rpm using
an overhead mechanical stirrer for 24 h. The reaction was stopped by filtration of the enzyme beads
and THF evaporation. Any residual free enzyme in the dry fraction was deactivated by heating the
product at 95 ◦C for 1 h. The final product was a pale yellow highly viscous liquid [12].

2.2.2. PGA N-Acyl-Tyrosine (Pgatyr) Coupling Reaction

A simple and well-established Steglich esterification was adopted to couple N-Acyl-Tyrosine to
the free hydroxyl groups of PGA, aiming at 30% substitution of the total of the OH functionalities
(Figure 2). Briefly, PGA (4.95 mmol) and DMAP (0.15 mmol) were added to anhydrous THF (20 mL) at
room temperature in a round bottom flask under magnetic stirring until complete dissolution of the
solids. Another THF solution (final volume 20 mL) was prepared by dissolving 1.20 mmol of DCC and
1.49 mmol of N-acyl Tyr. The two solutions were mixed and left to stir overnight under N2 atmosphere.
The resulting dicyclohexylurea insoluble precipitate was removed by centrifugation. The modified
polymer was precipitated in a solution 0.1 M NaOH and twice in cold MeOH. The residual material
was dried under reduced pressure to a stable weight.

Figure 2. Coupling reaction scheme of Poly-(Glycerol Adipate)(PGA) and tyrosine.

2.2.3. Particle Size of PGA and PGATyr Nanoparticles (NPs)

PGA and PGATyr NPs were produced by the nanoprecipitation technique, reaching a final
concentration of 1.5 mg/mL in the aqueous medium. Initially, the polymers were dissolved in acetone
(2 mL) and added to ultrapure water (10 mL) under constant magnetic stirring (550 rpm) at Room
Temperature (RT) (19 ◦C). The organic solvent was evaporated from the mixture while being agitated
in a fume hood. Particle sizes were measured by dynamic light scattering (DLS, Zetasizer Nano ZS,
Malvern Instruments, Malvern).

2.2.4. Enzymatic Degradation Assay

To evaluate the biodegradability of PGA and PGATyr, NPs (initial concentration 1.5 mg/mL)
were diluted in PBS at a final concentration of 0.5 mg/mL. Lipase was prepared in PBS (pH 7.4) to a
concentration of 10 mg/mL (215 units/mL). In total, 50 μL of the lipase mixture was added to the NP
suspensions. DLS measurements were carried out for 180 sec after the enzyme addition at constant
shaking at 37 ◦C to evaluate the swelling of the NPs in degradative conditions.

2.2.5. Melt Behavior Measurements

The melting behavior of the starch used in this study was measured using a high-pressure rheometer
(Anton-Paar MCR series, Graz, Austria). In particular, a stirrer geometry was used and the rheometer
program was as follows: 960 rpm for 90 s at 30 ◦C, followed by a pasting step at 170 rpm, a temperature
ramp from 37 to 95 ◦C with a heating rate of 1 ◦C/min, an isotherm at 95 ◦C for 5 min, a final ramp from
95 to 50 ◦C at a cooling rate of 5 ◦C/min, for 5 min, and a final isotherm at 50 ◦C for 5 min.
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2.2.6. Water Contact Angle (Θw)

Water contact angles (Θw) were measured at room temperature by employing a KSV Cam 200
(KSV Instruments Ltd, Helsinki, Finland) and angle pictures were analyzed with dedicated software
(CAM200 1.1–KSV instruments). Four measurements were recorded for each polymer.

2.2.7. ATR FT-IR

ATR-IR spectra were acquired by means of an attenuated total reflection spectrophotometer
(Agilent Technologies Cary 630 FTIR, Santa Clara CA, USA) equipped with a diamond single reflection
ATR unit. Spectra were acquired with a resolution of 4 cm−1, in the range 4000–650 cm−1 by acquiring
32 interferograms. Spectra were analyzed with the open access software SpectraGryph1.2.

2.2.8. Casting of Films

The native water content (%w) of starch (ST) was measured by thermogravimetric analysis and
was taken into account for the final formulation. The films were casted with a final surface area
of 10 mg/cm2. The PGA nanoparticles were, respectively, 3% and 10% of starch (dry weight, d.w.).
To achieve plasticization of the films, 25% of glycerol was included to the mixture.

Starch was suspended in de-ionized water. The solutions were mixed at 300 rpm with magnetic
stirring following heating in an oil bath at 95 ◦C until gelatinization. After the gelatinization phase,
the solutions were placed into an ice bath while being agitated. When a temperature of 50 ◦C was
reached, glycerol and PGA NPs were added and mixed until full homogenization. The solutions
were immediately casted in Teflon-coated petri dishes and the films dried at 50 ◦C in an oven with
ventilation. Prior to any analysis, the film prototypes were equilibrated to stabilize the moisture content
in a desiccator containing a saturated solution of potassium chloride (relative humidity 85% ± 1%).

2.2.9. X-Ray Scattering

The films were loaded in a sealed holder to minimize evaporation during the measurement. X-ray
measurements were conducted using a Panalytical Xpert Pro (Nottingham, UK).

The radially averaged intensity is given as a function of the scattering vector, q = 4π sin θ/λ,
where λ is the wavelength and 2θ is the scattering angle. The samples were measured in the WAXS
setting (wide-angle X-ray scattering) to an upper 2θ value of 35◦ or 2.86 Å. The exposure time was
400 s/step with a step size of (0.0131303◦) [5].

2.2.10. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) with a temperature gradient was performed in tension
mode with a displacement of 0.005 mm and frequencies of 1 and 10 Hz. A standard heating rate of 3 ◦C
min−1 was used and a ramp from −50 to 120 ◦C. The experiments were performed on prototypes with
a length of 10 mm [7]. The glass transition temperature was estimated by comparing the derivative
function of the storage modulus and the tan delta (tanδ) peak.

For measurements in a humidity-controlled environment, the temperature was kept constant at
37 ◦C and the relative humidity (RH) was increased up to 80% at a rate of 0.3 %RH/min and kept at
80% until equilibration.

2.2.11. Confocal Microscopy

Confocal laser scanning microscopy (CLSM) was performed using a Leica system (Leica SP5-X,
Leica Microsystems) equipped with x63 water immersion objectives. Films were prepared as previously
described. PGA and PGA-Tyr NPs were prepared by nanoprecipitation to a final concentration of
1.5 mg/mL. Coumarin 30, used as fluorophore, was dissolved in methanol to a concentration of 1 mg/mL
and the polymer was dissolved in acetone at the same concentration. Coumarin 30 solution (15 μL
per mg of polymer) was added to the polymer solution and the resultant solution added dropwise to
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ultrapure water under magnetic stirring. The nanoparticle suspension was immediately transferred
to a dialysis membrane with a 3.5 kDa MWCO (Mw cut off, Regenerated Cellulose Dialysis Tubing,
Type T1, Fisherbrand) and dialyzed against water for 4 h to remove the acetone, methanol, and any
free coumarin 30. The acetone was evaporated, and particles were dialyzed against water for 3 h.
Images were analyzed with the LAS X 3.0 software.

2.2.12. Cytotoxicity Test

Assessment of cytotoxicity was performed in accordance with ISO standard 10993-5 via an extract
test to evaluate the biocompatibility of any leachable material by-products by the simulation of clinical
application [18]. The PrestoBlue cell viability assay (ThermoFisher) was used to probe mitochondrial
function and the detection of lactose dehydrogenase (LDH) release was used to measure cell membrane
integrity (Sigma-Aldrich, TOX7 kit, St. Louis MO, USA). Films were UV sterilized for 20 min and placed
in DMEM (Dulbecco minimal essential medium) with 10% fetal bovine serum (FBS) (3 cm2 per ml) for
24, 48 and 72 h and incubated at 37 ◦C in a humidified incubator with 5% CO2. The resulting solutions
were applied to cells (100 μL per well) and incubated for 48 h. A negative control with DMEM and
a positive control (0.1% Triton X-100) were also included in the cytotoxicity experiments. Following
exposure, 50 μL of supernatant were collected per well for analysis of LDH content. Cells were washed
twice with phosphate-buffered saline (PBS) and 100 μL 10% (v/v) PrestoBlue reagent diluted in DMEM
was applied per well for 60 min. The resulting fluorescence was measured at 560/600 nm (λex/λem).
Relative metabolic activity was calculated by setting values from the negative control as 100% and positive
control values as 0% metabolic activity. Assessment of LDH release was performed according to the
manufacturer’s instructions and involved adding 100 μL of LDH reagent to the collected supernatant
samples and incubating them at room temperature shielded from light for 25 minutes. Absorbance was
measured at 492 nm. Relative LDH release was calculated with the negative control absorbance at 492 nm
taken as 0%, and the positive control, assumed to cause total cell lysis, as 100%.

3. Results and Discussion

3.1. Native Starch Melt and Crystallinity Characterization

Before the production of the films, the native starch was analyzed for its melting behavior in water
to allow a precise design of the melting process. In particular, the 10% suspension of starch granules
was processed using a high-pressure sealed rheometer to avoid any evaporation of water (Figure 3).
This rheometer allowed a better understanding of the starch behavior during melting as compared to
standard rapid visco analysers, which have open vessels, thus risking significant water evaporation.

The measurement showed a pasting viscosity of 18.8 cP at a temperature of 88 ◦C. The hot peak
viscosity was measured at 95 ◦C. During the isotherm, a breakdown of viscosity was detected at 95 ◦C,
indicating complete melting of the starch. During the fast cooling phase, when a temperature of 50
◦C was reached, the melt started to form a gel, with a peak viscosity of 1300 cP. These measurements
allowed the design of a melting profile for the production of the films [6].

Since starch has a semi-crystalline nature, it was first characterized using wide angle X-ray
scattering (WAXS) to identify its diffraction pattern following full hydration [5]. The initial crystallinity
also provided data to calculate the degree of disruption of the native crystallinity in the films. The results
showed that the native starch possessed an average degree of crystallinity (20%) and was found to
be a common mixture of A-type and B-type polymorphs, with a V-type peak centered at 20 (2θ) [19].
These data prove that the starch used, even if it was industrially extracted, did not undergo any
transformation of the crystalline and amorphous structure.
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Figure 3. Melting profile measurement of 10% starch suspension using a high-pressure rheometer.

3.2. Synthesis and Characterization of Nanoparticles

PGA and PGATyr NPs were formulated via the simple nanoprecipitation technique, using acetone
as the organic phase. Due to the intrinsic amphiphilic structure established among the backbone
and the side groups of these polymers, the poly-(glycerol adipate) can favorably self-assemble in
water without the use of surfactants, thus reducing undesired side effects. Before the preparation
of the composite films, an enzymatic dynamic light scattering (DLS) screening assay to confirm the
biodegradability of PGA and PGATyr NPs was performed [20]. PGATyr NPs (145 nm) were smaller
than the NPs produced from bare PGA (175 nm), confirming the existence of better packing in the
hydrophobic core, supposedly due to the π–π interactions among the aromatic moieties [13].

NPs’ size alterations were recorded in the presence of lipase against NPs enzyme-free controls.
It has been suggested that the increase in particle size represented by the swelling of the NPs is a sign
of degradation when interacting with enzymes [21]. Remarkable swelling in terms of hydrodynamic
size was observed for both materials. However, a different swelling pattern was observed for the two
polyesters after 3 h of contact with lipase (Figure 4). In fact, PGATyr reached half of the size of the pure
PGA NPs. These differences may be related to a lower enzyme accessibility because of steric hindrance
caused by different polymer chains spatial arrangement or chains packing and interactions linkable to
the π–π stacking interactions amongst the aromatic tyrosyl residues [13].

Figure 4. Size distribution and lipase assay (after 3 h of contact with the lipase).
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3.3. Crystallinity, Contact Angle, and Microstructures of Films

After the melting and crystallinity characterization of native starches, films were prepared by
casting. Before any analysis, the films were equilibrated in an environment with controlled relative
humidity (RH: 85%). The crystallinity showed a decrease for all the films as compared to native
starch (Table 1). In particular, the different crystalline polymorphs and their relative contribution to
the overall crystallinity were altered following recrystallization during the drying process (Table 1).
The crystallinity of the films was severely reduced by the heat treatment. In fact, the crystallinity was
three-fold lower for the films with unmodified PGA NPs and four-fold lower when the NPs were grafted
with tyrosine. Furthermore, for all films, no A-type polymorphism was individuated, confirming
the complete melt of the crystalline structure during the heating treatment [5]. The crystalline
polymorphs detected in the films are due to the natural process of recrystallization of the starch.
Interestingly, the addition of NPCs in the starch films allowed the growth of a similar relative
distribution of Vh- and B-type polymorphs.

Table 1. Percentage of crystallinity and the contact angle of native starch and cast films. Vh, B, and A
denotes the crystalline polymorphs.

Sample Cryst. (%) Vh (%) B (%) A (%) Contact Angle (◦)
StNative 20 5 18 77

StOn 6 37 63 0 102 ± 1

StGl 6 20 80 0 88 ± 2

StPGA3 7 52 48 0 nd

StPGA10 7 47 53 0 57 ± 0.5

StPGAtyr3 5 57 39 0 nd

StPGAtyr10 4 50 50 0 32 ± 1

The stacked IR spectra of the four starch films (Figure 5) demonstrate that the introduction in
the starch matrix of both glycerol and the polymeric NPs led to variations in the hydrogen bond
network depicted by the variation in the wave number of the OH stretching in the region between
3600 and 3200 cm−1. In the spectra of starch mixed with pure PGA (StPGA) and starch mixed with the
PGA modified with tyrosine (StPGATyr), the appearance of a peak in the region around 1700 cm−1 is
noticeable. This band is related to the stretching of the ester group, confirming the blending of the NPs
within the film. Minor peak shifting and splitting can be observed in the area around 3000 to 2800 cm−1

and 1050 to 950 cm−1 related to the CH stretching and the C–O–C stretching, respectively. Due to
the tight hydrogen bond network among the hydroxyl groups in the starch molecules, an extremely
smooth and hydrophobic surface was observed (Figure 6 and Table 1). This phenomenon is likely due
to the masking of the polar OH, involved in the intra- and intermolecular H-bonding, within the starch
matrix. However, by adding glycerol, PGA, or PGATyr NPs, a change in the recrystallization processes
was expected and hence a perturbation of this H-bonding network. The addition of these molecules
resulted in a drop in the value of the water contact angle (Table 1). The variation in the water contact
angle was more prominent after the addition of the two polymeric NPs compared to the variation
related to the presence of glycerol (Table 1). Interestingly, a direct comparison of the water contact
angle and smoothness was observed (Figure 6 and Table 1). The films with only starch (StOn) and
starch mixed with glycerol (StGl) showed a smooth surface and consequently high contact angle values
of 102◦ and 88◦, respectively. On the other hand, the addition of the polymeric NPs tremendously
affected the integrity of the starch surface film (Figure 6). A remarkable drop in the water contact angle
(57◦ and 32◦) can be ascribed to these superficial alterations. It can be speculated that both the aliphatic
and aromatic hydroxyl groups in the starch films containing PGAtyr NPs (StPGATyr) may deeply alter
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the nature and arrangement of the H-bonding network within the film. The films containing StPGATyr
typically showed a lower relative crystallinity.

Figure 5. Stacked IR spectra of StOn, StGl, StPGA, and StPGATyr in the region 4000–650 cm−1.

100 μm 100 μm 

100 μm 100 μm 

Figure 6. Optical microscopy pictures showing different surface smoothness of StOn, StGi, StPGA,
and StPGATyr films.

To monitor the distribution of the poly(glycerol adipate) in the films, the NPs were loaded with a
fluorescent dye (coumarin), which was dispersed into the films (Figure 7). Two phases were easily visualized.
The films containing the 3% NPs showed a fibril-like structure formed between starch (dark phase) and
PGA (blue phase) (Figure 7B). This demonstrates that PGA NPs were stable during the drying of the films
and the coumarin did not leak during fabrication and testing. Furthermore, the interaction between starch
and PGA NPs was demonstrated. When the concentration of NPs was increased to 10%, the fibril structure
was lost, probably due to the aggregation of the NPs (Figure 7A).
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Figure 7. Confocal microscopy pictures showing the NPs distribution in the starch films. (A) StPGATyr
10%; (B) StPGATyr 3%.

3.4. Thermo-Mechanical Properties

Dynamic mechanical analysis was performed using controlled temperature and humidity scans.
Firstly, the films were scanned to define the Tg of the blends equilibrated at 80% RH. In particular,
the addition of NPCs showed a bimodal DMA trace distribution, with zones richer in NPs that vibrated
at lower temperaturea. The starch-rich pockets showed a higher Tg as compared to the starch alone
(Table 2). The glass transition temperature of free PGA could not be recorded in these experiments.
This was caused by the fact that PGA assembled in NPs embedded in a complex three-dimensional and
semi-crystalline matrix. Hence, the glass transition of the poly-ester changed under these conditions,
increasing to about 37 ◦C.

Table 2. Glass transition temperature measured using a dynamic mechanical temperature analyser and
dynamic mechanical humidity analyser.

Film Tg Tg-RH

starch 66 37 ◦C – 80%

StPGA3 38/-

StPGA3tyr -/80 37 ◦C – 57%

StPGA10 37/80

StPGA10tyr 37/80

StGl and StPGATyr were further analyzed in a humidity-controlled environment (Figure 8).
In particular, these results showed that the PGA NPs changed their sensitivity to the water of the starch
films (Table 2). The glass transition of starch at 37 ◦C was detected only when the relative humidity
reached 80%. On the other hand, StPGAtyr3 films showed a Tg transition at a relative humidity of 57%
relative humidity, indicating a tendency in lowering the Tg in a lower-moisture environment.
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Figure 8. Dynamic mechanical analysis with humidity control of (A) starch film with 25% glycerol and
(B) starch film with 25% glycerol and 3% PGA NPs.

3.5. Biocompatibility Tests

Because starch is a biopolymer digested in the human intestine, biocompatibility tests were
performed on Caco-2 cells, thus giving insight into the possible utilization of these films as
a biocompatible material for drug or bio-actives release.

Cytotoxicity analysis in Caco-2 cells of film extracts generated from different incubation times with
culture medium demonstrated that the extracts from the materials can be considered biocompatible,
as no loss in cellular metabolic activity or damage to cell membranes was experienced following
incubation with cells for 48 h (Figure 9). Indeed, compared to the negative control (DMEM), increases
in metabolic activity (approximately 10% to 20%) were observed in various groups, including the
starch and StGl and StOn films (Figure 9); an effect likely related to the presence of free starch in the
film extracts and the subsequent availability of this carbohydrate for cellular metabolism.

Figure 9. Cytocompatibility of PGA films assessed via (A) cellular metabolic activity and (B) LDH release
in Caco-2 intestinal epithelial cells. Films were incubated with DMEM (3 cm2 per mL) for 24, 48, or 72 h
and the resulting solutions were applied to cells for 48 h. Data are presented as mean ± S.D (n = 3).

These data demonstrate that starch-based films can be used as a base for biomaterials and for
drug delivery. In fact, the films containing NPs did increase the metabolic activity.

4. Conclusions

Casted barley starch films were tested as bio polymeric carriers for poly-(glycerol adipate)-based
nanoparticles. The native starch granules showed typical behavior during characterization of the
melting profile and crystallinity. When the films were prepared, the overall crystallinity varied.
In fact, for all the films, we identified a decrease in crystallinity down to a minimum of 4%.
Furthermore, the films showed a mixture of Vh- and B-type polymorphs. Interestingly, the films with
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NPs showed a ratio between B and Vh of approximately 1:1. This result may be an indication of the
formation of starch/PGA complexes.

The integration of nanoparticles in glycerol-plasticized films showed an interesting effect on the
glass transition temperature. In fact, it was possible to measure variation in Tg and an increase in
moisture sensitivity as well as in the final wettability of the film surface and superficial roughness.

In conclusion, the films showed a good capability for stimulating the growth of Caco-2 cells.
Our work proves that starch has the potential to be a good biocompatible material and a coating
polymer for nanoparticles. Furthermore, the films created are a possible alternative as a coating for
food materials and the delivery of bioactive molecules (e.g., flavors).
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Abstract: Carbon nanotubes (CNTs) have already been considered for medical applications due to their
small diameter and ability to penetrate cells and tissues. However, since CNTs are chemically inert
and non-dispersible in water, they have to be chemically functionalized or coated with biomolecules
to carry payloads or interact with the environment. Proteins, although often only randomly bound to
the CNT surface, are preferred because they provide a better biocompatibility and present functional
groups for binding additional molecules. A new approach to functionalize CNTs with a closed and
precisely ordered protein layer is offered by bacterial surface layer (S-layer) proteins, which have
already attracted much attention in the functionalization of surfaces. We could demonstrate that
bacterial S-layer proteins (SbpA of Lysinibacillus sphaericus CCM 2177 and the recombinant fusion
protein rSbpA31-1068GG comprising the S-layer protein and two copies of the IgG binding region of
Protein G) can be used to disperse and functionalize oxidized multi walled CNTs. Following a simple
protocol, a complete surface coverage with a long-range crystalline S-layer lattice can be obtained.
When rSbpA31-1068GG was used for coating, the introduced functionality could be confirmed by
binding gold labeled antibodies via the IgG binding domain of the fusion protein. Since a great
variety of functional S-layer fusion proteins has already been described, our new technology has the
potential for a broad spectrum of functionalized CNTs.

Keywords: S-layer protein; carbon nanotubes; functionalization; non-covalent; IgG binding domain;
dispersion; aqueous solution

1. Introduction

Since their discovery, carbon nanotubes (CNTs) have already been intensively investigated
and characterized in material sciences due to their outstanding mechanical, electrical, and thermal
properties [1–4]. While some of the developments of new applications are still in progress, others have
already been materialized into new products. Moreover, CNTs have also been considered for several
medical applications due to their small diameter and ability to penetrate cells and tissues [5]. However,
since pristine CNTs are chemically inert and not dispersible in water or organic solvents, they have to
be functionalized or modified to carry payloads or interact with the environment [6–11].

Proteins bound to the surface of CNTs are preferred in life-sciences because they provide a better
biocompatibility and offer functional groups that may either be used for binding additional molecules
in biosensor applications [12–19] or enable further chemical modifications, e.g., for the delivery of
drugs, DNA and genes [20,21]. Nevertheless, although several proteins, such as bovine serum albumin
(BSA), have already been successfully attached to CNTs through various physical or chemical methods,
high resolution microscopical studies have demonstrated that their arrangement and density on the
CNT surface and consequently the availability of functional groups varies considerably [5].
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An alternative and better controlled approach to functionalize CNTs with an additionally closed
and precisely ordered protein layer is offered by bacterial surface layer (S-layer) proteins which have
already attracted much attention in the functionalization of surfaces as well as supporting structures
for biomembranes [22–25].

S-layer proteins are one of the most abundant biopolymers on earth and form the outermost
cell envelope component in a broad range of bacteria and archaea (Figure 1a) [22]. In addition to the
surface of bacterial cells, S-layer proteins have the natural capability to reassemble into crystalline
monomolecular arrays on solid supports, at the air-water interface, planar lipid films, liposomes,
emulsomes, nanocapsules, and nanoparticles (Figure 1b) [23].

  
Figure 1. (a) TEM micrograph of a freeze-etched and metal shadowed preparation of a bacterial cell
of Lysinibacillus sphaericus CCM 2177 with an S-layer as the outermost cell envelope component. The
numerous lattice faults are a consequence of the bending of the S-layer lattice at the rounded cell
poles. In addition, the rope-like structures are the flagella of the bacterial cell. (Reproduced from
Reference [26] with permission from the Royal Society of Chemistry.) (b) AFM images of a monolayer
of the SbpA S-layer lattice of Lysinibacillus sphaericus CCM 2177 on a silicon wafer. (Height image (left)
and deflection error image (right)). The S-layer lattice shows square lattice symmetry. Unit cell size is
13.1 × 13.1.

S-layers are isoporous protein mesh works with unit cell sizes in the range of 3 to 30 nm, thicknesses
of 5 to 10 nm (up to 70 nm in archaea), and pore sizes of 2 to 8 nm (Figure 1b). Since S-layers are
composed of a single protein or glyco-protein species they may be considered as the simplest biological
membranes developed in the course of evolution.

In particular, the formation of monolayers on technologically important substrates, such as silicon
or glass, was always a major concern for the development of affinity matrices, biosensing layers or the
development of organic-inorganic hybrid architectures [24,27]. In this context, it was seen as a further
challenge to investigate the reassembly of S-layer proteins on CNTs and learn from nature how these
new hybrid architectures may be used to develop a possible next generation of biological sensing layers.
Key to such developments are S-layer (fusion) proteins [22,28] that, on the one hand, have retained the
natural self-assembly properties of the wild-type proteins and, on the other hand, are endowed with
particularly tailored bio-reactive domains that allow a highly specific and sensitive functionalization
of surfaces. As a matter of fact, functional groups on the protein lattice are arranged in well-defined
positions and orientations [22,24]. Examples are affinity matrices with S-layer fusion proteins carrying
the immunoglobulin G (IgG) binding domains of Protein A or Protein G [29–31] or the green fluorescent
protein (GFP and its variants) for Förster- or Fluorescence-energy transfer (FRET) pairs in DNA-hairpin
sensors [32]. In this context, it has to be stressed that the high binding capacity of S-layer proteins
would also be retained after intra- and intermolecular crosslinking (e.g., by glutardialdehyde or
Dimethyl-pimelimidatedihydrochloride (DMP)). It has been shown that cross-linking enhances the
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mechanical and chemical stability of S-layers (e.g., at sudden pH changes or higher temperatures)
considerably [24].

To our knowledge, this work describes for the first time the reassembly of an S-layer protein;
in particular, of SbpA, the S-layer protein from Lysinibacillus sphaericus CCM 2177 [33,34] (identical
to Lysinibacillus sphaercius ATCC 4525, see Reference [35]) with its characteristic square (p4) lattice
symmetry on CNTs. With respect to the unit cell size of SbpA with 13.1 × 13.1 nm, we decided
to work with multiwalled nanotubes (MWNTs) with diameters ranging from 50–90 nm since the
diameters of single- and double-walled nanotubes (typically below 10 nm) might be too small (Figure 2).
The addition of S-layer protein to aggregated CNTs led to an instantaneous dispersion of the CNTs.
According to the literature, amphiphilic molecules, such as S-layer proteins, are suitable to disperse
CNTs in water by shielding their highly hydrophobic surface [8,36]. Moreover, we assume that this
effect might be emphasized by the fact that S-layer recrystallization follows a two-step non-classical
reassembly process [37–39] in which the adsorption process is instantaneously completed and followed
by a subsequent slower transition from the amorphous to the crystalline phase in the presence of
calcium ions only [39–42].

 
Figure 2. Schematic drawing of an S-layer coated multi walled carbon nanotube.

Finally, preliminary experiments with rSbpA31-1068GG fusion protein and binding of colloidal
gold labeled antibodies did not only give information about the orientation of the S-layer proteins
bound on the carbon nanotubes but also about the functionality of the so coated and functionalized
hybrid structures [29,30].

2. Materials and Methods

2.1. Production of Wild Type and Recombinant S-Layer Fusion Protein Solutions

L. sphaericus CCM 2177 (from the Czech Collection of Microorganisms) was grown in continuous
culture as described in a previous study [43]. Cell wall fragments were obtained after a downstream
process and used as starting point for the production of a monomeric wild type SbpA (wtSbpA) S-layer
protein solution [44]. The protein was extracted with 5M guanidine hydrochloride (GHCL, Gerbu
Nr. 1057) and after centrifugation dialyzed (membrane Biomol cut-off: 12–16 kD; pore size 2.5 nm)
against 3 L Milli-Q water containing 2 mM ethylenediaminetetraacetic acid (EDTA). The resulting
protein solution was adjusted to a final concentration of 1 mg/mL. The reassembly properties of the so
obtained monomeric protein solution were determined by atomic force microscopy (AFM) (Multimode
AFM, Bruker AXS, Santa Barbara, CA, USA) [45]. For this purpose, the protein solution was diluted
with a crystallization buffer containing CaCl2 to a final concentration of 100 μg/mL and applied on 10
× 10 mm sized silicon wafer pieces [39]. Only when the SbpA S-layer lattice with its characteristic
square lattice symmetry could be visualized by AFM (Figure 1b), the protein solution was used for the
experimental work and stored at 4 ◦C for a maximum of 4 weeks.

The S-layer fusion protein rSbpA31-1068GG comprising a truncated—but still reassembly
capable—form of SbpA with two IgG binding regions cloned from Protein G was expressed and
purified as described in Reference [30]. The resulting monomeric protein solution was adjusted to
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a concentration of 1 mg/mL, the reassembly capability controlled by AFM, and stored as described
above for the wtSbpA protein solution.

2.2. Coating of -COOH Functionalized MWNTs with S-Layer Proteins

In order to enhance the dispersion of multiwalled nanotubes (MWNTs) in aqueous buffer solutions
carboxyl groups (-COOH) were introduced by oxidation following the protocol of Singer et al. in
Reference [46]. Here, pristine MWNTs (SIGMA, Saint Louis, MO, USA; diameter of 50–90 nm, Nr.
901019) were suspended in 30% H2O2 (Roth, Nr. 8070) stirred and heated in an oil bath at 130 ◦C for a
total of 4 h. After a filtration and washing step, the functionalized MWNTs were dried at 70 ◦C for 48 h.

These -COOH functionalized MWNTs were suspended in crystallization buffer (4 mg/30 mL;
5 mM Tris and 100 mM CaCl2 in Milli-Q water, pH 9.0) under the aid of ultrasonication (Branson
Sonifier 250; output 5, duty circle 50%) for 20 min. From this, still not well dispersed, solution 4.5 mL
were transferred into a container with 500 μL wtSbpA or rSbpA31-1068GG monomeric protein solution
(1 mg/mL) and ultrasonication was prolonged immediately for 4 min. This step was carried out in an
ice bath to avoid possible denaturation of the S-layer protein caused by raising temperatures (typically
> 45 ◦C) during ultrasonication. Subsequently, incubation was allowed to take place overnight at 4 ◦C
using an overhead shaker (Heidolph, Reax 2, Schwabach, Germany). After 16 h the S-layer coated
MWNTs were centrifuged (Eppendorf; Centrifuge 5424, Hamburg, Germany) at 5000 rcf for 10 min
and resuspended in crystallization buffer to a final concentration of 1 mg/mL.

2.3. Immuno Gold Labeling of rSbpA31-1068GG Coated -COOH Functionalized MWNTs

From rSbpA31-1068GG coated MWNTs suspension 500 μL were centrifuged (Eppendorf; Centrifuge
5424) at 5000 rcf for 5 min, resuspended and incubated with gold labeled goat anti-human IgG
(Amersham, AuroProbeTMBL plus, RPN 464F) 1:5 diluted in crystallization buffer (pH 9.0) containing
0.01% Triton-X 100 and 0.001% fish gelatin (Amersham, RPN 416V) at RT for 3 h. Goat IgG binds via
the IgG binding moieties of the fusion protein. Subsequently, labeled MWNTs were washed once with
crystallization buffer (centrifugation step: 5000 rcf for 10 min), negative stained, and investigated by
transmission electron microscopy (TEM).

2.4. Transmission Electron Microscopy (TEM), Negative Staining, and Image Processing

The ability of S-layer proteins to form a crystalline and in the case of rSbpA31-1068GG a biologically
active coating on MWNTs was demonstrated with an FEI Tecnai T20 Transmission Electron Microscope
(TEM) operated at 160 kV (FEI Europe (now ThermoScientific), Eindhoven, The Netherlands) after
negative staining of the samples. For this purpose, samples were adsorbed on 300 mesh copper grids
(Christine Gröpl Elektronenmikroskopie, Tulln, Austria) coated with a Formvar-support film and a
thin carbon layer. A chemical fixation of the protein adsorbed on the copper grids was done with a
drop of 2.5% glutaraldehyde in cacodylate buffer (pH 7.4) for 10 min. For negative staining, samples
were place on 2% uranium acetate drops for 10 min. All steps were performed at room temperature.
The open source software ImageJ (version 1.52p) was used to straigthen bent S-layer coated MWNTs in
TEM images and subsequently to calculate the Fourier spectrum showing the layer lines of the helical
S-layer [47].

2.5. Preparation of Bucky Paper and Scanning Electron Microscopy

Buckypapers are simple membrane based CNT architectures [48]. In this study, buckypapers
were prepared by filtration of wtSbpA coated MWNTs using an AMICON filtration unit (AMICON,
Burlington, MA, USA; ultrafiltration cell Model 8010). A micro-filter (SARTORIUS, Goettingen,
Germany; Sartolon polyamide, Nr. 25007-47-N) with a pore size of 0.2 μm was chosen as supporting
membrane. After deposition of the S-layer functionalized MWNTs on the membrane surface, the
buckpaper was removed from the filtration cell, air-dried and characterized with a ThermoScientific
Apreo VS SEM (ThermoScientific, Eindhoven, The Netherlands) scanning electron microscope (SEM).
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For this purpose, the bucky paper was cut into approx. 5 × 5 mm sized pieces and fixed with a
conductive double sticky tape on standard 0.5” aluminum stubs. The SEM was operated at 2.0 kV with
a beam current of 0.1 nA in immersion (high resolution) mode. Images were recorded in high vacuum
with the in-lens back-scattered electron (BSE) detector T1 and the secondary electron (SE) detector T2.

3. Results

3.1. Bucky Paper

Bucky paper was produced in order to make a quick check of the supplied MWNT diameters.
The diameters were measured in the SEM images (n = 70) and found to be within the 50–90 nm range
given by the manufacturer (70.1 ± 14.8nm; min = 43; max = 106 nm) (Figure 3). The bright areas in
Figure 3b show the charging of the electrically insulating polymeric microfilter.

  
Figure 3. Bucky paper imaged in the SEM with the (a) BSE detector (T1) and the (b) SE detector
(T2) detector. Note the difference between the material and topography contrast provided by the
back-scattered and secondary electrons, respectively. Moreover, the pores in the microfiltration
membrane are clearly visible in (b).

3.2. Coating of -COOH Functionalized MWNTs with wtSbpA S-Layer Protein

It was clear right from the beginning that a homogeneous dispersion of the MWNTs is
absolutely necessary for the investigation and technological application of a successful S-layer
coating. According to the literature, the MWNTs could not be easily dispersed in aqueous buffer
solution even after oxidation with the associated introduction of -COOH groups and subsequent
ultrasonication. This inhomogeneous suspension was not suitable for a successful S-layer coating,
but when wtSbpA S-layer protein was added and ultrasonication prolonged, the suspension became
immediately homogeneous (Figure 4). The suspension was stable then for at least several months
(since the commencement of the work) and when required only had to be shaken in order to resuspend
the sedimented S-layer coated MWNTs again.

It was assumed that the amphiphilic SbpA S-layer proteins were instantaneously attached to the
MWNT surface and in this way shielded the highly hydrophobic MWNT surfaces from the aqueous
medium. S-layer reassembly follows a two-stage non-classical pathway in which first extended
monomers are attached to the surface, form amorphous and subsequently microcrystalline clusters
from which crystalline order emerges by a final folding step. Calcium ions play an important role for
the reassembly of most S-layer proteins including SbpA [39–42]. TEM investigations demonstrated
that the S-layer completely covers the -COOH functionalized MWNTs (Figure 5).
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Figure 4. Different MWNT suspensions after various consecutive treatments. (a) Resuspension
of pristine MWNTs in recrystallization buffer. (b) Sample I: -COOH functionalized MWNTs in
recrystallization buffer after ultrasonication (20 min). (c) Sample II: further treatment of sample I by
adding wtSbpA S-layer protein in the course of a second short (4 min) ultrasonication step.

    
Figure 5. (a,b) TEM images of negatively stained wtSbpA coated MWNTs. The wtSbpA coating exhibits
a crystalline lattice with square lattice symmetry. (c) Zoomed view of the lower end of the S-layer
coated MWNT shown in (b). Note the lattice defect in the S-layer lattice (marked by the red arrow)
where the MWNT buckles in (c) and in the further zoomed view in (d) where the unit cell positions are
marked by circles too. (e) Fourier spectrum of a straightened copy of (c) showing the layer lines n = ±1
and in this way the corresponding pitch P of the helical S-layer.

A highly ordered protein layer exhibiting square lattice symmetry can be clearly seen, confirming
the ability of wtSbpA to reassemble on -COOH functionalized MWNTs over long (several tens of
micrometer) distances (Figure 6a). Lattice defects in the S-layer lattice, in particular disclinations, were
found where the MWNT buckles (Figure 5c,d) [49]. Moreover and in general, the TEM image shows a
side-on-view (elevation) of a helix with an axial repeat, termed pitch P. Thus, the Fourier spectrum will
have an axial repeat along the Z-axis (the meridian) of 1/P. This generates a set of equally spaced layer
lines separated by 1/P and indexed from Z = 0 (the equator) with n = 0, 1, 2, . . . in the Z-direction and by
negative integers in the –Z-direction. The amplitudes of the diffraction orders along a particular layer
line are proportional to Bessel functions Jn of order n [50]. Because only J0 is non-zero on the Z-axis,
only the n = 0 layer line will be non-zero on the meridian. Successive first maxima of Jn progressively
occur further from the Z-axis giving the appearance of a cross-characteristic for the Fourier spectrum
of a helix- with intensities decreasing as n increases. In the Fourier spectrum (Figure 5e), only the first
maximum in the first layer lines (n = ±1) is visible. The value of 1/P was determined with 1/13.67
nm which led us to the conclusion that the S-layer proteins with their unit cell size of 13.1 nm were
arranged along a single basic helix or, in other words, that the helical repeat consisted of only one
striation. The pitch angle was determined to be approximately 6.5◦. For a more detailed description of
how to analyze and index a diffraction pattern of a helical structure, see Reference [51]. Moreover,
it has to be mentioned that the S-layer coating did not close the MWNT ends. This finding was not
surprising since only S-layer proteins which reassemble in hexagonal (p6) lattice symmetry would be
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able to make rounded caps or closed vesicles [25] by the introduction of several lattice defects such as
5-fold wedge disclinations [52]. Although we have thought that the pitch of the S-layer lattice would
be rather constant along the tube length, this assumption could not be confirmed in this work. This
assumption was made since we know from previous work and the literature that the intrinsic curvature
of the S-layer, as determined by the size of the respective bacterial cell, determines the curvature of
self-assembly products in solution [53,54]. Moreover, it might also be possible that the chirality of
the outer tube of the MWNTs influences the pitch of the S-layer, but previous studies with <100>
and <111> silicon surfaces have shown that the S-layer did not resemble the silicon crystal structure
because the ratio between the S-layer unit cell size in the 10 nm range and the lattice spacing of silicon
in the 0.5 nm range was by far too large. This will be probably true for CNTs as well.

    
Figure 6. TEM images of immune gold labeled and negatively stained rSbpA31-1068GG coated -COOH
functionalized MWNTs. (a) The S-layer and in this was the gold nanoparticles cover tens of micrometers
on the MWNT surface. (b,c) The gold particles of the gold-labeled goat antibodies can be clearly seen.
It seems that they are helically arranged along the tubes as schematically shown in (d) for (c).

3.3. Coating of -COOH Functionalized MWNTs with rSbpA31-1068GG Fusion Protein

In addition to the investigation of the wild type S-layer protein (wtSbpA), -COOH functionalized
MWNTs were coated with the recombinant S-layer fusion protein rSbpA31-1068GG comprising the
IgG binding region of Protein G. It could be demonstrated that also the recombinant S-layer protein
coating resulted in a homogeneous distribution of the MWNTs within the buffer solution. Immune
gold labeling and TEM were used to prove the general concept of functionalizing MWNTs with a
tailor-made highly specific S-layer fusion protein. Gold nanoparticles, which were bound to the IgG
moieties, could only be seen at the rSbpA31-1068GG coated MWNT samples (Figure 6) while in blank
experiments gold nanoparticles were not found on wtSbpA coated or uncoated MWNTs (data not
shown). Moreover, it appears that the gold nanoparticles resembled the helical arrangement of the
S-layer along the MWNTs (Figure 6c,d).

Although the crystalline lattice structure was not clearly visible, the immune gold labeling of the
rSbpA31-1068GG coated MWNTs confirmed the functionality of the coating. Moreover, since the IgG
binding moieties were introduced at the C-terminus of the fusion protein and, in general, binding to
solid supports is favored via the N-terminus, it was concluded that the rSbpA31-1068GG was attached
with its N-terminus while the C-terminus presenting the IgG binding moieties was directed towards
the outside surrounding medium [29].

3.4. Dispersion of -COOH Functionalized MWNTs by Addition of Triton-X 100

It has to be mentioned that we have also tried to increase the dispersibility of MWNTs by adding
Triton-X 100 which immediately led to homogeneous suspensions [8]. However, it is also known that

43



Coatings 2019, 9, 492

Triton-X 100 interferes with the reassembly properties of S-layer proteins. Optimization of the protocol
by lowering the Triton-X 100 concentration (below 0.01%, best with 0.003% in crystallization buffer)
allowed the dispersion of -COOH functionalized MWNTs in aqueous buffer solution and—at a first
glance—did not hinder the reassembly of the S-layer proteins on solid supports and MWNTs (see
Supplemental Material, Figure S1). However, unfortunately, the recrystallization of wtSbpA did not
occur on the surface of the MWNTs but mainly in the form of self-assembly sheets attached to the
MWNTs (see Supplemental Material, Figure S2). It could not be clarified whether these self-assembly
products start growing from attached S-layer proteins into the surrounding medium or whether
they were detached from a loose sheathing. Therefore, the described protocol for the dispersion and
S-layer coating of -COOH functionalized MWNTs—starting with ultrasonication in recrystallization
buffer containing CaCl2 for a total of 20 min, subsequently adding S-layer protein and continuing
ultrasonication for further 4 min—was established as the standard protocol for this and future work.

4. Discussion

Besides chemical modifications [55], coating with synthetic polymers or surfactants [56,57],
or DNA [57], also coating with proteins is seen as a promising but challenging technique to
disperse and functionalize CNTs [5,9,13,36]. In general, non-covalent approaches are favored as
they preserve the properties of CNTs while improving their dispersibility. The usage of BSA, DNA [58],
hydrophobins [13,36], and lysozyme, which was able to disperse coated CNTs in a pH dependent
way [59], was already reported. In addition, encapsulation by proteins makes CNTs not only more
biocompatible but also less toxic [7,36] and offers the advantage that new functional hybrid structures
with the beneficial properties of both may be developed [60]. The high surface area of CNTs and
their ability to pass cell membranes make them ideal vehicles to transport drugs into cells [61,62].
Nevertheless, it has to be considered that the functionality of bound proteins may be impaired due to
their random adsorption and denaturation on the CNT surface [63].

Thus, we would like to stress that the S-layer and carbon nanotube construction kit which is
introduced in this work will offer the advantage to generate entirely new carriers and containers when
used as catalysts, templates, scaffolds, or affinity matrices. For example, we have already shown that
S-layer fusion proteins with particularly tailored bio-reactive domains allow a highly specific and
sensitive (unsurpassed) functionalization of surfaces in the development of biosensor surfaces (for
review see Reference [22,24]). We will make use of this knowledge and specifically bind biomolecules
on native and genetically functionalized S-layer fusion protein coated MWNTs (Figure 7a). CNTs
and graphene have already shown great potential in the development of biosensors due to their
huge surface area, great electron transfer rate, good electrical conductivity, and ability to immobilize
biologically functional molecules, such as enzymes, aptamers, or receptors [12–19]. Concerning S-layers,
a considerable amount of knowledge has accumulated concerning the fabrication of amperometric
sensors for glucose [64] or sucrose [65] or of optical sensors for glucose too [66]. Moreover, based on
our experience in fabricating multi-enzyme amperometric biosensors, it will be possible to develop
stoichiometrically well-adjusted multi-layer CNT-supported sensing layers too [65]. A promising new
approach for the production of biocatalysts comprises the use of S-layer lattices that present functional
multimeric enzymes on their surface, thereby forming a most accurate spatial distribution, orientation,
and stability of these enzymes [67]. In comparison to conventional approaches, S-layers provide a
biocompatible surface endowed with the capability to bind the functional biomolecules in a dense
packing. Our approach is not limited to the use of S-layers as binding matrices only. The key feature
of S-layer fusion proteins is their functional domain such as the IgG binding domain (shown in this
work) [29–31], the Bet-v1 domain specific to the major birch pollen allergen [68], or for a broad range
of applications the biotin binding domain [69] and affinity tag for streptavidin [70] (for review see
References [22,24]). Moreover, it has to be stressed that the successful labeling of the IgG binding
moieties allowed to unambiguously conclude that the S-layer was oriented with its outer face towards
the medium and the biological functionality maintained—a basic requirement in our developments. In
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addition, S-layer fusion proteins will allow us to perform our studies on a broader scale including
material sciences when, for example, fluorescent S-layer fusion proteins with fluorescent domains
(EGFP, ECFP, YFP, RFP1) or FRET pairs (Förster- or Fluorescent-resonance energy transfer) [71–73]
are used. A generic approach for fluorescent proteins may be found in Reference [74]. S-layer fusion
protein lattices will allow a much more specific and versatile functionalization of CNTs (Figure 7a) [69]
compared to the classical approach where biomolecules are bound more-or-less randomly through
diversely located functional groups (Figure 7b) [5].

 

Figure 7. Schematic drawing of (a) precisely arranged S-layer proteins (shown in orange) around the
CNT surface and (b) randomly bound biomolecules (e.g., BSA; shown in green). When used for binding
further biomolecules (shown in blue), only S-layers provide a dense and precisely controlled packing.

It has to be stressed also that S-layers act as stabilizing and tethering structures and ionic reservoirs
for biomembranes [75] and might provide an advantage in the development of a biomembrane based
field effect transistor (FET) [76].

Moreover, tuning of the anti-fouling properties of the S-layer coating might be a further advantage
for particular applications [36,77]. Alternatively, when using S-layer fusion proteins with catalytic
sites exposed, a highly efficient templated biomineralization of metallic, semiconducting, or other
inorganic materials will be facilitated. This might be particularly interesting for fundamental research
in solid state physics, when an S-layer lattice is used as template for generating an ordered metallic
nanoparticle array [78–84] directly on the CNT surface [85].

In the course of this work, it turned out that the S-layer coating increases the dispersibility of
MWNTs in water dramatically, and it may be anticipated that their biocompatibility will be improved
and at the same time their cytotoxicity reduced [36,57,86]. Moreover, since our TEM investigations
demonstrated a good long-range order of the S-layer along the nanotubes over several (tens of)
micrometers, it may be assumed that the non-classical multi stage reassembly pathway of S-layer
proteins might be the key for the defect-free lattice formation over such large distances too [37–39].
Contrary to the classical approach, the multi stage process allows the healing of lattice defects in the
growing crystalline domains and is pre-requisite for a self-purifying effect in the course of lattice
formation [87]. Based on work with hydrophobic silicon surfaces, we assume that the healing step
must be particularly favored on the highly hydrophobic surface of CNTs [45].

5. Summary

We would like to stress that our research, although longer term in nature, will provide technologies
and materials which are more versatile to conventional approaches in the development of functional
surfaces in terms of sensitivity, selectivity, and density of functional groups. Although the usage of
protein coatings (e.g., BSA, lysozyme or hydrophobins) to disperse carbon nanotubes in aqueous
solutions is well described in the literature, the added value of native and functionalized S-layer
fusion proteins is based on their unique reassembly properties and, in this context, precisely aligned
functional groups and domains for binding additional bioactive molecules and compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/8/492/s1,
Figure S1: AFM image of wtSbpA recrystallized on a silicon wafer surface in the presence of 0.01% Triton-X 100.
Although no complete protein layer could be observed, the square lattice could be easily detected, confirming the
recrystallization properties in the presence of low Triton-X 100 concentrations in crystallization buffer. Figure S2:
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TEM images of negatively stained wtSbpA coated MWNTs. The MWNTs had been dispersed in 0.01% Triton-X
100 before the addition of wtSbpA. The S-layer protein showed the ability to recrystallize but not by coating the
MWNTs themselves but in the form of attached self-assembly products exhibiting the square lattice symmetry.
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Abstract: Novel bionanocomposite films of chitosan/montmorillonite (CS/MMT) activated with ginger
essential oil (GEO) were produced and characterized in terms of their physical and morphological
properties. The homogenization process led to a good interaction between the chitosan and the
nanoparticles, however the exfoliation was diminished when GEO was incorporated. Film glass
transition temperature did not statistically change with the incorporation of either MMT or GEO,
however the value was slightly reduced, representing a relaxation in the polymer chain which
corroborated with the mechanical and barrier properties results. Pristine chitosan films showed
excellent barrier properties to oxygen with a permeability of 0.184 × 10−16 mol/m·s·Pa being reduced
to half (0.098 × 10−16 mol/m·s·Pa) when MMT was incorporated. Although the incorporation of
GEO increased the permeability values to 0.325 × 10−16 mol/m·s·Pa when 2% of GEO was integrated,
this increment was smaller with both MMT and GEO (0.285 × 10−16 mol/m·s·Pa). Bionanocomposites
also increased the UV light barrier. Thus, the produced bioplastics demonstrated their ability to
retard oxidative processes due to their good barrier properties, corroborating previous results that
have shown their potential in the preservation of foods with high unsaturated fat content.

Keywords: biobased polymers; chitosan; nanotechnology

1. Introduction

The development of food packaging is currently focused on the use of polymers usually
derived from plants, i.e., bioplastics with an eco-friendly and sustainable approach, an alternative
to non-biodegradable materials from non-renewable sources (petroleum-based materials) [1–4].
These materials can be divided into four main classes, namely: proteins, polysaccharides, lipids
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and composites [1]. Polysaccharides are highlighted due to their good oxygen barrier related to
their well-ordered hydrogen bonded network shape, which may enhance the protection conferred to
food packaged against the oxidation process [1,5,6]. However, the weaker mechanical properties and
water vapor barrier limit their use, and through the combination with other polymers (i.e., bilayers)
or the incorporation of nanofillers, such as montmorillonite, this limitation can be overcome [5,7,8].
Chitosan (poly-β(1,4)-2-amino-2-deoxy-D-glucose), the second most abundant polysaccharide in
nature, obtained from the deacetylation of chitin, is a biodegradable biopolymer with potential to be
use as food-grade films and coatings [9–16].

Aiming to reduce the use of synthetic chemical additives, the food industry has increased its
interest in the research of natural preservatives, i.e., food components or extracts with antimicrobial
and antioxidant properties, with less harmful effect to human health [17–20]. Moreover, food-borne
microbial outbreaks have driven the industry and the scientific community to search for innovative
ways to inhibit microbial growth in foods while maintaining quality, freshness, and safety [21]. The use
of packaging is an option to provide an increased margin of safety and quality, as the next generation of
food packaging will include materials with antimicrobial and antioxidant properties that are capable of
protecting the food packaged, extending its shelf life [7,21,22]. Essential oils (EOs) are a good example
of such materials suitable to be used in the production of this next generation of food packaging [23].
EOs are natural substances extracted from different parts (i.e., roots, bark, or leaves) of a variety of plants,
many of them already used in traditional culinary (e.g., rosemary, thyme, sage, ginger, citronella) [18].
Despite the remarkable preservative properties of these components, their use as food additives is
discouraged by the strong aroma they confer to the foodstuff when directly incorporated into the
food matrix [17,18,22,24]. Thus, the incorporation of EOs into food packaging material may solve this
organoleptic problem, enabling their application to the preservation of food [24]. When incorporated
into polymeric matrices, the amount necessary is diminished as the migration occurs gradually towards
the food surface, where the food spoilage takes place [25,26].

In our previous works, different natural extracts, either essential oils or hydro-alcoholic extracts
from a variety of plants, were incorporated into chitosan [17,27]. The films produced were characterized
in terms of their antioxidant activity [17] and physical properties [27]. Within the different essential oils
tested, it was concluded that rosemary essential oil (REO) and ginger essential oil (GEO) presented the
best active properties [17], thus, novel bionanocomposites incorporated with such EOs were produced
and nanoreinforced with montmorillonite (MMT). As novel materials, it is crucial to understand
how the incorporation of MMT and the essential oil would interfere in the functional and bioactive
properties of the film. In vitro and in situ activity of CS/MMT activated with different levels of GEO
have been investigated [28] and those bionanocomposites have proven to have good antimicrobial
and antioxidant activity, being able to extend the shelf-life of fresh poultry meat, a foodstuff with
high unsaturated fat content. As the ultimate purpose of the film is to be used as primary packaging
for food products, information on its mechanical and barrier properties, not studied yet for these
novel materials, should also be understood. Thus, this work is focused on the characterization
of bionanocomposites incorporated with GEO reinforced with MMT in terms of their physical,
morphological, and barrier properties.

2. Materials and Methods

2.1. Materials and Reagents

Commercial high molecular weight (31–37 kDa) chitosan (poly(D-glucosamine)) with 75% of
deacetylation and ethanol absolute were purchased from Sigma Aldrich (Germany). Sodium montmorillonite
(Cloisite®Na+) was kindly supplied by BYK Additives & Instruments (USA). Ginger essential oil (EO),
with food grade classification, was acquired from Biover (Belgium). Glacial acetic acid, glycerol, calcium
nitrate (Ca(NO3)2), sodium bromide (NaBr), potassium acetate (CH3COOK, 99% purity), and tween 80
(polyethylene glycol sorbitan monolaurate) were purchased from Alfa Aesar (Germany). Sodium chloride
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(NaCl) was obtained from PanReac (Spain). All chemicals were of analytical reagent grade and were used
as purchased. The water was purified using the Milli-Q system (Millipore, USA).

2.2. Bionanocomposites Production

The composite films were prepared according to Souza et al. (2018) [28]. Briefly, to prepare the
film-forming dispersion (FFD), 1.5% (w/v) of chitosan was dissolved in 1% (v/v) of glacial acetic acid
solution under continuous agitation for 24 h at room temperature. Then, 30% (w/w chitosan) of glycerol
was added as a plasticizer in all treatments. At this stage, GEO in the levels tested (0%; 0.5%; 1%
or 2% v/v FFD) and 0.2% (w/v in essential oil) of the emulsifier tween 80 were added to the system.
Subsequently, an agitation cycle consisting of 5 min agitation with ultraturrax (15,000 rpm) (IKA®T18,
Staufen, Germany) followed by 15 min degasification in an ultrasound bath (360 W) (Selecta, Spain)
was carried out. The resulting dispersion was then casted in glass molds (18 × 25 cm) and let to dry
naturally for approximately 48–72 h. This was the procedure used to produce chitosan films without the
incorporation of the nanoreinforcement (MMT). To produce the bionanocomposites, 2.5% (w/w chitosan)
of MMT was added to the FFD already containing the glycerol, and two extra agitation steps (same as
described before) were added before the incorporation of GEO and tween 80, and the third and final
agitation cycle was carried out, followed by the casting. These extras steps were added to supply
energy to the system and promote the exfoliation of the MMT. Dried films were peeled and stored
protected from light in a desiccator containing saturated calcium nitrate solution at 25 ◦C and 50%
relative humidity, monitored with a thermohygrometer, until evaluation.

2.3. Film Characterization

2.3.1. X-ray Diffraction (XRD)

X-ray diffraction is one of the techniques used to study the structure of MMT within the polymer,
being indicative of a succeeded exfoliation process, thus a tool to understand whether the nanomaterial
reinforced the biopolymer or not. Diffractograms of the films were obtained using a DMAX-IIIC
diffractometer (Rigaku Industrial Corporation, Tokyo, Japan), equipped with CuKα (λ = 1.5418 Å)
radiation (40 kV, 30 mA), 2θ angle range 5◦ to 40◦, a scanning rate of 2◦/min and a sampling interval of
0.02◦ (2θ). The interlamellar distances (d001) were calculated using Bragg’s Law (Equation (1)) [22].

sen θ =
nλ
2d

(1)

where λ is the radiation wavelength, d is the interlamellar distance in Å, n is diffraction number (n = 1),
and θ is the measured diffraction angle.

2.3.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Attenuated total reflectance Fourier transform infrared spectra of the bionanocomposites were
collected using a FTIR spectrometer (model PerkinElmer spectrum Two, Perkin Elmer, Waltham, MA,
USA) from 4000 to 650 cm−1 at a 1 cm−1 resolution [17].

2.3.3. Morphological Characterization: Scanning Electron Microscopy (SEM)

To analyze the bionanocomposite morphology, scanning electron microscopy micrographs were
performed from the surface and cross-section of the following samples: pristine chitosan film, chitosan
+MMT; chitosan + 2% GEO, and chitosan +MMT + 2% GEO. The images were obtained from a Zeiss
instrument (Model DSM 962, Oberkochen, Germany) under vacuum, accelerated at 3 kV. The samples
were fixed with a double adhesive coated carbon tape on aluminium stubs and covered with gold
palladium using a sputter coater. Cross-section images were carried out in samples previously
submitted to fractions after contact with liquid nitrogen.
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2.3.4. Thermal Properties

Thermal properties were studied through differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA).

The glass transition temperature (Tg) of the samples was determined using DSC model 204 F1
Phoenix® (Netzsch, Selb, Germany). Approximately 10 mg of each sample were sealed in a standard
aluminum pan and thermal cycle was performed from 20 ◦C to 350 ◦C at a constant heating rate of
20 ◦C/min under nitrogen atmosphere (flow rate of 50 mL/min) [29].

The thermal stability of bionanocomposites was characterized using a simultaneous thermal
analyzer (PerkinElmer, Model STA 6000, Germany). A sample from each treatment (approximately
10 mg) was heated to 900 ◦C at a rate of 10 ◦C/min and maintained in isotherm during 3 min under
nitrogen atmosphere [30]. Compound degradation temperatures and percentages were determined
from the first derivative of the weight loss curve percent (DTGA) versus temperature.

2.3.5. Thickness and Mechanical Properties

Film thickness was measured using a Mitutoyo digital micrometer (Mitutoyo, Kawasaki, Japan),
with 0.001 mm precision, on ten randomly points of each sample [22].

Mechanical properties were determined according to ASTM D882–12 (2012) [31]. Elastic modulus
(EM), tensile strength (TS), and percentage of elongation at break (EAB) were measured from the
tensile testing of five strips of each film with dimensions 150 mm wide and 25.4 mm long. The samples
were mounted in the tensile grips with a 0.5 kN load cell (Autograph Shimadzu, Sydney, Australia),
with 50 mm initial gauge length and stretched at a cross-head speed of 50 mm/min until breakage.

2.3.6. Optical Properties

To calculate optical parameters chroma (c*) and Hue angle (hue), CIE-L*a*b* coordinates
(L* indicates black (0) to white (100); a* indicates red (+) to green (−) and b* indicates yellow
(+) to blue (−)) were measured from the bionanocomposites using a colorimeter CR 410 (Minolta Co.,
Tokyo, Japan) with a 10 mm diameter window and D65 illuminant/10◦ observer. The measurements
were taken on a white background standard and the equations used are the following [32]:

c∗ =
(
a∗2 + b∗2

)1/2
(2)

hue = arctan
(

b∗
a∗

)
x

180
π

, for a∗ > 0 and b∗ > 0 (3)

hue = arctan
(

b∗
a∗

)
x

180
π

+ 180, for a∗ < 0 (4)

hue = arctan
(

b∗
a∗

)
x

180
π

+ 360, for a∗ > 0 and b∗ < 0 (5)

Film opacity was also determined by direct reading of the absorbance of rectangular samples at
600 nm using a UV–vis spectrophotometer (Model Spekol 1500, Analytikjena, Germany) and calculated
according to Equation (6) [33].

Opacity
(
mm−1

)
=

absorbance 600 nm
sample thickness (mm)

(6)

Finally, film transparency was obtained from spectrum scans (from 190 to 900 nm) using a UV–vis
spectrophotometer of each film specimen. Air was used as reference and the results were expressed as
a percentage of transmittance [34].
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2.3.7. Contact Angle (CA)

Contact angle (CA) was measured using a goniometer (KSV Instruments Ltd., CAM 100, Finland)
with the software KSV CAM 100 at room temperature (25 ± 2 ◦C) on the bionanocomposites produced.
Film hydrophilic character was evaluated from water drop contact angles with their upper surface [5].

2.3.8. Solubility and Swelling Degree

The solubility in water (g/100 g of film) and the swelling degree (g/100 g of film) were determined
according to Souza et al. (2017) [27]. Briefly, film specimens were cut into a rectangle (2 × 2 cm) and
weighted (precision 0.0001 g) in an analytical balance (Mettler Toledo AB204, Switzerland), obtaining
the initial weight (M1); then samples were dried at 70 ◦C for 24 h in a natural conventional oven
(WTB binder, Germany), and were weighted to obtain the initial dry mass (M2). Subsequently, samples
were placed in Petri dishes containing 30 mL of Milli-Q water and stored for 24 h at room temperature
(25 ± 2 ◦C), in order to allow the swelling process. After this contact period, the specimens were
superficially dried with filter paper and weighted (M3) again. The residual film specimens were dried
in an oven at 70 ◦C for 24 h to determine the final dry mass (M4). Two measurements from each film
sample were taken, and the parameters calculate according to Equations (7) and (8).

% Solubility
(

g
100g

o f f ilm
)
=

(M2 −M4)

M2
× 100 (7)

% Swelling degree
(

g
100g

o f f ilm
)
=

(M3 −M2)

M2
× 100 (8)

2.3.9. Water Vapor Permeability (WVP)

The WVP (mol/m·s·Pa) was determined gravimetrically at 30 ◦C, based on the method described
by Ferreira et al. (2016) [5]. The tested films were sealed on the top of 45 mm diameter glass cells
containing 8 mL of saturated NaCl solution (relative humidity (RH) = 76.9%) and placed in a desiccator
with saturated potassium acetate solution (RH = 22.5 %) equipped with a fan to promote air circulation
and maintain constant driving force. Temperature and the relative humidity were monitored with a
thermohygrometer (Vaisala, Finland). The water transferred through the film and absorbed by the
desiccant was determined from weight loss of the permeation cell (measured every 1 h during 10 h),
and the WVP calculated by following equation (Equation (9)):

WVP =
NW × δ

ΔPw.e f f
(9)

where Nw (mol/m2·s) is the water vapour flux, δ (m) is the film thickness and ΔPw.e f f (Pa) is the
effective driving force. Results are the average ± standard deviation of the three replicates analyzed.

2.3.10. Oxygen Permeability (OP)

The OP was determined in a stainless steel cell with two identical chambers separated by the
tested film [5,35]. Tested films were previously equilibrated at 30 ◦C and relative humidity of 55% ± 5%
(desiccator containing saturated sodium bromide solution). The OP was assessed by pressurizing one
of the chambers (feed) up to 0.7 bar with pure oxygen (99.999% purity) (Praxair, Spain), followed by
the measurement of the pressure change in both chambers over time, using two pressure transducers
(Jumo, Model 404327, Germany). The system was kept inside a thermostatic water bath at 30 ºC
(Julabo, Model EH, Germany). The permeability was calculated using Equation (10):

1
β

ln
(

Δp0

Δp

)
= P

t
δ

(10)
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where Δp (mbar) is the pressure difference between the feed and permeate compartment,
P (mol·m/m2·s·Pa) is the gas permeability, t (s) is the time, δ (m) is the film thickness and β is
the geometric parameter of the cell [35].

2.4. Data Statistical Treatment

All experiments were conducted using a completely randomized design with three replications.
A statistical analysis of data was performed through a one-way analysis of variance using

OriginLab software version 8.5, and differences among mean values were processed by the Tukey test.
Significance was defined at p < 0.05.

3. Results and Discussion

3.1. X-ray Diffraction

The diffractograms of pristine MMT and pure chitosan films or films incorporated with sodium
montmorillonite and/or with ginger essential oil are shown in Figure 1. Montmorillonite exhibited
a characteristic reflection peak at about 2θ = 7.512◦, corresponding to a basal spacing between the
individual MMT layers of d001 = 1.18 nm. In the film incorporated only with MMT, the nanoclay
characteristic reflection peak has disappeared, probably as the result of a disordered configuration of
the lamellar structure not detectable by XRD, providing strong evidence that the clay nanolayers are
exfoliated [36,37]. The incorporation of GEO resulted in the shift of the characteristic montmorillonite
crystalline peak to smaller angles around 2θ = 5.02◦ (0.5% GEO), 5.18◦ (1% GEO) and 5.22◦ (2% GEO),
corresponding to a basal spacing between the individual MMT layers of d001 = 1.76; 1.71, and 1.69 nm
respectively. Similar values (2θ between 5.04◦ and 5.20◦), were found for the interplanar distance in
chitosan films incorporated with rosemary essential oil [16]. The increase of the distances between the
lamellae of the clay is an indication that the chitosan was able to intercalate between the MMT layers,
obtaining an intercalated structure [36,38]. However, ginger essential oil reduced chitosan dispersion
in the MMT galleries, probably due to structural changes in the polymer due to the interactions of the
phenolic compounds with the chitosan reactive groups [37].

Figure 1. XRD of (A) pristine sodium montmorillonite (MMT), (B) chitosan film, (C) chitosan +MMT
film, (D) chitosan +MMT + 2% GEO film, (E) chitosan +MMT + 1% GEO film, and (F) chitosan +
MMT + 0.5% GEO film.
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3.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Figure 2 depicts the FT-IR spectra of the bionanocomposites produced. Chitosan characteristic
absorption bands were observed in all spectra, namely: at 3325 cm−1 (axial stretch of –OH); at
3265–3277 cm-1 (asymmetric stretch of the –NH group); at 2877–2925 cm−1 (C–H bond of the methyl group
–NHCOCH3); at 1638–1642 cm−1 (amide I); at 1551–1558 cm−1 (amide II); at 1342 cm−1 (skeletal vibration
involving the stretching of the C–N bond of amide III); at 1375–1412 cm−1 (–CH2 folding); at 906–1024
cm−1 (skeletal vibration involving the stretching of the C–O group); and at 1134 cm−1 (asymmetric
stretching of the C–O–C bridges) [29,39,40]. Overall, the incorporation of GEO or MMT did not result
in great differences in the spectra when compared to pristine chitosan film, probably due to the small
quantity incorporated, i.e., chitosan characteristic peaks have prevailed in all samples. However, small
changes in the intensities of the absorption peaks were recorded, which are attributed to the overlap of
chemical bonds, and thus an indication of the presence of strong interaction between the molecules of the
different components of the material (chitosan, MMT, and the active compounds present in GEO) [41].
The spectra of the films incorporated with GEO show a new peak between 1702–1703 cm−1 which
corresponds to the vibration of the C=O bond stretch, the increase in this peak intensity with increasing
oil concentration is an indication that there were interactions between the phenolic compounds present
in the essential oil and the hydroxyl and amine groups of chitosan [42]. The appearance of this new
peak as well as the displacement of peaks at different wavelengths (as observed between 860–880 cm−1

or 1250–1300 cm−1, for example) with the incorporation of GEO are indicative that new covalent bonds
between the chitosan and active compounds from GEO or MMT occurred [43]. These results corroborate
the observations obtained in the analyses of XRD and SEM as well as the modifications in the functional
properties of the films produced.

 

Figure 2. ATR-FTIR spectra of chitosan (Ch)-based films (A) incorporated with: (B) MMT; (C) MMT +
0.5% GEO; (D) MMT + 1% GEO; and (E) MMT + 2% GEO.

3.3. Morphological Characterization

Scanning electron microscopy images in Figure 3 correspond to the surface (Figure 3A,C,E,G) and
cross-section (Figure 3B,D,F,G) of chitosan films and those containing MMT, 2% GEO, or 2% GEO +MMT.

The surface of the film showed high uniformity (Figure 3). However, the addition of GEO (2%)
caused a certain discontinuity in the topography of the films (Figure 3E), which was more evident
when MMT was also incorporated (Figure 3G). This less homogeneous surface (greater irregularity/less
smooth) may have been the result of the presence of droplets under the surface of the film (internal
aggregates) that changed the topography of the film.
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Figure 3. Scanning electron microscopy micrographs of surface and cross-section, respectively: chitosan
film (A and B), chitosan film +MMT (C and D), chitosan film + 2% GEO (E and F), and chitosan film +
MMT + 2% GEO (G and H).

The cross-sections of the pristine chitosan film (Figure 3B) and chitosan +MMT (Figure 3D) show
high homogeneity of the polymer structure was obtained. The incorporation of MMT seems to have
contributed to make the network even more compact, being an indicative of achievement of high
interaction between chitosan and the nanoclay, which corroborates the XRD results. The incorporation
of 2% of GEO resulted in an internal structure with a “spongy like” pattern (Figure 3F), probably due to
the presence of internal oil droplets that also increases the surface coarseness [44]. When both oil and
MMT were incorporated (Figure 3H), there was a complete change in the network structure (with an
increase in the internal spacing), however with indications of greater interaction than in the film only
incorporated with GEO.

Figure 3F,H shows the cross section of chitosan + 2% GEO and chitosan + 2% GEO + MMT,
respectively; they are in the same amplification used for the images of pristine chitosan film (Figure 3B)
and chitosan +MMT (Figure 3D); however, it is noticeable that the formers have wider cross sections
(larger images). This observation is related to the increase in the thickness resulting from the
incorporation of the essential oil, which corroborates the results discussed in Section 3.5.
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3.4. Thermal Properties

The glass transition temperatures as well as the mass losses with their respective maximum
degradation temperatures were determined by the DSC and TGA assays, respectively.

The Tg of the films did not statistically change with the incorporation of MMT nor GEO (p > 0.05)
(Table 1), with an average value of 199 ± 14 ◦C. However, there was a tendency for Tg to decrease
with the incorporation of GEO and MMT, which is an indication of a greater relaxation of the
polymer chains, probably due to the plasticizing effect of the essential oil [45]. Similar results were
found for chitosan films incorporated with sodium montmorillonite and rosemary essential oil [16].
Moreover, this tendency also corroborates the mechanical results discussed in Section 3.5.

Thermogravimetric analysis is a technique where the mass of a substance is monitored as a function
of temperature increase under controlled conditions of temperature and atmosphere (usually under an
inert gas flow such as nitrogen) [46]. The thermal degradation temperatures (Td), mass losses (% ΔM)
and the sample residues (%) are shown in Table 1.

Regarding the thermal degradation process, two different behaviors were observed, namely: for
the films without incorporation of GEO, three thermal degradation events were registered, whereas for
biopolymers incorporated with GEO, four stages were found. Similar behavior was observed in
chitosan films incorporated with Satureja hortensis essential oil [14].

The first thermal event occurred in average temperatures between 59.6 ◦C and 70.9 ◦C with mass
losses between 4.1% and 6.5%. The mass loss in this first stage is related to the evaporation of the water and
residual acetic acid present in the polymer matrix. The lower mass loss observed for the films incorporated
with GEO was probably due to the lower water content resulting from the incorporation of the hydrophobic
compounds present in the essential oil [47]. The second thermal degradation stage (135.5 ◦C–183.4 ◦C)
corresponded to a loss of mass between 11.1% and 16.6% and is related to the decomposition of low
molecular weight or structurally bonded components to water in the chitosan network [14].

The third, and largest mass loss (19.9%–33%) occurred at temperatures between 283.5 ◦C–290.8 ◦C
and is associated with the degradation of chitosan (the main component of the bionanocomposites),
i.e., it is associated with the dehydration of the saccharide ring, depolymerization, and pyrolytic
decomposition of acetylated or deacetylated chitosan units [14,36]. The incorporation of GEO slightly
increased the thermal stability of the film since the maximum degradation temperature at this stage
was higher in films incorporated with the essential oil. These results are in good agreement with
those observed in chitosan-carboxymethyl cellulose films which were also incorporated with ginger
essential oil [48]. Those authors attributed the increase in thermal stability to the increase in the
organization of the polymer matrix (i.e., to a more homogeneous structure) with the incorporation of
GEO, which resulted in higher temperatures of thermal degradation [48].

The fourth and final stage of degradation occurred between 397.1 ◦C and 409.5 ◦C, and only
for the films incorporated with GEO. This stage is related to the degradation of the thermally stable
compounds present in the GEO, as also observed by Alizadeh et al. (2018) [14].

The incorporation of MMT acted as a thermal barrier, providing lower mass losses, as can be
observed in the final residue of the thermal process. The increase in thermal stability induced by the
addition of clays to polymer composites is commonly observed and is related to the level of dispersion
and the aspect ratio obtained [13]. Exfoliation/intercalation of the clay layers between the polymer
matrix increases the tortuosity of the combustion gases diffusion pathway, favoring the formation
of a protection on the surface of the material (thermal insulation), contributing to the increase in
degradation temperatures [11,13]. This finding is in agreement with a previous study [49].

The thermal decomposition residues of biopolymers at the end of the heating cycle (up to 900 ◦C)
incorporated with GEO were lower compared to the control, whereas the composites with MMT increased
the amount of ash. Similar behaviors were reported in the literature—Alizadeh et al. (2018) [14] observed the
decrease of mineral residue with the incorporation of essential oil in chitosan films, whereas Rimdusit et al.
(2008) [50] reported a slight increase in the amount of ash in the methylcellulose biopolymers incorporated
with montmorillonite and attributed this increase to the inorganic clay characteristic.
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3.5. Thickness and Mechanical Properties

The incorporation of MMT did not statistically change the film thickness (p > 0.05; Table 2).
However, in general, the thickness of the films incorporated with MMT were slightly lower than those
found for the films without nanoreinforcement, and in some cases this difference was statistically
significant (chitosan +MMT + 0.5% GEO or 2% GEO) (p < 0.05). As verified in the XRD assay, the films
incorporated with MMT and GEO showed evidence of obtaining an intercalated (partially exfoliated)
configuration, characterized by the formation of strong bonds between the polymer and the clay due to
penetration of the chitosan chains [51], allowing the formation of a compact structure which minimized
the increase in thickness due to the incorporation of GEO.

On the other hand, the incorporation of GEO resulted in a significant increase in the film thickness;
moreover, a concentration effect was also observed, i.e., the greater the GEO content incorporated, the greater
the thickness of the samples (p < 0.05; Table 2). This behavior can be explained by the higher content of
solids per unit area [52], or due to the interactions between the chitosan and the active compounds present in
the bioactive extracts that may have reduced the alignment of the polymer chains, reducing the compression
of the formed network [47] and consequently increasing the thickness of the films.

Peng and Li (2014) [53] observed an increase in the thickness of chitosan films due to the
incorporation of 1% of three different essential oils. Pure chitosan film had an average thickness
of 77 μm whereas in treatments incorporated with citronella, thyme, or cinnamon essential oils,
the recorded thicknesses were 97, 101, and 99 μm, respectively. That is, an increase of about 30%
compared to the control. In our results, for the same essential oil content, the films showed an increase
in thickness of about 62%. In another study, also with chitosan films incorporated with a mixture of
ginger and cinnamon essential oils (1:1) in different concentrations (0.05%, 0.2%, or 1%), the thickness
of the films produced varied significantly due to the addition of EOs (between 68 and 105 μm) [54].
This variation represents a 54% increase in the thickness with the addition of 1% of the mixture of the
oils used, which is a result close to the 62% found in the present work.

The most common parameters that describe the mechanical properties of edible films are the
maximum tensile strength at break (TS), the elongation at break (%EAB) and the elastic or Young’s
modulus (EM), which are strongly related to the chemical structure of the material. The TS indicates
the film strength, %EAB corresponds to the material’s deformation capacity, while EM evaluates the
film rigidity [44,55]. Improved mechanical properties, structural integrity, and better flexibility are
expected in polymer-based composite materials [56].

The results of the mechanical parameters evaluated (TS, %EAB and EM) are shown in Table 2. In the
films where the natural extract was not incorporated (chitosan and chitosan +MMT) the nanoclay increased
the tensile strength of the biopolymers as well as their plasticity (p < 0.05), without, however, interfering
with the stiffness of the samples (p > 0.05; Table 2). This can be attributed to the uniform dispersion of
MMT in the chitosan matrix (i.e., achievement of an exfoliated or intercalated conformation) and the strong
interaction between the polymer and montmorillonite, as previously discussed.

The incorporation of ginger essential oil resulted in films that were less resistant to traction, more
elastic, and less rigid. Regarding TS, there was a reduction between 0.6% and 31.6% (for films containing
between 0.5% and 2% GEO; Table 2). The incorporation of MMT did not result in difference in the
TS of the films also incorporated with GEO (p > 0.05). The incorporation of lipids into the polymeric
matrix of films induces the formation of heterogeneous and discontinuous structures, which affect the
mechanical resistance of the polymers by the partial replacement of the strong polar chemical bonds
chitosan–chitosan (between the chitosan molecules) by weaker interactions between chitosan–GEO
(active molecules present in GEO) [23].
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Several authors reported a reduction in TS of different biopolymers due to the incorporation of
essential oils into their structure (ginger and cinnamon EOs in sodium caseinate films [57]; oregano EO
in triticale protein films [58]; thyme, rosemary, and oregano EOs in polylactic acid (PLA) films [59],
or essential oils extracted from roots (gingers and saffron) incorporated into gelatin films extracted
from fish skin [47]). This behavior was also observed, however with less intensity in chitosan films
incorporated with REO [16], probably due to the different chemical compositions of the oils [23].

Regarding the elongation at break, the incorporation of GEO resulted in films with increased
extensibility (p < 0.05), probably due to the discontinuity of the polymer matrix due to the weaker
interactions between chitosan molecules and essential oil components, such as discussed above.
The incorporation of MMT, again, did not result in changes in this property (p > 0.05), as the %EAB of
the films with the same concentrations of GEO, incorporated with MMT or not, did not differ from
each other (Table 2).

Therefore, the ginger essential oil probably acted as a plasticizer, as it decreased the strength
of the films while increasing their plasticity (ability to stretch before tearing/breaking). In addition,
this plasticizing effect of EOs in biopolymers is influenced by the contents of the extracts incorporated
in the polymer matrix [47]; as observed in the results (Table 2), greater changes in the mechanical
properties were observed with the higher GEO concentrations incorporated.

Materials with lower tensile strength and higher plasticity (%EAB) are also less rigid, which was
also observed for chitosan films with the incorporation of GEO (statistically reduced the elastic modulus,
p < 0.05; Table 2). Similar behavior was also observed in chitosan films incorporated with cinnamon
essential oil [52] or in PLA films incorporated with different types of essential oils [59].

According to Zeid et. al. (2019) [59], it is difficult to compare results with different types of
materials and additives under different processing conditions; thus, it is crucial to have more available
data regarding these novel materials. Furthermore, the application of other techniques to study the
rheology of the film form dispersion may contribute with valuable information for understanding the
materials’ behavior, as it will influence their final specific application [56].

3.6. Optical Properties

It is important to study the optical properties of food contact material because these may interfere
on consumer acceptance of the food packaged, as the film can affect the general appearance of the
product inside the packaging [53].

Optical properties are shown in Table 3. The incorporation of GEO or MMT decreased the hue
value (i.e., films with a more yellow color) while increasing film opacity and color saturation (i.e., greater
chromaticity, p< 0.05). Similar results were observed in bionanocomposites of chitosan/montmorillonite
incorporated with REO [16], as well as those reported for chitosan films incorporated with cinnamon
EO [52], citronella, or thyme EOs [53].

The chemical bonding of different molecules to the polymer chain also modifies the properties of
the material in terms of light absorption [60], as observed in chitosan films incorporated with natural
extracts rich in phenolic compounds [61]. According to Acevedo-Fani et al. (2015) [44], the oil droplets
present internally in the polymer matrix can increase the light scattering at the interface of the droplets,
resulting in an increase in the opacity values of the material.

Figure 4 depicts the scanning spectra of the percentage of light transmitted through the film between
wavelengths of 190–900 nm. Both the incorporation of GEO and MMT reduced the transparency of the films.
A high barrier to UV light (wavelengths less than 350 nm) is desirable in food packaging materials since these
can be applied to the preservation of oxidative processes [17]. However, in the wavelengths of visible light,
the greater the opacity of the material, the worse is its acceptance by the consumer (who always looks for
transparent films capable of exposing the packaged product) [53]. Thus, the bionanocomposites produced
have this disadvantage from the visual point of view, despite the positive aspect of greater protection of the
packaged food (against light, as a secondary antioxidant material).
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Table 3. Summary of barrier and optical properties of the active bionanocomposite.

Film
WVP (10−11

mol/m·s·Pa)
OP (10−16

mol/m·s·Pa)
Cromaticity Hue * Opacity

Ch 1.40 ± 0.09 C* 0.184 ± 0.052 DE 3.1 ± 0.1 D 129.0 ± 1.0 A 1.1 ± 0.2 C

Ch +MMT 1.75 ± 0.10 BC 0.098 ± 0.008 F 4.2 ± 0.4 C 118.8 ± 1.8 B 1.7 ± 0.3 C

Ch + 0.5% GEO 1.93 ± 0.36 ABC 0.182 ± 0.008 DE 5.8 ± 0.3 B 112.3 ± 0.6 C 2.6 ± 0.1 B

Ch +MMT + 0.5% GEO 1.94 ± 0.27 ABC 0.171 ± 0.001 E 6.8 ± 0.6 B 109.8 ± 1.4 CD 3.1 ± 0.7 B

Ch + 1% GEO 1.95 ± 0.21 ABC 0.255 ± 0.010 BC 7.0 ± 0.8 B 110.2 ± 1.3 CD 4.1 ± 0.1 AB

Ch +MMT + 1% GEO 2.12 ± 0.08 AB 0.246 ± 0.013 CD 8.0 ± 0.2 AB 107.9 ± 0.1 DE 5.0 ± 0.2 AB

Ch + 2% GEO 1.94 ± 0.10 ABC 0.325 ± 0.037 A 9.6 ± 1.9 A 107.1 ± 1.8 DE 4.2 ± 1.4 AB

Ch +MMT+ 2% GEO 2.41 ± 0.16 A 0.285 ± 0.015 AB 9.7 ± 1.3 A 105.1 ± 0.7 E 6.2 ± 1.8 A

(A–E): values in the same column not sharing upper case superscript letters indicate statistically significant differences
among formulations (p < 0.05). Chitosan (Ch); ginger essential oil (OEG); sodium montmorillonite (MMT); oxygen
permeability (OP); water vapor permeability (WVP).

Figure 4. Film transparency of biopolymers produced. Ch, chitosan; MMT, sodium montmorillonite;
GEO, ginger essential oil.
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3.7. Solubility in Water, Swelling Degree and Contact Angle

The study of the film’s solubility in water, contact angle, and swelling degree with water plays
an important role when developing novel materials for food applications, as it provides insights on
material behavior in contact with aqueous food matrices and understanding of its resistance under this
conditions [16,62].

The water solubility of bionanocomposites was affected by both factors evaluated (the incorporation
of GEO and MMT; Table 2). Without the incorporation of MMT, only the films added with 1% of GEO
presented lower values of solubility in water (p < 0.05) in comparison with the control film, probably
due to phenolic compounds (present in GEO) cross-linking in the chitosan chain [27,63] that reduced
the release of polymer toward the water. Similar results were reported in the literature for biopolymers
incorporated with natural compounds [51,64]. When GEO and MMT were incorporated into the films,
only for samples with higher GEO content showed a significant increase in this parameter (p < 0.05).
In general, MMT when associated with GEO contributed to an increase in the water solubility of the
films, whereas in the films with GEO but without addition of the nanoclay, a tendency was observed
for the decrease in this parameter.

Regarding the films’ ability to absorb water, the incorporation of GEO resulted in a decrease
in the swelling index (p < 0.05). The addition of montmorillonite enhanced even more the effect
of diminishing the films’ water-absorbing capacity. The formation of crosslinks between the active
compounds of GEO and chitosan, as well as the good interaction of sodium montmorillonite with
chitosan (due to the intercalated conformation achieved) and GEO, are responsible for the decrease
in the ability of the films to absorb water. The chemical interactions created in the polymer matrix
block the reactive groups of the chitosan from reacting with the water, thus diminishing its capacity to
absorb it [27,36,39,64].

Analyzing the contact angle of the films without the nanofiller, a tendency to increase film surface
hydrophilicity (reduction of CA) with the incorporation of GEO was observed; however this difference
was only statistically significant for the films with the highest concentration of GEO (2%, p < 0.05;
Table 2). For the films incorporated with both GEO and MMT, a decrease in the contact angle was
also observed; however, in this case, the differences were statistically significant when compared to
chitosan +MMT (p < 0.05), but not within different levels of GEO (p > 0.05). These results indicate the
presence of hydrophilic substances on the surface of the films, probably phenolic compounds of GEO
that enhanced the interaction with the water droplets [65].

3.8. Barrier Properties

It is desirable that packaging materials exhibit good barrier properties (against light, gases, or
water vapor) in order to perform their function as outer physical protection against the external
environment, enabling the shelf life extension of the food products packaged [3,66].

Chitosan, a cationic polysaccharide, is a polymer with strong interactions in the polymer chain,
which often restrict/decrease its movement, resulting in good oxygen barriers [67]. However, hydrogen
bonds with water are also likely to happen, and water absorption occurs (water absorption breaks the
intermolecular interactions between the polymer chains), so under conditions of high relative humidity
the transmission rates increase, and consequently the permeability as well [68].

The film’s water vapor permeability did not vary with the incorporation of MMT or GEO (p > 0.05),
except for the film chitosan + 2% GEO +MMT that presented a lower barrier to water vapor when
compared to chitosan or chitosan +MMT films (p < 0.05); however, this difference was not significant in
relation to the other films also incorporated with GEO or GEO +MMT (p > 0.05; Table 3). Similar results
were reported in a recent study with PLA incorporated with different essential oils at 10% (w/w) [59],
the authors used thyme, rosemary, or oregano EOs to add antioxidant properties to the bio-based films
and did not found statistical differences in the composites’ WPV.

Despite the non-statistical differences in the WPV, a tendency of increase in permeability by the
incorporation of both GEO and MMT was observed (Table 3). However, the effect of the GEO concentration
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on this change was not observed when MMT was not incorporated (WPV of films without MMT but with
different levels of GEO were practically the same, around 1.94 × 10−11 mol /m·s·Pa).

Contrary to what was observed, the incorporation of hydrophobic substances (such as oils) in the
films should reduce the WPV, since the water vapor transfer process depends on the ratio between
hydrophilic/hydrophobic constituents [69]. However, similar results were found by Atarés et al.
(2011) [68], who observed an increase in WPV of hydroxymethyl cellulose films incorporated with
GEO when the tests were performed at 35 ◦C, a similar temperature to the one used in our assay.
According to these authors, the physical state in which the essential oil is found is a determinant in
the effects caused in the WPV. For low temperatures, a decrease in permeability occurs, whereas for
higher temperatures, when the oil is in the liquid state, it can favor the molecular mobility of the
polymer chain, promoting the transport of molecules through the emulsified film [68]. Perdones et al.
(2014) [52] attributed the increase in WPV of chitosan films incorporated with cinnamon essential oil to
the possible interactions between the EO and chitosan components that made the polymer matrix more
open to the transport of water molecules, and, at the same time, they plasticize the film. These results
corroborate with the present WPV observed for the bionacomposites produced.

Regarding oxygen permeability, the incorporation of GEO reduced this gas barrier (Table 3). Similar
results were observed when rosemary essential oil was incorporated in chitosan/montmorillonite
composites [16]. It is possible that GEO acted as a plasticizer to the chitosan films, as it increased
the elongation capacity of the material (%EAB, as previously discussed), thus increasing both the
permeability to oxygen and to water vapor. The plasticizers act as an internal lubricant, reducing the
frictional forces between the polymer chains, and increasing the intermolecular space, thus allowing a
greater mobility of the polymer chains and consequently facilitating the transport of gases [52,70].

A similar behavior was observed in chitosan films incorporated with cinnamon essential oil [52],
and in films of hydroxypropylmethyl cellulose incorporated with GEO [68]. The liquid state of the
essential oils as well as their hydrophobic character facilitate the transport of the oxygen through the
film due to the increase of its solubility in the polymer matrix [68]. Montmorillonite helped to reduce
the negative effect of incorporating GEO into the oxygen barrier. However, compared with commercial
EVOH film, which is considered to be one of the best oxygen barrier packages, films incorporated with
GEO exhibit OP in the same order of magnitude as EVOH (0.24 × 10−16 mol/m·s·Pa) [71], demonstrating
the potential of these films to protect against exposure to oxygen, and consequently to oxidative
processes catalyzed by this gas. These results are in line with the results obtained from fresh poultry in
an in situ study [28], in which samples wrapped with these bionanocomposites maintained their color
and pH values and the thiobarbituric acid reactive substance index (TBARS) increased at a lower rate,
helping to extend poultry meat shelf-life.

4. Conclusions

Homogeneous, transparent, yellowish, thin bionanocomposite films were successfully produced
by casting. Furthermore, the homogenization process used to produce the films has proven to be
adequate in achieving a good exfoliation of the MMT into the polymer chains. The good interaction
between the composite’s components (chitosan, MMT, and GEO constitutes) was demonstrated
by the microscopy images, XRD, and FTIR results. The incorporation of GEO resulted in some
irregularities on the film surface and changed the internal structure into a more “sponge like” shape.
Overall, the incorporation of GEO resulted in films less resistant and more plastic, with lower barrier
properties. However, the incorporation of MMT counterbalanced this effect. Thus, this work also shows
that the incorporation of EOs into food packaging polymeric matrices is an interesting approach, as it
reduces the EO amount necessary for preserving the foodstuff, therefore reducing costs and overcoming
the aroma problem generally related to the directly incorporation of EOs into food. These novel
bionanocomposites, therefore, have potential to be used as active packaging to preserve food products,
but their application should also take into consideration their physical properties.
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Abstract: Starch–gellan (80:20) coating formulations were applied to apples and persimmons to
analyse their effectiveness controlling the weight loss, respiration rate, fruit firmness, and fungal
decay during postharvest. Thyme essential oil (EO) was incorporated (0.25 and 0.5 g per g of polymer)
directly or encapsulated in lecithin to enhance antifungal action. Coatings did not reduce weight loss
or firmness changes in apples, but they prevented water loss in persimmons. In contrast, no significant
effect of the coatings was observed on the respiration rates and the respiration quotient of persimmons,
whereas the respiration rates and quotient was increased in apples. On the other hand, the coatings
without lecithin reduced the incidence and severity of black spot caused by Alternaria alternata in
persimmons, regardless of the content of essential oil. Likewise, these reduced the severity of gray
mold caused by Botrytis cinerea in apples. No positive effect of lecithin in coatings was observed on
the postharvest quality and decay in either apples or persimmons, nor did EO exert antifungal action
despite its proven effectiveness in in vitro tests.

Keywords: cassava starch; gellan; thyme essential oil; antifungal edible coatings; postharvest; fruit

1. Introduction

Postharvest diseases are one of the major factors that affect the quality of horticultural fresh
products during storage. Since fruit and vegetables are living organisms, their shelf life is greatly
affected by temperature, relative humidity (RH), composition of the atmosphere during and after
harvest, and the type and degree of infection by microorganisms or attack by insects [1]. Fruit contains
high levels of sugars and nutrient elements, and the low pH values make them particularly susceptible
to fungal decay. Fruit fungal infection may occur during flowering, fruit growth, harvesting, transport,
packing operations, postharvest storage, or after purchase by the consumer [2]. Moreover, the natural
resistance of fruit and vegetables to disease declines with storage duration and ripeness [3].

Gray mold caused by Botrytis cinerea Pers. is considered one of the most serious and common
postharvest diseases of various fruit, including apples and persimmons [4,5]. The infection may occur
in the field, from bloom to harvest, or after harvest, typically causing nests of decay. In fruit that are
often stored for extended periods such as apples, field infections that remained latent can resume
growth during storage, when the pathogen takes advantage of fruit maturity and environmental
conditions and the disease develops (low temperatures and high humidity). In this sense, B. cinerea is
very well adapted to low temperatures, and it is even able to grow at 0 ◦C [6]. Infection starts with
a darker circular area where the fruit tissues are softer than the other fruit parts, and subsequent
abundant sporification, whose colour ranges from white to gray, can develop from the site of infection
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in conditions of ambient temperature and high humidity [7]. Alternaria alternata (Fr.) Keissl. is the
causal agent of postharvest black spot in persimmons (Diospyros kaki Thunb.) [8], and is generally
considered a weak and opportunistic pathogen that gains entry into the fruit via wounds or natural
openings, and remains quiescent until the fruit ripens [9]. A. alternata and Penicillium spp. were found
to be the main causal agents of latent and wound infections in persimmons in Spain [5].

After harvest, fresh produce also suffer physiological and biochemical changes that cause
detrimental changes in quality and shelf life. Respiration, transpiration, and ethylene production are
the main factors contributing to the deterioration of fruits and vegetables [10]. Ethylene is a hormone
produced by climacteric fruits, or when fruit undergoes stress, and is partially responsible for changes
in the flavour, colour, and texture of fruits and vegetables. In addition, fresh fruits and vegetables
lose water during storage due to respiratory and transpiration processes [11]. Water stress also causes
metabolic alterations and changes in enzyme activation, causing accelerated senescence, a decline in
nutritional value, and increased susceptibility to chilling injury and pathogen invasion. Respiration
consists of the oxidative breakdown of organic reserves to simpler molecules, including carbon dioxide
(CO2) and water, with the release of energy [12]. All these biological factors, such as respiration,
ethylene production, and resistance to water diffusion depend on the fruit commodity and cultivar,
physiological stage at harvest, and storage conditions, which are also related to the composition of the
surface waxes. Thus, for example, Morice and Shorland [13] reported that hydrocarbons, alcohols,
fatty acids, ursolic acid, and α-farnesene are the main components in natural apple surface waxes,
and the amount and composition of these components changed during storage depending on the
apple cultivar.

In the last decade, considerable research has been carried out into the development of edible
coatings aiming to control the physiological activity of fruit. These coatings can modify the internal
gas composition and reduce the water loss through the regulation of oxygen (O2), CO2, and water
vapour exchange between the fruit and the surrounding atmosphere. However, a certain degree of O2

and CO2 permeability is necessary to avoid anaerobic respiration, which induces ethanol production,
off-flavour formation, and the loss of produce quality [10]. An additional advantage of edible coatings
is the possibility of incorporating food-grade ingredients, such as antimicrobial agents, antioxidants,
flavours, colour pigments, and vitamins into the basic formulation with the aim of improving their
functional properties.

Traditionally, the postharvest disease control of fresh fruits and vegetables involves the use of
synthetic chemical fungicides in those products for which their use is legislated. However, new
restrictive regulations regarding fungicide residues, the reduction of the legal acceptability limits of
specific fungicides, the emergence of fungicide-resistant strains of the pathogens, and an increasing
public concern towards these compounds have led to a global increase in the need to seek safer
postharvest alternatives to control the decay of fruits and vegetables [14]. Some of these include
antimicrobial antagonists (bacteria, yeast, and fungi) that perform as biocontrol agents, synthetic
and natural antimicrobials classified as food-grade additives, or generally recognized as safe (GRAS)
compounds, such as organic and inorganic acids and their salts, chitosan, essential oils (EOs),
or other plant extracts and different physical methods. Among the natural compounds, EOs and
their components have been reported to suppress fungal growth, both in in vitro and in vivo studies.
Thus, for example, tea tree, palmarosa and star anise EO vapours completely inhibited the in vitro
germination of the apple pathogen Penicillium expansum L. [15]; Melissa officinalis EO was effective
against B. cinerea, P. expansum, and Rhizopus stolonifer (Ehrenb.) Vuill. in in vitro studies [16]. Pulicaria
mauritanica EO was effective against Alternaria sp., P. expansum, and R. stolonifer [17]. In in vivo
studies, the addition of lemon EO enhanced the antifungal activity of chitosan against B. cinerea in
strawberries [18]; garlic extracts and clove EO treatments reduced the postharvest decay caused by
B. cinerea and P. expansum when applied directly to apples [19]; and a chitosan–oregano EO emulsion
exhibited an inhibitory effect on pomegranate fruit inoculated with Botrytis sp., but caused some
phytotoxicity [20]. Usually, the antibacterial effect of EOs relies on their high content of terpenes
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and terpenoids and also on the content of other aromatic and aliphatic constituents, all of which are
characterized by low molecular weight [21].

However, in spite of the great potential of EOs, the main limitation to their application for
decay control is the possible induction of a strong odour or flavour in fruit, phytotoxicity risks,
and technological issues associated with commercial-scale fumigations or liquid applications [22].
The addition of EOs to edible coatings based on polymeric matrices could render them more effective
at prolonging the postharvest life of horticultural produce, slowing down the diffusion rate of the
antimicrobial agent and maintaining a higher concentration of the active compound on the fruit surface
for a longer period, while preventing phytotoxicity by avoiding the direct contact of the EO with
the fruit skin through the encapsulating action of the polymer. Additionally, fruit coatings can delay
or retard the ripening process in climacteric fruit by modifying their internal gas composition and
changing their permeability to O2, CO2, and ethylene production [23]. Among the different EOs, thyme
EO exhibited antifungal action against B. cinerea and A. alternata when included in starch–gellan films in
in vitro studies [24], as well as a complete growth inhibition of B. cinerea as vapour in in vitro tests [25].
Gellan, a microbial gum consisting of repeating tetrasaccharide units of glucose, glucuronic acid,
and rhamnose residues joined in a linear chain, forms starch–gellan composite films with improved
mechanical and barrier properties [24], which could be effective at preserving fruit quality during
postharvest storage when applied as coatings. Furthermore, given the antifungal effect of these films
when these contained thyme essential oil [24], their application as fruit coatings could represent a good
strategy to extend the fruit postharvest life in terms of both quality maintenance and fungal growth
inhibition. Nevertheless, in vivo assays in different fruits must be carried out in order to validate the
beneficial effect of these coatings.

In this study, starch–gellan coatings incorporating thyme (Thymus zygis Loefl. ex L.) EO were
applied to apples and persimmons to evaluate: (1) the postharvest behaviour of coated fruit in terms
of weight loss, respiration rates, and mechanical properties, and (2) the antifungal efficacy of these
coatings applied as a curative treatment against B. cinerea in apple and A. alternata in persimmon.

2. Materials and Methods

2.1. Reagents

To prepare the coating-forming systems (CFS), cassava starch (S) (with 10% amylose content)
(Quimidroga S.A., Barcelona, Spain), low acyl gellan gum (G) (KELCOGEL F, Premium Ingredients,
Murcia, Spain), non-GMO soy lecithin with 45% phosphatidylcholine (L) (Lipoid P45, Lipoid GmbH,
Ludwigshafen, Germany) and thyme (T. zygis) essential oil (Plantis, Artesanía Agrícola SA, Barcelona,
Spain) (EO) were used. The glycerol used as plasticizer was supplied by Panreac Química S.A. (Castellar
de Vallès, Barcelona, Spain) and the polyoxyethylenesorbitan trioleate (Tween 85®) (T) was purchased
from Sigma-Aldrich (Madrid, Spain).

2.2. Preparation of CFS

The formulations were prepared using S and G in a ratio of 8:2, with glycerol as the plasticiser
(0.25 g per g of polymer), on the basis of previous studies [26,27]. Firstly, S was dispersed in distilled
water and kept at 95 ◦C for 30 min to induce complete starch gelatinization. Meanwhile, G solution was
obtained under stirring at 90 ◦C for 60 min. Both solutions were cooled down and afterwards, glycerol
was added. The S and G systems were mixed to obtain the solutions without EO. The thyme EO (0.25 g
per g and 0.5 g per g of polymer), which was used as an antifungal agent, was incorporated, either by
direct emulsification or encapsulated in lecithin liposomes (polymer: lecithin ratio of 1:0.5). In the
first case, the EO was added directly and the dispersions were homogenized for 3 min at 13.500 rpm
using a rotor-stator homogenizer (Ultraturrax Yellow Line DL 25 Basic, IKA, Staufen, Germany). In the
second case, the liposome dispersions were previously prepared and added directly to the initial
polymer blend solution and kept under soft magnetic stirring for 2 h. A formulation was also obtained
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with lecithin liposomes without EO, as a control. To obtain the lecithin dispersions, lecithin (5%, w·w−1)
was dispersed in distilled water and stirred for at least 4 h at 700 rpm. The EO (2.5% and 5% w·w−1) was
added to the lecithin dispersion by using a sonicator (Vibra Cell, Sonics and Materials, Inc., Newtown,
CT, USA) at 20 kHz for 10 min with pulses of 1 s, as described by Valencia-Sullca et al. [28]. Tween 85
was also added to S:G CFS (105 mg·L−1) in order to ensure the complete wettability of the fruit surface,
according to a previous study [29], and tested on apples in a preliminary test. All the solutions were
degassed using a vacuum pump (MZ 2C NT, Vacuubrand GmbH + CO KG, Germany). A total of six
formulations were obtained: starch:gellan (S:G), control with lecithin (S:G-L), formulations with EO,
non-encapsulated (S:G-0.25 and S:G-0.5), and lecithin-encapsulated (S:G-0.25-L and S:G-0.5-L).

2.3. Rheological Behaviour and Contact Angle of the CFS

The rheological behaviour was analysed in triplicate at 25 ◦C by means of a rotational rheometer
(HAAKE Rheostress 1, Thermo Electric Corporation, Karlsruhe, Germany) by using a sensor system
of coaxial cylinders, type Z34DIN Ti. Measurements were taken between 0–100 s−1. The obtained
data was fitted to the Ostwald de Waale power law model (Equation (1)) in order to determine the
consistency (K) and the flow behaviour indices (n):

σ = K·
(
∂u
∂y

)n
(1)

where σ = shear stress (Pa), K = flow consistency index (Pa·sn), ∂u
∂y
= shear rate (s−1), and n = the flow

behaviour index.
The contact angle (θ) was determined by means of a Dynamic Contact Angle measuring device and

Tensiometer (OCA 20, DataPhysics Instruments GmbH, Filderstadt, Germany). For this purpose, thin
sections of the skin of the fruit were cut and placed on a glass plate to proceed with the measurements.
Then, a droplet of each formulation was placed on the horizontal surface with a needle of 1.19 mm
in internal diameter, and the contact angle at the fruit surfaces was measured by the sessile drop
method [30]. Measurements were taken in less than 10 s. Image analyses were carried out using SCA20
software. At least 12 replicates were obtained.

2.4. Quality of Coated Fruit

Apples (Malus domestica Borkh cv. Golden Delicious) and persimmons (Diospyros kaki Thunb. cv.
Rojo Brillante) were purchased from local packinghouses (Valencia, Spain) before any postharvest
treatments were applied. Fruit were chosen according to their uniform shape, size, colour, and the
absence of surface defects; then, they were subsequently cleaned and disinfected by a 4-min immersion
in a 1% sodium hypochlorite solution, thoroughly rinsed with tap water, and air-dried at room
temperature before coating application.

CFS were applied manually, using approximately 1.5 mL/fruit, and spread evenly over the fruit
surface by using latex glove hands, following the method described by Bai et al. [31]. Water was
applied to control fruit to simulate the coating application and its possible effect on the inoculum.
Then, each fruit was inspected to assure complete coverage, and all fruit were stored at 25 ◦C and 65%
RH, for 14 days. Ten fruit were considered in each series (coated and non-coated fruits).

2.4.1. Surface Density of Solids (SDS)

The SDS was determined by weighing the samples with a precision balance (Kern PFB 120-3,
Germany) before and after coating application to obtain the CFS adhered mass. To calculate the total
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adhered solids, the mass fraction of each CFS was considered and the SDS (g·m−2) was estimated
applying Equation (2), according to Marín et al. [32]:

SDS =
(mC −m0)·XsCFS

m0
·ρ· 1

Se
(2)

where mC =mass of the coated apple, m0 =mass of the uncoated apple, XsCFS =mass fraction of the
solids of the CFS (g solids per g of solution), ρ = apple density (g·cm−3). To obtain the specific surface
(Se = 6/d, m2 particles per m3 fruit), the average diameter (d) was calculated considering a spherical
geometry for the fruit.

2.4.2. Weight Loss

The weight loss of the fruit during storage was measured using an analytical balance (ME235P,
Sartorius, Germany) before and after three, seven, and 14 days of storage. The mass loss was referred
to the initial mass of the fruit, and the results were expressed as a relative mass loss rate (day−1), which
was obtained from the slope of the fitted straight line to the relative weight loss versus time data.
Ten fruits were considered for each formulation and for control fruit.

2.4.3. Respiration Rates

Measurements were taken using a closed system, following the method proposed by Castelló
et al. [33], with some modifications. Two apples were placed in hermetic glass jars with a septum in the
lid for sampling headspace gas at different times. Gas sampling was carried out every 30 min for 4 h by
means of a needle connected to a gas analyser (CheckMate 9900 PBI Dansensor, Ringsted, Denmark).
Three replicates per treatment were performed after 7 and 14 days of storage. The respiration rate (Ri)
of the samples in terms of CO2 generation and O2 consumption was determined from the slope of the
fitted linear equation, according to Equation (3). The respiration quotient (RQ) has been determined as
the ratio between CO2 production and the O2 consumption.

yit = yi0 ± 100·Ri·MV ·t (3)

where yit = gas concentration (%O2, %CO2) at time t, yi0 = initial gas concentration, Ri = respiration
rate (mL·kg−1·h−1), M =mass of the samples, V = volume (mL) of headspace, and t = time.

2.4.4. Fruit Firmness

The firmness was measured using a Texture Analyser (Stable Micro Systems, TA.XT plus,
Haslemere, England) fitted with an 11-mm diameter probe, applying a modification of the method
described by Saei et al. [34]. A small skin area was removed from four opposite sides of each fruit
around the equator. The probe penetrated the flesh at 10 mm min−1 and the maximum force (Fmax, N)
required to break the flesh was used as fruit firmness. The distance at maximum force (dmax, mm) was
also taken as another representative parameter of the puncture curve. Ten replicates were used for
each formulation after 14 days of storage. The same procedure was applied to uncoated fruit (control),
both at the beginning and after 14 days of storage.

2.5. In Vivo Antifungal Assays

For the in vivo assays, B. cinerea strain BC03 from the IRTA Culture Collection (Lleida, Catalonia,
Spain) was originally isolated from infected grapes from a vineyard located in Lleida and it was
deposited at the Spanish Type Culture Collection (CECT-20973) at the University of Valencia (Burjassot,
Valencia, Spain). A. alternata strain QAV-6 had been isolated from decayed persimmon fruit and
maintained in the IVIA CTP Culture Collection of postharvest pathogens (Moncada, Valencia, Spain).
These fungal strains were cultured on potato dextrose agar (PDA; Scharlab, Barcelona, Catalonia,
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Spain) petri dishes at 25 ◦C in the dark and used after 7 to 14 days of active growth. Conidia were
scraped from the cultures using a sterile loop and subsequently filtered and transferred to test tubes
with sterile distilled water and 0.01% Tween 85. The suspensions were adjusted at 1 × 104 conidia mL−1

for B. cinerea and 5 × 105 conidia mL−1 for A. alternata, which were selected according to previous
experience with these postharvest pathosystems [5,19]. The concentration of conidial suspensions was
determined using a haemocytometer.

Fruit were wounded (approximately 1.6 mm in diameter and 2 mm deep) using the tip of
a stainless-steel rod once in the fruit equator in the case of apples, and twice in the equator on the
same side of the fruit in the case of persimmons (wounds located midway between the calyx and
the stem end and 5–6 cm apart). Each wound was inoculated using a micropipette with 20 μL of
the correspondent spore suspension 24 h before the application of the coatings (assessment of the
coatings’ curative activity). As previously described, coatings were applied manually at approximately
1.5 mL per fruit. Air surface drying was allowed at room temperature, and fruit were subsequently
placed in perforated plastic trays avoiding direct contact between fruit and incubated at 20 ◦C and 85 ±
5% RH. Twenty fruit—four replications of five fruit each—were used per treatment. Control fruit were
inoculated and treated with water using the same procedure as that for coating application. Lesion
diameters (disease severity, mm) were measured after 7 and 12 days of incubation. Disease incidence
(%) was expressed as the percentage of infected wounds out of the total number of inoculated wounds
per replicate and treatment [6].

2.6. Statistical Analysis

The statistical analyses of the results were performed through an analysis of variance (ANOVA)
using Statgraphics Centurion XVI.II (StatPoint Technologies Inc., Warrenton, VA, USA). Fisher’s least
significant difference (LSD) test was used at the 95% confidence level to determine specific differences
between means. Multifactor ANOVA was also used to analyse the effect of the different factors (storage
time and type of coating).

3. Results and Discussion

3.1. CFS Properties

The viscosity and contact angle of the different CFS on apple and persimmon skin were analysed
since these parameters can affect the coating retention/adhesion on the fruit surface after the coating
treatment through their influence on the CFS gravitational drainage before drying and liquid
spreadability, all of which affect the coating thickness and homogeneity. The flow curves of the
CFS were fitted to the power law model and the rheological parameters (consistency index: K and
flow index: n), including the apparent viscosity (η) at 100 s−1, are shown in Table 1. Pseudoplastic
behaviour, with similar values of n—lower than 1—was observed in all the cases. Apparent viscosities
ranged between 25–42 mPa·s, depending on the CFS composition. Directly-emulsified EO caused an
increase in the apparent viscosity of the CFS according to the EO ratio, while lecithin-encapsulated
EO reduced the viscosity of the formulations, which is probably due to the smaller droplet size in the
encapsulated system [28]. Thus, the S:G-0.5 sample was the most viscous formulation and showed the
highest consistency index.

The contact angles of the different CFS on apple and persimmon skin are also shown in Table 1.
Values lower than 90◦ indicate surface wettability, and therefore greater extensibility of the coating
on the fruit surface. For a given CFS, the contact angles on the persimmon skin were lower than on
the apple skin, which indicates a better wettability of persimmon with these types of formulations.
The values depended on the coating composition, with the highest contact angle corresponding to the
S:G formulation in apples. This could imply problems for the extension of this coating on the apple
surface. A previous study [29] reported that 105 mg·L−1 of Tween 85 must be added to ensure the S:G
coating spreadability on the apple surface, whereas no surfactant was necessary to enhance the CFS
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spreadability when these contained emulsified or lecithin-encapsulated EO. Therefore, Tween 85 was
added to the S:G formulation and tested in a preliminary trial with apples, in comparison with the CFS
without Tween 85, in order to analyse the effect of the surfactant on the fruit quality during storage,
as discussed in the next section.

Table 1. Rheological parameters (flow behavior index, n; consistency index, K; apparent viscosity at
100 s−1, η) and contact angle (θ) of the coating forming solution (CFS) on the skin of ‘Golden Delicious’
apple and ‘Rojo Brillante’ persimmon. Mean values and standard deviations.

CFS
Rheological Behavior Contact Angle (θ)

n K (mPa·s) n η at 100 s−1 (mPa·s) Apple Persimmon

S:G 0.854 ± 0.001 d 65.0 ± 0.2 a 33.1 ± 0.1 c 96 ± 2 e 67 ± 3 cd

S:G-L 0.74 ± 0.01 a 114 ± 3 b 35.0 ± 0.1 d 85 ± 3 d 72 ± 2 e

S:G-0.25 0.86 ± 0.01 d 59 ± 9 a 31 ± 3 b 69 ± 3 a 65 ± 3 c

S:G-0.25-L 0.815 ± 0.001 c 59.7 ± 0.5 a 25.5 ± 0.3 a 73 ± 2 b 50 ± 6 a

S:G-0.5 0.766 ± 0.004 b 124 ± 3 c 42.2 ± 0.2 e 77 ± 2 c 68 ± 2 d

S:G-0.5-L 0.809 ± 0.002 c 60 ± 1 a 25.05 ± 0.03 a 74 ± 2 b 55 ± 4 b

Different superscript letters within the same column indicate significant differences among CFS according to Fisher’s
least significant difference (LSD) test (p < 0.05).

3.2. Effect of the Incorporation of Tween 85 into CFS on Apple Quality

The incorporation of Tween 85 into the S:G CFS significantly decreased the contact angle on the
apple surface (from 96 ± 2 to 47 ± 3) and increased the apparent viscosity (from 37.9 ± 0.3 to 187.8 ±
0.1 mPa·s). As expected, both changes affected the retention/adhesion of the CFS on the apple surface,
as shown in the values of SDS on the fruit, which ranged from 2.6 ± 0.8 to 3.4 ± 0.5 g·m−2. Interactions
of Tween 85 with the CFS components and with the fruit surface affected both the viscosity and the
contact angle of the CFS. As described by Marín et al. [32], surfactant molecules form complexes,
with the helical conformation of amylose favouring the chain aggregation and increasing the system
viscosity. Likewise, this complex formation implies that a high amount of surfactant is required to
enhance the spreading of the CFS on the fruit surface, as discussed by Sapper et al. [29]. The increase
in the SDS values for the S:G formulation with Tween 85 can be attributed to the higher solid content
of the formulation, the greater viscosity that limits liquid gravitational drainage, and the lower contact
angle. However, given the amphiphilic nature of the surfactant, its interactions with the natural wax
of the fruit cuticle could also modify the overall barrier properties of the wax-coating assembly on
the fruit surface. As is known, cuticular waxes are the primary components of the cuticle that are
responsible for its permeability and wettability. These waxes are embedded in the cutin and form
a continuous layer on the top of the cutin [35]. It has been reported that the cuticular wax content in
apple fruit increases during fruit development and storage [36].

Table 2 shows the relative weight loss rate, respiration rate, and puncture parameters of apples
after 7 days of storage at 25 ◦C for samples coated with the S:G formulation containing Tween 85 or
not, in comparison with the uncoated control sample. Little differences in the relative weight loss
rate were observed between the uncoated control sample and the one coated with the surfactant-free
formulation. However, a significantly higher weight loss rate was observed for those coated with the
formulation containing Tween 85. The coatings reduced the O2 consumption rate of the fruit, which
can be attributed to the low O2 permeability of these films [24], but this reduction was particularly
significant for the coating containing Tween 85. The CO2 production rate was not significantly affected
by the S:G coating compared to the control sample, but the coating containing Tween 85 significantly
reduced this rate. As a consequence, the respiratory quotient was higher than 1 for both coated samples,
indicating the creation of a modified atmosphere in the fruit and a shift towards anaerobic respiration
pathways. The incorporation of Tween 85 resulted in a general decrease in the gas transfer rate and an
increase in water transfer rate. As discussed above, the interactions of Tween 85 with the cuticular
waxes, as well as its effect on the decrease in the cohesion forces of the S:G matrix (limiting of chain
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packing), could explain the changes observed in the gas and water vapour barrier properties of the
coating and their effect on the fruit. These changes also had an effect on the fruit texture, as shown
in Table 2. Although all the samples exhibited similar fruit firmness as deduced from the lack of
significant differences among treatments regarding the maximum puncture force, there were significant
differences in the maximum penetration distance (dmax) at the tissue rupture. Fruits coated with the
S:G formulation containing Tween 85 had significantly higher dmax values, which reflect changes in
the tissue texture. This fact can be related to the greater loss of water, and therefore, cellular turgidity,
which is associated with a more marked superficial dehydration of the fruit with this coating. This
factor is considered one of the main causes of texture changes in fruit [37]. After 7 days of storage,
all the samples had higher dmax than the fruit at the initial time, with those coated with the CFS
containing Tween 85 being significantly more deformable. Therefore, the use of Tween in the S:G
formulation to improve its wettability on the apple surface was discarded on the basis of the negative
effects on the fruit weight loss and texture.

Table 2. Effect of the incorporation of Tween 85 into the cassava starch:low acyl gellan gum (S:G) coating
formulation on the postharvest behavior and quality of coated ‘Golden Delicious’ apples: relative
weight loss rate (day−1), respiration rates (consumption of O2 and production of CO2, mL·kg−1·h−1),
respiration quotient (RQ), and values of the maximum puncture force (Fmax, N) and penetration
distance (dmax, mm) after 7 days of storage at 25 ◦C. Uncoated samples were used for values at harvest
and the control after 7 days of storage.

Control Control S:G S:G-Tween 85

Initial Time 7 days

Weight loss rate – 0.36 ± 0.02 a 0.36 ± 0.01 a 0.66 ± 0.06 b

Fmax 43 ± 7 46 ± 6 a 49 ± 8 a 46 ± 4 a

dmax 3.0 ± 0.3 3.6 ± 0.4 a 3.9 ± 0.5 a 4.6 ± 0.7 b

R O2 12.94 ± 0.05 12.9 ± 1.3 b 11.4 ± 0.8 b 7.77 ± 0.02 a

R CO2 13.9 ± 0.6 15.2 ± 0.7 b 18 ± 1 c 11.0 ± 0.2 a

RQ 1.07 ± 0.05 1.18 ± 0.07 a 1.58 ± 0.03 c 1.41 ± 0.03 b

Different superscript letters within the same row indicate significant differences among CFS according to Fisher’s
LSD test (p < 0.05).

3.3. Effect of CFS on Postharvest Behaviour and Quality of Apples and Persimmons

Table 3 shows the initial values of respiration rates and puncture parameters of apples and
persimmons, and Table 4 shows the same parameters, together with the values of SDS, for coated
and uncoated ‘Golden Delicious’ apples and ‘Rojo Brillante’ persimmons after storage at 25 ◦C. SDS
values are indicators of the coating thickness on the fruit; the higher the SDS, the thicker the coating.
The SDS value depends on the amount of CFS that adhered to the surface of the fruit and the total
solid content of the formulation. The former, in turn, is affected by the wetting/spreading capacity and
the viscosity of the coating formulations. In general, the SDS values were higher in apples than in
persimmons, which could be related to differences in both the surface tension of the skin [29] and in
the skin morphology of the fruit. Thus, persimmons are characterized by a smooth skin, where the
lack of small superficial pores could limit the capillary retention of the liquid fraction. Similarly, the
CFS composition slightly affected the SDS differently depending on the fruit. In apples, the presence of
lecithin in the formulation significantly reduced the SDS, whereas smaller differences associated with
the CFS composition were observed in persimmons, and these were seemingly more closely related to
the solid content of the CFS (incorporation of EO and/or lecithin to the formulations).
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Table 3. Respiration rates (consumption of O2 and production of CO2, mL·kg−1·h−1), respiration
quotient (RQ), and maximum puncture force (Fmax, N) and penetration distance (dmax, mm) of
uncoated ‘Golden Delicious’ apples and ‘Rojo Brillante’ persimmons at initial time. Mean values and
standard deviations.

R O2 R CO2 RQ Fmax dmax

Apple 13.7 ± 1.5 12.2 ± 0.2 0.9 ± 0.1 29 ± 2 2.2 ± 0.1
Persimmon 5.7 ± 1.1 5.4 ± 0.9 0.94 ± 0.02 21.1 ± 0.5 2.5 ± 0.3

Table 4. Surface density of solids (SDS, g·m−2), weight loss rate (day−1), respiration rates (consumption
of O2 and production of CO2, mL·kg−1·h−1), respiration quotient (RQ), maximum puncture force (Fmax,
N), and penetration distance (dmax, mm) of coated and uncoated ‘Golden Delicious’ apples and ‘Rojo
Brillante’ persimmons for 7 or 14 days of storage at 25 ◦C.

Control S:G S:G-L S:G-0.25 S:G-0.25-L S:G-0.5 S:G-0.5-L

Apple

SSD – 1.3 ± 0.3 c 0.8 ± 0.1 a 1.4 ± 0.3 c 1.1 ± 0.1 b 1.5 ± 0.2 c 1.0 ± 0.1 b

Weight loss rate
(14 d) 0.23 ± 0.03 a 0.21 ± 0.03 a 0.20 ± 0.05 a 0.21 ± 0.03 a 0.20 ± 0.03 a 0.20 ± 0.03 a 0.22 ± 0.03 a

R O2 (7 d) 6.0 ± 1.4 ab 6.0 ± 1.5 ab 6.5 ± 1.6 ab 6.6 ± 0.8 ab 6.5 ± 1.0 ab 7.6 ± 0.6 b 5.1 ± 0.9 a

R CO2 (7 d) 6.5 ± 1.2 a 7.8 ± 0.8 ab 8.4 ± 2.0 ab 8.8 ± 0.1 ab 8.3 ± 0.7 ab 9.7 ± 1.0 b 6.8 ± 0.9 a

RQ (7 d) 1.1 ± 0.1 a 1.3 ± 0.1 b 1.29 ± 0.04 b 1.4 ± 0.1 b 1.3 ± 0.1 b 1.3 ± 0.1 b 1.3 ± 0.1 b

R O2 (14 d) 5.3 ± 0.8 a 8.4 ± 1.1 d 7.3 ± 0.5 cd 7.0 ± 0.1 bcd 5.9 ± 0.8 ab 6.5 ± 0.9 abc 5.6 ± 0.9 ab

R CO2 (14 d) 6.2 ± 1.3 a 10.4 ± 1.1 d 9.0 ± 0.9 cd 8.1 ± 0.2 bc 7.2 ± 0.6 ab 7.9 ± 0.6 bc 7.2 ± 0.6 ab

RQ (14 d) 1.2 ± 0.1 a 1.2 ± 0.1 a 1.23 ± 0.05 a 1.2 ± 0.1 a 1.2 ± 0.1 a 1.2 ± 0.1 a 1.3 ± 0.1 a

Fmax (14 d) 27 ± 2 ab 31 ± 3 c 30 ± 4 bc 29 ± 3 abc 30.4 ± 1.5 bc 32 ± 2 c 26.1 ± 1.2 a

dmax (14 d) 3 ± 1 a 3 ± 1 a 3 ± 1 a 3 ± 0 a 3 ± 1 a 3 ± 1 a 3.4 ± 0.5 a

Persimmon

SSD – 0.5 ± 0.1 a 0.7 ± 0.1 ab 0.7 ± 0.2 b 0.8 ± 0.1 bc 0.9 ± 0.1 c 0.7 ± 0.2 b

Weight loss rate
(14 d) 0.7 ± 0.1 b 0.6 ± 0.1 ab 0.6 ± 0.1 ab 0.52 ± 0.03 a 0.56 ± 0.06 ab 0.6 ± 0.1 ab 0.7 ± 0.1 b

R O2 (7 d) 5.2 ± 0.3 a 3.3 ± 1.6 a 3.8 ± 0.6 a 2.9 ± 0.2 a 3.9 ± 2.1 a 3.6 ± 0.3 a 4.1 ± 1.7 a

R CO2 (7 d) 5.6 ± 0.5 a 3.8 ± 1.0 a 4.2 ± 0.9 a 3.4 ± 0.4 a 4.5 ± 2.0 a 4.6 ± 0.7 a 4.8 ± 2.1 a

RQ (7 d) 1.08 ± 0.04 a 1.2 ± 0.3 a 1.11 ± 0.05 a 1.19 ± 0.03 a 1.3 ± 0.3 a 1.3 ± 0.1 a 1.2 ± 0.1 a

R O2 (14 d) 3.7 ± 0.6 a 4.2 ± 1.8 a 3.0 ± 1.1 a 3.3 ± 0.4 a 2.2 ± 0.2 a 2.6 ± 0.6 a 3.5 ± 1.9 a

R CO2 (14 d) 3.9 ± 1.1 a 5.3 ± 2.6 a 4.1 ± 1.0 a 3.9 ± 1.8 a 2.2 ± 0.2 a 2.9 ± 0.4 a 4.2 ± 1.3 a

RQ (14 d) 1.0 ± 0.1 a 1.3 ± 0.1 a 1.4 ± 0.2 a 1.2 ± 0.4 a 1.0 ± 0.0 a 1.1 ± 0.1 a 1.3 ± 0.3 a

Fmax (14 d) 21 ± 4 a 27 ± 3 bc 23 ± 4 ab 27 ± 5 bc 28 ± 6 c 29 ± 6 c 28 ± 6 c

dmax (14 d) 5 ± 1 ab 6 ± 1 bc 5 ± 1a 5 ± 1 a 5.2 ± 0.4 abc 6 ± 1 c 6 ± 1 bc

Different superscript letters within the same row indicate significant differences among CFS according to Fisher’s
LSD test (p < 0.05).

The rate of relative weight loss after 14 days of storage was not significantly affected by coating
application or composition, and ranged between 0.20–0.23 day−1. In persimmons, water loss rates were
higher than in apples and varied depending on the coating formulation. The highest values (0.7 day−1)
were obtained for uncoated samples, and those coated with CFS containing the highest content of
lecithin-encapsulated EO (maximum lipid content in the film) and the lowest value (0.52 day−1) was
obtained for samples coated with the formulation with emulsified EO (without lecithin) at the lowest
ratio (minimum lipid content in the film). No significant differences were found between the other
coating formulations and the control samples. These results indicate that persimmon fruits were more
sensitive to dehydration than apples under these storage conditions, and the coatings with the lowest
ratio of emulsified EO exerted a protective effect. As mentioned above, apples and persimmons are
naturally covered by a continuous wax layer that provides the resistance to water movement across the
cuticle. The differences in the water resistance of the untreated fruits can be attributed to the particular
fruit physiology, skin morphology, and the composition of the natural waxes. The application of
coatings containing hydrophobic compounds should improve the moisture resistance of the fruit,
as an additional layer is deposited over the natural waxes. In the present study, none of the coatings
reduced weight loss in apples, and only the coating that had the lowest amount of EO and no lecithin
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prevented water loss in persimmons. This might indicate a partial removal and/or modification of the
natural waxes that are present on the peel of the fruits, resulting in no reduction in weight loss; so,
further studies should be conducted in order to understand the effect of the EO and lecithin on the
water barrier properties of coated apples and persimmons. Some other studies also reflected no effect
of coatings based on biopolymers and lipids on the weight loss reduction of different fruits, such as
apples [31], plums [38], table grapes [39], or cherry tomatoes [40], compared to uncoated fruits.

Table 4 also shows respiration rates of both fruit at 7 and 14 days of storage. In apples, a multifactor
ANOVA (results not shown) did not reveal a significant effect of the storage time on respiration rates,
although the coatings had a significant influence. In general, coatings tend to increase the O2

consumption and CO2 production rates with respect to the control sample, and only those containing
lecithin-encapsulated EO showed no significant differences with respect to the control sample. The
alterations in the respiration pathway affected the RQ, which indicates the nature of the substrate used
during the respiration process. Thus, a RQ equal to 1.0 indicates that the metabolic substrates are
carbohydrates, whereas an RQ higher than 1 indicates that the substrates are organic acids [41]. The
multifactor ANOVA in RQ reveals a significant effect of storage time and coating formulation. RQ
slightly increased at 14 days, and was higher in all the coated samples. This indicates that the metabolic
substrates are shifting from carbohydrates to organic acids [41] more quickly in coated samples.

In contrast, coatings were observed to have no significant effect on the respiration rates of
persimmons, which exhibited lower respiration rates than apples, with a respiration quotient of
nearly 1. Climacteric fruit, such as apples, exhibit a peak of respiration and ethylene (C2H4) production
associated with senescence or ripening [12], which could explain the observed differences.

The texture changes in fruits depend on both cell wall degradation and the loss of tissue
turgidity [42]. Table 4 shows the values of the Fmax and dmax for the different coated and uncoated
fruits after 14 days of storage. No significant changes in the maximum puncture force (failure point)
were observed for either uncoated or coated apples after storage with respect to the initial values
before storage (Tables 3 and 4). However, although no significant differences were observed in terms
of the maximum penetration distance between coated and control apples at the end of the storage,
the values were slightly higher than before storage, which can be associated with a loss of cellular
turgidity due to the superficial dehydration of the apples. The limited water vapor barrier capacity of
these films [24] and their relative lack of thickness on the fruit mean that these are scarcely effective at
controlling moisture transfer in apples.

In the case of persimmons, the coatings had a significant effect (p < 0.05), maintaining the firmness
of the fruit. On the other hand, although there were no notable differences in terms of the maximum
penetration distance at the failure point (5–6 mm) between coated and uncoated samples at the end of
the storage, the values were significantly higher than the initial value (2.5 mm) before storage. This
indicates changes in the texture of the tissue over time, which can be related to the progress in maturity
and water loss. The Fmax values increased from 21.1 up to 31 N, which could be attributed to the
greater deformability of the tissue allowing for deeper penetration without failure, thus accumulating
more compressive and shear resistance [43]. The smallest changes occurred in the sample coated with
CFS containing lecithin without EO.

The above results show that coatings have a different effect depending on whether the fruit is
an apple or persimmon, which can be attributed to the different physiological patterns of the fruits
and the specific interactions with the coatings. Although respiration patterns were slightly modified
by coatings on apples with no effect on water loss, coatings exerted a better control of water loss in
persimmon; however, these did not maintain the firmness mainly due to the progress of fruit ripening.

3.4. Fungal Decay

Table 5 shows the development of fungal decay on artificially inoculated ‘Golden Delicious’ apples
and ‘Rojo Brillante’ persimmons. The applications of starch–gellan coatings did not significantly reduce
the disease incidence on apples inoculated with B. cinerea, as compared to non-coated ones (control)
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after 7 or 12 days of storage at 20 ◦C. No effect of the addition of EO was observed, despite what had
been observed in a prior in vitro study, where starch–gellan films with thyme EO exhibited a marked
antifungal effect [24]. Nevertheless, all the coatings, regardless of their composition, significantly
reduced the severity of gray mold with respect to the control samples (20–30% reduction), with no
particular observed effect of the antifungal EO.

Table 5. Mean values and standard deviations of disease incidence and severity of gray mold on
‘Golden Delicious’ apples artificially inoculated with Botrytis cinerea and black spot on ‘Rojo Brillante’
persimmons artificially inoculated with Alternaria alternata. Fruit were coated 24 h after fungal
inoculation and incubated at 20 ◦C and 85% RH for 7 and 12 days. Mean values of the reduction in
disease incidence and severity are also shown.

Disease Incidence (%)
Reduction of
Incidence (%)

Disease Severity (mm)
Reduction of
Severity (%)

7 Days 12 Days 7 Days 12 Days 7 Days 12 Days 7 Days 12 Days

Apple gray mold

Control 100 ± 0 a 100 ± 0 a – – 70 ± 5 b 100 ± 5 b – –
S:G 75 ± 25 a 83 ± 14 a 25 17 44 ± 5 a 74 ± 13 a 32 26

S:G-L 92 ± 14 a 92 ± 14 a 8 8 47 ± 11 a 73 ± 21 a 27 27
S:G-0.25 75 ± 25 a 83 ± 14 a 25 17 53 ± 8 ab 76 ± 15 a 19 24

S:G-0.25-L 75 ± 25 a 75 ± 25 a 25 25 44 ± 11 a 64 ± 17 a 33 36
S:G-0.5 92 ± 14 a 92 ± 14 a 8 8 45 ± 10 a 81 ± 7 ab 32 19

S:G-0.5-L 100 ± 0 a 100 ± 0 a 0 0 47 ± 1 a 69 ± 10 a 29 31

Persimmon black spot

Control 68 ± 3 b 73 ± 5 bc – – 10.6 ± 0.8 a 21.9 ± 1.9 b – –
S:G 38 ± 9 a 45 ± 12 a 44 39 9.3 ± 1.5 a 15.0 ± 3.0 a 12 32.9

S:G-L 70 ± 10 b 78 ± 7 bc 0 0 9.7 ± 1.2 a 17.0 ± 3.0 a 9 20.8
S:G-0.25 42 ± 7 a 57 ± 10 ab 39 23 10.8 ± 1.1 a 15.5 ± 1.4 a 0 29.4

S:G-0.25-L 58 ± 8 ab 72 ± 6 bc 14 2 12.7 ± 0.6 a 18.8 ± 1.9 ab 0 14.2
S:G-0.5 42 ± 7 a 53 ± 7 ab 39 27 11.4 ± 0.3 a 20.2 ± 0.5 ab 0 8

S:G-0.5-L 72 ± 7 b 82 ± 8 c 0 0 10.4 ± 0.8 a 17.6 ± 0.6 a 2 20

For each disease, different superscript letters within the same column indicate significant differences among CFS
according to Fisher’s LSD test (p < 0.05).

Starch–gellan coatings were more effective at reducing the incidence of black spot caused by
A. alternata on persimmons (up to 40% reduction), although coatings containing lecithin were not
effective, and the presence of EO was not observed to have any significant effect. Disease severity was
not significantly reduced in coated persimmons. A multifactorial analysis (factors: the presence of
lecithin and EO concentration) revealed two things: there was no significant influence of the EO, and
the lecithin had a negative effect on the reduction of disease incidence and severity in infected fruit.

In general, applying a coating had a positive antifungal effect both on apples (a significant
reduction in the severity of gray mold) and persimmons (a significant reduction in the incidence
of black spot), but this antifungal effect was milder than that observed in in vitro work with EO
incorporated into the same type of films. Similar behavior has recently been reported by da Rocha Neto
et al. [15] for apples. They observed a complete inhibition of the in vitro germination of P. expansum by
using melaleuca, palmarosa, and star anise EOs in vapor phase, but these treatments had only a minor
effect on inoculated apples, regardless of the EO used. As previously reported [22,44], this indicates
that the in vivo effectiveness of EOs cannot be anticipated by their antifungal activity in in vitro tests,
and that interactions between EOs and fungal pathogens are modulated by the fruit host and the
conditions in the infection court, often resulting in reduced disease control ability. An important
difference in the potential effect of EO with respect to in vitro tests could be related with the degree of
coating plasticization, which may affect the release of EO. In in vitro tests, films are directly applied
on the wet culture medium, whereas coatings are applied on the dried fruit surface. This fact could
limit the release of the active compounds from the polymer matrix, hindering their antifungal action.
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Likewise, EO compounds may also affect some physiological changes in the fruit, which could decrease
the fruit’s natural defenses against the fungal attack. The generally negative effect of lecithin could
also be attributed to the lipid interactions with the fruit’s waxy coatings, which could also weaken
the natural resistance to disease, counteracting the induced coating protection. Other surfactant
lipids, such as Tween 85, also seemed to exert a negative effect on the barrier capacity of the natural
wax-coating assembly, as observed in apples. The gas exchange on the fruit surface could also play an
important role in postharvest disease development, which could explain the generally positive effect
of coatings at reducing fungal growth on infected fruit. Therefore, interactions of coatings and their
components with the fruit surface always constitute a distinguishing factor to define the particular
behavior of coated fruit [45], and in the case of coatings formulated with antifungal ingredients, these
interactions can affect the in vivo disease control ability of the coating [46]. The results obtained in the
present study with the addition of thyme EO to starch-based coatings were not anticipated. Numerous
previous studies have shown that the formulation of antifungal films and coatings with EOs either
provided disease control ability or increased that of the coating alone due to an important synergistic
effect against various important postharvest pathogens, including B. cinerea and A. alternata [12,47,48].
However, this is not always the case, and other reports showed no significant benefit gained from
the addition of EOs [49]. It seems that a wide variability in disease control efficacy can be observed,
which is basically due to the numerous factors that can influence the antifungal properties of films and
coatings. The following can be cited among the most important: nature of the composite matrix of
the coating; type and concentration of the antifungal compound(s); species and strain of the target
postharvest pathogen; species, cultivar, and physical and physiological condition of the fruit host; and
postharvest environmental conditions [46]. Therefore, further studies would be required to analyze
the influence of these factors.

4. Conclusions

Starch–gellan coatings containing or not emulsified or lecithin-encapsulated EO had a different
effect on the postharvest parameters (weight loss, respiration rates and firmness changes) when
applied on apples and persimmons, depending on the coating composition and type of fruit. None
of the coating formulations reduced the weight loss in apples, although these prevented water loss
in persimmons. In contrast, although the coating was not observed to have any significant effect on
the respiration rates and respiration quotient of persimmons, the respiration rates and quotient in
apples were promoted. Coatings did not affect the changes in fruit firmness in apples or persimmons;
nevertheless, in the latter, these may be mainly associated with the ripening progress. Regarding
fungal decay, coatings without lecithin reduced the incidence of black spot caused by A. alternata
in persimmons, regardless of the thyme EO content. Likewise, these reduced the severity of gray
mold caused by B. cinerea infection in apple. The addition of EO did not exert an antifungal effect
in the fruit despite its proven antifungal action in previous in vitro tests. Therefore, the particular
characteristics of the fruit and the interactions in the infection site (peel wounds) seriously affected the
in vivo effectiveness of coatings of certain composition. No positive effect of lecithin was observed
on the controlled postharvest parameters affecting fruit quality and physiological behavior in either
apples or persimmons; EO did not exert additional antifungal action and seemed to exert a negative
effect on some other fruit quality attributes. Then, starch–gellan coatings without lecithin or thyme EO
demonstrated the potential to be used in persimmons in order to control weight loss and reduce the
incidence of infections caused by A. alternata.
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Abstract: Carbon nanotubes are proposed for reinforcement of the hydroxyapatite coatings to improve
their adhesion, resistance to mechanical loads, biocompatibility, bioactivity, corrosion resistance,
and antibacterial protection. So far, research has shown that all these properties are highly susceptible
to the composition and microstructure of coatings. The present research is aimed at studies of
multi-wall carbon nanotubes in three different combinations: multi-wall carbon nanotubes layer,
bilayer coating composed of multi-wall carbon nanotubes deposited on nanohydroxyapatite deposit,
and hybrid coating comprised of simultaneously deposited nanohydroxyapatite, multi-wall carbon
nanotubes, nanosilver, and nanocopper. The electrophoretic deposition method was applied for
the fabrication of the coatings. Atomic force microscopy, scanning electron microscopy and X-ray
electron diffraction spectroscopy, and measurements of water contact angle were applied to study
the chemical and phase composition, roughness, adhesion strength and wettability of the coatings.
The results show that the pure multi-wall carbon nanotubes layer possesses the best adhesion
strength, mechanical properties, and biocompatibility. Such behavior may be attributed to the
applied deposition method, resulting in the high hardness of the coating and high adhesion of carbon
nanotubes to the substrate. On the other hand, bilayer coating, and hybrid coating demonstrated
insufficient properties, which could be the reason for the presence of soft porous hydroxyapatite and
some agglomerates of nanometals in prepared coatings.

Keywords: hardness; adhesion; hydroxyapatite; carbon nanotubes; titanium; biomedical applications

1. Introduction

Carbon nanotube coatings (CNTs) demonstrate unique mechanical and biological properties.
Thanks to this, they are increasingly applied in medicine and diagnostics, including tissue
engineering [1,2]. These two-dimensional carbon structures are used, among others, to functionalize
materials designed for implants, where CNTs can support osseointegration [3,4].

The biocompatibility of CNTs in orthopedic applications was established by in vitro studies,
which showed accelerated bone growth and increased proliferation and differentiation of
osteoblasts [5–10]. The most popular kind of metal substrate for CNTs is titanium [3,11–18],
which combines some beneficial mechanical properties and biocompatibility with a chemical
in vivo susceptibility [11]. Several studies evaluated the body’s reaction in the presence of
carbon nanotubes, demonstrating a high vitality of osteoblasts compared to the pure titanium
substrate [14–16,19]. The ceramic coating consisting of multiple functionalized CNTs with carboxyl
groups and hydroxyapatite (HAp) was reported to enhance mechanical properties and biological
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adhesion, as well as the response of osteoblasts [20–23]. CNTs have a unique chemical structure, so it
could serve as a carrier, e.g., of an antibiotic [11] or other substances [21], able to prevent or cure
potential infection in place of implantation and protect against implant rejection.

Nevertheless, possible toxicity of nanomaterials limits CNTs’ medical applications [24], even
though reports to date are scarce and inconclusive, e.g., for the neurotoxic effects of CNTs [25], or CNTs
formation of reactive oxygen species [26]. There are more reports on the lack of adverse effects of
CNTs than on their long-term toxicity [24]. Recent toxicological studies performed with the liver and
kidney cells showed no adverse outcome [23]. In another study, neither SWCNTs (Single-Wall CNTs)
nor MWCNTs (Mulit-Wall CNTs) demonstrated in vitro cytotoxicity for fibroblasts and hippocampal
cells [27]. Moreover, CNTs are extensively investigated as components of biocoatings [2], e.g., for the
Mg-phosphate coating reinforced by SiC nanowire-CNTs [28], HAp-CNTs composite coating on Mg
alloy [29], SWCNTs/HAp and MWCNTs on Ti and its alloys [14–17]. Thus, the cytotoxicity of CNTs is
generally assumed to be negligible. Even the use of both SWCNTs and MWCNTs as a base liquid with
human blood was reported [30].

Pure SWCNTs, as well as MWCNTs coatings, have been obtained [31–33], but the composite
or hybrid layers are even more extensively developed as, e.g., CNTs–HAp [13,22,23,34–37] or
CNTs–graphene oxide [38]. Most frequently, the electrophoretic deposition (EPD) [12,14,39–41],
electrocathodic deposition [15,16,20] or chemical vapor deposition (CVD) processes [42] are applied to
prepare CNTs coating.

In the case of materials intended for dental or orthopedic load-bearing implants, adhesion and
bond strength are essential, especially at the stage of implantation and ingrowth of human tissue.
As Gopi et al. observed, the addition of low amounts of MWCNTs (0.5 and 1 mass pct.) increases
hardness, and Young’s modulus of the sol-gel derived HAp/MWCNTs coatings [15]. Nevertheless,
the concentration of 1% and 2% of CNTs in the composite did not affect adhesion strength significantly
and reached 24.2 and 22.4 MPa, respectively [16]. Mukherjee et al. reported an improvement of fracture
toughness, flexural and impact strength values for MWCNTs-reinforced HAp [23]. The interfacial
shear strength and the maximum load-bearing capacity of the tested CNTs–Ti interfaces were assessed
at 37.8 MPa and 245 nN, respectively [43]. The tape tests displayed high adhesion strength (class 5B)
for CNTs–(Zn)HAp coating [18]. In another work, the addition of CNTs to the Ti–HAp composite
improved both the adhesion strength and hardness for the Ni–Ti substrate [35]. The highest bonding
strength of 25.7 MPa was reported for the SWNTs/HAp coating and was nearly 70% more elevated
than that of the pure HAp coating [17]. Better mechanical properties were observed for new complex
hybrid materials, such as MWCNTs-HAp [20] and fluorohydroxyapatite (FA)-CNTs coating deposited
on the TiO2 nanotubular layer [44]. In the last case, CNTs served as a reinforcement, because of
their higher elastic modulus compared to the FA matrix. The homogeneous distribution of decorated
CNTs resulted in the robust interface between FA and CNTs. CNT-reinforced HAp composites had
substantially better bending strength and fracture toughness than pure HAp [45]. Thus, the presence
of MWCNTs evidently improves cohesion, but its adhesion to titanium substrate is less known and
may be dependent on the specific architecture of a coating.

In sum, all the investigated material features such as biocompatibility, adhesion strength,
and corrosion resistance are highly sensitive to coating composition and microstructure. The objective of
the present research is to assess the adhesion strength, mechanical properties of coatings and wettability
for the pure MWCNTs layer, hybrid CNTs–nanohydroxyapatite (nanoHAp) coating, and composite
coating. Three different methods of deposition of carbon nanotubes were applied to obtain such
coatings: (i) deposition of MWCNTs on a substrate surface, (ii) deposition of nanoHAp coating followed
by the deposition of MWCNTs, and (iii) joint deposition of a mixture of nanoHAp, MWCNTs, and some
nanometals. The purpose of such a choice lies in the fundamental importance of adhesion for the
application of such surface treatment of load-bearing implants, because of the high stresses imposed
on them during implantation surgery and the post-implantation period.
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2. Materials and Methods

2.1. Preparation of Substrate Surfaces

The Ti13Nb13Zr alloy of the composition shown in Table 1 was used as a substrate. Specimens
with a 40 mm diameter were cut from the rods. The surface was ground using abrasive paper SiC up
to grit # 800. Then, the samples were rinsed with acetone, distilled water, air-dried, pickled in 5% HF
for 30 s to remove oxide layers from the surface and finally rinsed with distilled water.

Table 1. Chemical composition of the Ti13Nb13Zr alloy.

Element Nb Zr Fe C H O S Hf Ti

wt. pct. 13.18 13.49 0.085 0.035 0.004 0.078 <0.001 0.055 rem.

2.2. Preparation of CNTs’ Suspension

To prepare the coatings, MWCNTs (3D-nano, number of walls 3–15, outer diameter 5–20 nm, inner
diameter 2–6 nm, and length 1–10 μm) were functionalized in a mixture of concentrated sulfuric and
nitric acid to add carboxyl groups and to provide a negative charge on the surface of carbon nanotubes.
Four hundred and eighty grams of powder was annealed in a vacuum furnace (PROTHERM PC442,
Ankara, Turkey) for 8 h at 400 ◦C and then dispersed in deionized water in an ultrasonic homogenizer
(Bandelin Sonopuls HD 2070, Berlin, Germany). The suspension was added to 200 mL of mixed H2SO4

and at a ratio of 3:1 v/v and heated at 70 ◦C for 2 h [3]. To prepare the suspension of carbon nanotubes,
the reaction mixture was centrifuged and washed several times with water or isopropanol until a
neutral pH was reached. The concentration of CNTs in the obtained suspension was 0.27 wt.% in
water and 0.4 wt.% in isopropanol. Final suspensions were sonicated for 1 min using an ultrasonic
homogenizer to disperse the CNTs well after centrifugation. To prepare the mixed coating (m0.4CNT),
1.25 mL of 0.4 wt.% suspension of carbon nanotubes in isopropanol and 0.1 g of nanohydroxyapatite
(grain size distribution approximately 20 nm, 99.8% purity, MKnano, Missisauga, Canada) were
dispersed in 100 mL of ethyl alcohol (99.8% purity, Sigma Aldrich, St. Louis, MI, USA) and then mixed
with 0.005 g of nanosilver (grain size distribution approx. 30 nm, Hongwu International Group Ltd.,
Guangzhou, China) and 0.005 g of nanocopper (grain size distribution approximately 80 nm, Hongwu
International Group Ltd.) before carrying out the electrophoretic deposition (EPD) process.

2.3. Deposition of Coatings

The electrophoretic deposition (EPD) method was used to prepare the coatings. Their synthesis
parameters are shown in Table 2. The Ti13Nb13Zr substrate was used as an anode and platinum as a
counter electrode. The electrodes were placed parallel to each other at a distance of 5 mm and connected
to a DC power source (MCP/SPN110-01C, Shanghai MCP Corp., Shanghai, China). The coatings were
heated in a tubular furnace (PROTHERM PC442) from room temperature to 800 ◦C at a rate of 200 ◦C/h
and cooled to room temperature with the oven.

Table 2. Parameters of synthesis of the coatings with multi-walled carbon nanotubes.

Coating Synthesis Stage
Concentration of

MWCNTs [%]
Duration of
EPD [min]

EDP Voltage
[V]

Temperature
[◦C]

0.27CNT EPD of MWCNTs 0.27 2 11 ambient

H0.27CNT
EPD of nanoHAp – 2 30 ambient

Sintering – 120 – 800
EPD of MWCNTs 0.27 2 30 ambient

m0.4CNT

EPD of MWCNTs,
nanoHAp, nanosilver,

nanocopper
0.4 2 30 ambient

Sintering – 120 – 800
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2.4. Structure and Morphology

An atomic force microscope (AFM NaniteAFM, Nanosurf, Bracknell, Great Britain) was used to
study the surface topography. The examinations were performed in the non-contact mode at 20 mN
force. The average roughness index Sa values were estimated based on 512 lines made in the area of
80.4 × 80.4 μm2.

The specimens’ surfaces were observed using a high-resolution scanning electron microscope
(SEM JEOL JSM-7800F, Tokyo, Japan) with a LED detector, at a 5 kV acceleration voltage.

The chemical composition of the coatings was investigated by an X-ray energy dispersive
spectrometer (EDS Edax Inc., Mahwah, NJ, USA).

2.5. Nanomechanical Studies

Nanoindentation tests were performed with the NanoTest™ Vantage (Micro Materials, Wrexham,
Great Britain) using a Berkovich three-sided pyramidal diamond. Twenty-five (5 × 5) measurements
were carried out on each sample. The maximum applied force was 10 mN, the loading and unloading
times were set up at 20 s and the dwell period at maximum load was 10 s. The distance between the
subsequent indents was 20 μm. During the indent, the load–displacement curve was determined using
the Oliver and Pharr method. Based on the load–penetration depth curves, the surface hardness (H)
and Young’s modulus (E) were calculated using integrated software. Estimating Young’s modulus (E),
the Poisson’s ratio of 0.25 was assumed for carbon nanotube coatings and 0.36 for Ti13Nb13Zr.

Nanoscratch tests were performed with NanoTest™ Vantage (Micro Materials) using a Berkovich
three-sided pyramidal diamond. The scratch tests were made by increasing the load from 0 to 200 mN
at a loading rate of 1.3 mN/s at a distance of 500 μm. The adhesion of the coating was assessed based
on the observation of an abrupt change in frictional force during the test.

2.6. Contact Angle Studies

Water contact angle measurements were carried out by falling drop method using a contact angle
instrument (Contact Angle Goniometer, Zeiss, Oberkochen, Germany) at room temperature 10 s after
drop out.

3. Results and Discussion

3.1. Structure and Morphology

Figure 1A,B show the AFM images of the topography of the native material, where substantial
roughness of the surface after grinding and etching may be observed. After etching, the native material
shows higher surface roughness.

Figure 1C–E illustrate the surface topography of the examined coatings composed of, respectively,
carbon nanotubes (0.27CNT), carbon nanotubes deposited on the nanohydroxyapatite layer (H0.27CNT)
and the composite of carbon nanotubes, nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT).
The addition of nanoHAp significantly increases roughness. Such a result may mean that the HAp
penetrates through free spaces among nanotubes only a small amount. Fathyunes et al. (2018) proposed
that during electrodeposition the water reduction produces hydroxyl ions, causing an increase in the
pH near the cathode. Then, the CaP ceramics become insoluble and precipitate on the surface of the
titanium substrate [46].

Figure 2 presents the SEM images of the surface topography of carbon nanotubes (0.27CNT),
hybrid coating (H0.27CNT), and composite coating (m0.4CNT) together with their EDS spectra,
confirming the formation of individual coatings. The carbon nanotubes can be distinguished for
each specimen.
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Figure 1. Atomic force microscope (AFM) surface topography of the: (A) reference sample—native
material after grinding (MR), (B) reference sample—after etching (MRe), (C) sample of carbon
nanotubes (0.27CNT), (D) sample of carbon nanotubes deposited on the nanohydroxyapatite
layer(H0.27CNT), (E) sample of composite of carbon nanotubes, nanohydroxyapatite, nanosilver
and nanocopper (m0.4CNT).

 
Figure 2. SEM surface topography with the energy dispersive spectrometer (EDS) spectrum of the
sample: (A) 0.27CNT, (B) H0.27CNT, (C) m0.4CNT.

The SEM images (Figure 2) demonstrate a more uniform distribution of carbon nanotubes for
the 0.27CNT sample than for the H0.27CNT sample. On the surface of the m0.4CNT sample, many
agglomerates are present, as a result of the simultaneous deposition of nanosilver and nanocopper,
which do not move into a bulk, but are absorbed on the HAp coating, resulting in decreased roughness
(Table 3). The roughness values are similar to those previously reported [14].
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Table 3. Surface roughness of the native material and deposited coatings.

Sample Roughness Sa [μm]

MR 0.203
MRe 0.256

0.27CNT 0.098
H0.27CNT 0.980
M0.4CNT 0.618

3.2. Mechanical Studies

3.2.1. Nanoindentation

Figure 3 shows the load–displacement hysteresis curve as an example of the results of
nanoindentation tests. Three stages of the nanoindentation test are observed: the raising load to a
maximum value, the pause (to stabilize the probe at maximum depth), and offloading. An irregularity
in the form of a step due to temperature drift, adjusted at the end of nanoindentation, can be observed.

Figure 3. Nanoindentation load–displacement curve obtained for pure CNT coating (0.27CNT).

The exact values of measured mechanical properties are listed in Table 4. The lowest hardness
values are demonstrated for H0.26CNT and m0.4CNT coatings due to the significant effect of etching
on hardness. A 53-fold difference in the hardness is noticed between polished and etched specimens.
The CNTs alone have the best hardness and wear resistance. The addition of softer nanoHAp decreases
mechanical strength. The composite coating displays improved behavior, presumably because of a
different coating architecture and the decisive role of metal nanoparticles. The hardness here measured
is lower than the values previously reported in [44] as 0.37 to 0.58 GPa.

The elastic modulus values observed here are in line with some previous results for titanium, and
much smaller for CNTs coating, so far reported as 60 MPa [14] and 113–130 MPa [16]. An increase in
Young’s modulus from 15 to 40 GPa [35] and from 12 to 19 GPa [44] was also observed. The reason
for such discrepancies may be the high dependence of nanomechanical properties of the coating
architecture, test parameters, and fractions of components.

Table 4. Mechanical properties and maximum indent depth for the substrate and achieved coatings.

Sample
Nanohardness

[GPa]
Reduced Young’s
Modulus [GPa]

Young’s Modulus
[GPa]

Maximum Indent
Depth [nm]

I 3.758 ± 1.045 116.91 ± 16.32 83.32 ± 11.63 330.92 ± 36.61
MRe 0.071 ± 0.010 14.57 ± 2.21 9.44 ± 1.43 2358.11 ± 170.08

0.27CNT 0.101 ± 0.049 18.59 ± 5.66 14.17 ± 4.32 2069.67 ± 352.57
H0.27CNT 0.022 ± 0.015 7.46 ± 3.65 5.63 ± 2.76 4264.18 ± 1150.11
m0.4CNT 0.035 ± 0.019 11.72 ± 4.31 8.88 ± 3.26 3210.02 ± 817.53
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Figures 4 and 5 show the 3D distribution of Young’s modulus and nanohardness for the examined
samples. Compared to the other materials, the native material after grinding (MR) reveals the biggest
nanohardness and Young modulus.

The 3D Young’s modulus (Figure 4) and nanohardness (Figure 5) distribution graphs show a
highly non-uniform rough surface. The roughest is only a polished surface, lower roughness is
observed for CNTs coating, and the etched surface and two other coatings show differences in Young’s
modulus in the range of 20 MPa. For hardness, the same effects can be noticed. The most heterogeneous
are the H0.27CNT and m0.4CNT coatings, due either to appearing agglomerates or variable layer
thickness, or both. The 0.27CNT specimen’s nanohardness and Young’s modulus distribution graphs
show “uplifts,” which could result from the probe’s contact with the surface of the native material.
Nevertheless, the 0.27CNT sample appears to possess a Young’s modulus very similar to that of a
human bone. Cuppone et al. reported that the cortical bone has an average Young’s modulus value of
18.6 ± 1.9 GPa [47]. In conclusion, the results generally show that Young’s modulus increases with
rising nanohardness.

Figure 4. 3D Young’s modulus distribution for: (A) native material after grinding (MR), (B) native
material after etching (MRe), (C) CNTs coating (0.27CNT), (D) CNTs deposited on HAp coating
(H0.27CNT), (E) mixed coating consisting of CNTs, nanoHAp, nanoAg and nanoCu (m0.4CNT).
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Figure 5. 3D nanohardness distribution for (A) native material after grinding (MR), (B) native material
after etching (MRe), (C) CNTs coating (0.27CNT), (D) CNTs deposited on HAp coating (H0.27CNT),
(E) mixed coating consisting of CNTs, nanHAp, nanoAg and nanoCu (m0.4CNT).

3.2.2. Nanoscratch Test

Figure 6 shows the relation of friction (F) on load (L) for each coating subjected to the nanoscratch
test. The graphs describe a critical load (Lc) for every single measurement, represented by a vertical
line indicating the moment of delamination for the carbon nanotube coating (0.27CNT), the carbon
nanotube coating on hydroxyapatite (H0.27CNT) and the mixed coating consisting of carbon nanotubes,
nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT), respectively.

The values of the critical load (Lc) and critical friction (Fc), which indicate the load and friction
under which the coating cracks or is delaminated, are shown in Table 5.

To conclude, the CNTs coating deposited on the Ti13Nb13Zr alloy (0.27CNT) has the best strength
adhesion to the surface, while the worst adhesion is demonstrated by the composite coating (m0.4CNT).
Application of HAp ceramics as an interlayer and its sintering does not improve the adhesion of the
CNTs coating to the surface of titanium alloy. What is more, the addition of nanosilver and nanocopper
to the composite coating further decreases adhesion, presumably due to the change in the particle
size of nanometals caused by agglomeration in the bath. These results demonstrate that adhesion
is best when the CNTs adhere directly to the surface, forming strong chemical bonds. Regretfully,
these results cannot be compared to the adhesion strength 18–22 MPa measured by the Adhesion Test
method [16] and 32 MPa measured by the F1044 shear bond strength test [35] as these methods are
very different from the nanoscratch tests. On the other hand, during surgery and the period after
implantation, the coatings are subject to shear stresses. Therefore, the nanoscratch method seems
particularly suitable for determining real adhesion.
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Figure 6. Friction (F) dependence on load (L) with the indicated critical load (Lc) for the single
measurement of (A) the carbon nanotube coating on the surface of Ti13Nb13Zr (0.27CNT), (B) the carbon
nanotube coating on the surface of the hydroxyapatite (H0.27CNT), (C) the mixed coating consisting of
carbon nanotubes, nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT).

Table 5. Parameters of coatings delamination.

Sample Critical Friction (Fc) [mN] Critical Load (Lc) [mN]

0.27CNT 89.42 ± 36.19 116.50 ± 32.07
H0.27CNT 39.96 ± 18.07 92.06 ± 34.3
m0.4CNT 29.56 ± 6.92 60.38 ± 10.21

3.3. Contact Angle Measurements

Figure 7 shows images of the water drops poured on the surface of all tested specimens. After
etching, the surface of the Ti13Nb13Zr became hydrophobic, as the mean contact angle reached the
value of 97.40◦. This could be the result of the higher roughness of the etched surface (Table 3).
The CNTs coating was found hydrophilic [48] with the angle value 56.50◦, which means that the surface
is proper for its application in implantology. Türka et al. achieved similar results for the contact angle
of the CNTs after functionalization, 53.29◦ [49]. However, the CNTs–HAp and composite coatings
are both hydrophobic, and as such they cannot be useful for implants. Prodana et al. explained the
hydrophilicity of TiO2/MWCNTs/HAp coating on titanium substrate by the appearance of C–O single
bonds, and C=O and O–C=O more oxidized forms, which might be responsible for increasing surface
hydrophilicity [20]. Nevertheless, during the electrophoretic deposition process, the pH rises at the
cathodic substrate, resulting in deprotonation of carboxyl groups (COOH) and, thereby, functionalized
CNTs become more negatively charged. Carboxyl groups (COO–) facilitate the electrostatic interaction
of Ca2+ ions from HAp with CNTs [46]. Based on reports to date, and our research, the hydrophobic
appearance of an arrangement of CNTs and porous HAp may be attributed to an occurrence of a specific
architecture with a lesser ability to form van der Waals bonds between water and specimen surface.
A similar explanation may be given regarding the composite materials, indicating the increased effects
of nanohydroxyapatite, which may have a different microstructure to CNTs. Further attempts made
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with various forms of both components, oriented particularly towards better hydrophilicity, should
give a more plausible solution.

 
Figure 7. Contact angle (CA) for: (A) native material after grinding (MR), (B) native material after
etching (MRe), (C) carbon nanotube coating on the surface of Ti13Nb13Zr (0.27CNT), (D) carbon
nanotube coating on the surface of the hydroxyapatite (H0.27CNT), (E) the mixed coating consisting of
carbon nanotubes, nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT).

4. Conclusions

The multi-wall carbon nanotubes deposited on the surface of the Ti13Nb13Zr alloy by the
electrophoretic method demonstrate a relatively high hardness and wear resistance, firm adhesion,
and proper wettability, so they are suitable for surface treatment of the titanium implants made of the
investigated alloy.

The hybrid coatings obtained by the formation of hydroxyapatite deposit, followed by a carbon
nanotubes’ layer, have lower adhesion strength, hardness, and less proper wettability, presumably due
to the weak interface bonding between hydroxyapatite and carbon nanotubes, which is related to the
properties of the ceramic material.

The composite layer has the lowest adhesion strength, hardness, and equally improper wettability,
which can be attributed to weak bonding of components in the coating.

The obtained results provide evidence that the mutual bonding strength of all components and
critical strength at the coating–substrate interface, are more significant determinants of mechanical
properties than the components and the deposition process parameters.
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Abstract: A mismatch in bone and implant elastic modulus can lead to aseptic loosening
and ultimately implant failure. Selective elemental composition of titanium (Ti) alloys coupled
with surface treatment can be used to improve osseointegration and reduce bacterial adhesion.
The biocompatibility and antibacterial properties of Ti-35Nb-7Zr-6Ta (TNZT) using fibre laser surface
treatment were assessed in this work, due to its excellent material properties (low Young’s modulus
and non-toxicity) and the promising attributes of fibre laser treatment (very fast, non-contact,
clean and only causes changes in surface without altering the bulk composition/microstructure).
The TNZT surfaces in this study were treated in a high speed regime, specifically 100 and 200 mm/s,
(or 6 and 12 m/min). Surface roughness and topography (WLI and SEM), chemical composition
(SEM-EDX), microstructure (XRD) and chemistry (XPS) were investigated. The biocompatibility
of the laser treated surfaces was evaluated using mesenchymal stem cells (MSCs) cultured in vitro
at various time points to assess cell attachment (6, 24 and 48 h), proliferation (3, 7 and 14 days)
and differentiation (7, 14 and 21 days). Antibacterial performance was also evaluated using
Staphylococcus aureus (S. aureus) and Live/Dead staining. Sample groups included untreated base
metal (BM), laser treated at 100 mm/s (LT100) and 200 mm/s (LT200). The results demonstrated
that laser surface treatment creates a rougher (Ra value of BM is 199 nm, LT100 is 256 nm
and LT200 is 232 nm), spiky surface (Rsk > 0 and Rku > 3) with homogenous elemental
distribution and decreasing peak-to-peak distance between ripples (0.63 to 0.315 μm) as the scanning
speed increases (p < 0.05), generating a surface with distinct micron and nano scale features.
The improvement in cell spreading, formation of bone-like nodules (only seen on the laser treated
samples) and subsequent four-fold reduction in bacterial attachment (p < 0.001) can be attributed
to the features created through fibre laser treatment, making it an excellent choice for load bearing
implant applications. Last but not least, the presence of TiN in the outermost surface oxide might
also account for the improved biocompatibility and antibacterial performances of TNZT.

Keywords: mesenchymal stem cell (MSC); antibacterial performance; TNZT; beta titanium;
fibre laser treatment
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1. Introduction

Aseptic loosening is the most commonly cited indication of load bearing orthopaedic implant
revision surgeries [1]. A mismatch in elastic modulus of bone and implant means that required stresses
for bone remodelling are not obtained, leading to stress shielding which causes bone resorption
and ultimately results in aseptic loosening. The ability of an implant to successfully integrate into
native tissue is determined by the surface features, namely surface roughness and topography
(physical), wettability (physiochemical) and chemistry (chemical). All of these play a crucial role
in modulating cell–surface interactions. The ideal surface conditions for optimal osseointegration still
remain to be fully elucidated, however, a consensus exists that surface features are vital in the control
of cell response (adhesion, proliferation and differentiation). Among several cell types involved
in the osseointegration process, mesenchymal stem cells (MSCs) are multipotent progenitor cells
that are responsible for self-replicating and differentiating into varying lineages. The osteogenic
lineage includes two fundamental cell types, osteocytes and osteoblasts, which are responsible
for the formation of new bone. The hematopoietic-derived osteoclasts resorb bone cells and are
crucial for bone homeostasis [2]. Insufficient mechanical loads at the implant site lead to exacerbated
osteoclast activity [3], which can potentially be reduced by choosing a material with lower elastic
modulus, a property belonging to beta (β) titanium (Ti) alloys.

Ti-based alloys, namely commercially pure (cp) Ti and Ti-6Al-4V, have been successfully applied
for orthopaedic applications in the past few decades on account of their promising mechanical
and corrosion properties, as well as desirable biocompatibility. In principle, they are classified as alpha
(α), near-α, α + β, metastable β or stable β, depending upon material composition (α or β-stabilizers)
and thermo-mechanical processing history. β-stabilizers, such as Nb and Ta, are isomorphous, while Zr
is a neutral stabilizer [4]. β Ti alloys offer unique characteristics in comparison with their cp Ti
(α Ti) and Ti-6Al-4V (α + β Ti) counterparts. Among a family of β Ti alloys which have been
developed for orthopaedic applications in recent years, the Ti-Nb-Zr-Ta (TNZT) quaternary alloy
system is particularly promising due to its excellent properties, which include superior biocompatibility,
low elastic modulus (55 GPa) [5], good corrosion resistance and the absence of toxic elements such
as aluminium (Al) and vanadium (V). The cytotoxicity and adverse tissue reaction caused by Al and V
have been widely reported in literature [6–9]. Another notable flaw in the choice of the conventional
material used for load-bearing orthopaedic implants is the staggering difference in elastic modulus of
cortical bone (7–30 GPa) [10] and Ti-6Al-4V (110 GPa) [11]. The utilisation of TNZT can aid in reducing
aseptic loosening and stress shielding, and subsequently can cause a reduction in tissue reaction to
particulate debris, while surface modification in the form of fibre laser treatment can be implemented
to reduce bacterial infection and improve native cell adhesion.

Bacterial infection caused by Staphylococcus aureus (S. aureus) is considered to be a major issue
with this particular strain, accounting for the majority (34%) of implant associated infections [12].
The process is initiated through three core steps: bacterial adherence to the implant surface,
bacterial colonisation and lastly biofilm formation. The biofilm consists of layers of bacteria covered
in a self-produced extracellular polymeric matrix, hence phagocytosis cannot occur and antibiotics
have no effect [13]. Bacteria are non-specific with their adherence, attaching to both rough and smooth
surfaces, and to different types of materials. Bacterial adherence and subsequent biofilm development
is detrimental to the performance of implants, and the ensuing infection can also be a cause of
significant morbidity and mortality to implant patients. Therefore, implementing strategies to minimise
the likelihood of initial bacterial adherence to the implant surfaces is crucial to prevent bacterial
infection [14,15].

Findings in recent research [16,17] shows that surface modification by laser treatment can be used to
reduce bacterial infection and improve native cell adhesion. Laser surface treatment, particularly when
carried out by fibre laser technology, is a novel technique for implant surface modification [18–20],
providing a clean, fast and highly repeatable process. One important characteristic of the laser surface
treatment implemented in this study is that the rapid solidification process produces a homogenous
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surface with little thermal penetration, resulting in little to no distortion [21]. Laser treatment has been
shown to improve surface hardness and wear corrosion [22–25]. Other sources of pain after primary
total hip replacement (THR), as recorded by the UK National Joint Registry (NJR), include adverse
soft tissue reaction to particulates and to infection, both of which can be improved upon by combining
better material selection in the form of a novel beta titanium alloy with surface modification using
fibre laser treatment. In terms of the economic benefit, TNZT is potentially superior to currently used
materials, as it, coupled with laser surface treatment, can simultaneously decrease the most common
indications for hip revision surgery listed in the NJR reports [1,26–29]. TNZT use for hip stems may also
have a longer life span beyond the current three quarters of hip replacements that last 15–20 years [30]
before a revision surgery is required. A systematic review conducted suggested that just over half of hip
replacements last 25 years [30]; as ever, there is room for improvement.

If a quantitative relationship between the surface features of an implant and the cell responses
were to be established, implants could be designed with specific surfaces which would aid in the host’s
natural healing processes [31]. To date, very little work has been conducted using the aforementioned
composition of beta titanium alloy, and even less specifically focusing on the effect of surface features
in relation to MSC response.

The study objectives were to investigate surface feature effects, namely, roughness, topography,
composition and chemistry of untreated and fibre laser treated beta titanium alloy Ti-35Nb-7Zr-6Ta on
human MSC response by assessing attachment, proliferation and differentiation at various time points,
as well as S. aureus bacterial attachment, to determine if biocompatibility and antibacterial properties
can be improved upon simultaneously using fibre laser treatment.

2. Experimental Section

2.1. Materials

Ti-35Nb-7Zr-6Ta plates were sourced (American Element, Los Angeles, CA, USA) with dimensions
of 250 mm × 250 mm with 3 mm thickness, and were wire cut using electrical discharge machining
(EDM) (Kaga, Ishikawa, Japan) into 30 mm × 40 mm plates. The material was polished prior
to laser treatment using a progression of silicon carbide (SiC) papers with a finish of 1000 grit.
Standard metallographic procedures were followed to remove the pre-existing oxide layer and any
surface defects present after the manufacturing process. Samples were ultrasonically cleaned in
acetone for 10 min, rinsed with deionised water and air-dried prior to laser treatment and material
characterisation. A sample size of n = 3 was used for all material characterisation and in vitro cell
culture experiments except bacterial attachment, for which n = 4 samples were used.

2.2. Laser Treatment

Laser surface treatment was performed using an automated continuous wave (CW) 200 W
fibre laser system (MLS-4030). The laser system was integrated by Micro Lasersystems BV
(Driel, Gelderland, the Netherlands) and the fibre laser was manufactured by SPI Lasers UK Ltd
(Southhampton, Hampshire, UK). The laser wavelength was 1064 nm. The samples were prepared
using the following parameters: laser power 30 W, stand-off distance 1.5 mm, argon gas with 30 L/min
flow rate and two different scanning speeds, 100 and 200 mm/s. Laser sample groups are denoted
as LT100 and LT200 hereafter. The laser-treated area of the surface was 6 mm2 in square shape. The laser
energy at the two speeds was 1.8 and 0.9 J respectively (see Supplementary Materials for calculations).
The control base metal samples (1000 grit finish) are denoted as BM. The sample plate was used
for bacterial attachment, otherwise samples were wire cut using EDM into 6 mm diameter discs. Prior to
biological culture, samples were ultrasonically cleaned in acetone twice for 1 h, then in deionised water
for 30 min and air-dried in the fume hood before a final sterilisation step in an autoclave (Prestige Medical,
Blackburn, Lancashire, UK) at 121 ◦C and 1.5 bar pressure for 20 min to destroy any microorganisms
present on the surface.
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2.3. Surface Roughness, Topography and Composition

The surface roughness and 3D profile of the untreated and laser treated samples were
captured using white light interferometry (WLI) (Talysurf CCI 6000, Leicester, Leicestershire, UK).
Roughness was assessed using four parameters: arithmetic mean (Ra), maximum profile height (Rz),
surface skewness (Rsk) and surface kurtosis (Rku). Values were extracted from the 1.2 mm2 scan
areas perpendicular to the laser track orientation. Scanning electron microscopy (SEM) was used to
image the ripples on the laser treated surfaces (FlexSEM 1000, Hitachi, Maidenhead, Berkshire, UK).
SEM images were acquired using a 20 kV beam and backscattered electron compositional (BSE-COMP)
mode detection. SEM images for energy dispersive X-ray spectroscopy (EDX) analyses were acquired
using a Zeiss Leo 1455VP SEM at 20 kV beam energy with secondary electron detection. EDX data were
acquired in the SEM using an Oxford Instruments X-Act detector (Abingdon, UK) with INCA v4.15
acquisition and processing software.

2.4. Phase Identification

Phase and crystallographic structure of the samples were captured by X-ray diffraction (XRD)
using a PANanalytical X’Pert Pro MPD (PANalytical, Tollerton, Nottingham, UK) with a CuKα

radiation source operated at 40 kV, 40 mA with 1
2
◦ fixed slit, 10◦ anti-scatter slit and 0.02 step size

with Ni filter. Samples were analysed in a 2 theta (2θ) range between 10◦–90◦.

2.5. Surface Chemistry

X-ray photoelectron spectroscopy (XPS) spectra were acquired using a bespoke ultra-high
vacuum (UHV) chamber fitted with Specs GmbH Focus 500 monochromated Al Kα X-ray source
and Specs GmbH Phoibos 150 mm mean radius hemispherical analyser with 9-channeltron detection.
Survey spectra were acquired over the binding energy range between 0 and 1100 eV using a pass
energy of 50 eV, and the high resolution scans over the C 1s, Ti 2p, Zr 3d, Nb 3d and O 1s
lines were made using a pass energy of 20 eV. Data were quantified using Scofield cross-sections
corrected for the energy dependencies of the effective electron attenuation lengths and the analyser
transmission. Data processing and curve fitting were carried out using the CasaXPS software v2.3.16
(CasaXPS, Teignmouth, Devon, UK).

2.6. In Vitro Cell Culture

2.6.1. Attachment

Cell culture was performed in a Class II microbiological safety cabinet, and sterile conditions
were maintained. Human mesenchymal stem cells (passage 5–9) (Texas A&M Health Science Centre
College of Medicine, Institute for Regenerative Medicine, Bryan, TX, USA) were cultured in tissue
culture flasks (Thermo Scientific). The medium was comprised of Minimum Essential Medium Alpha
with GlutaMAX (Gibco), supplemented with 16.5% foetal bovine serum and 1% glutamine. The cells
were maintained in a humidified atmosphere with 5% CO2 at 37 ◦C, and were sub-cultured when they
reached confluency by washing with phosphate buffered saline (PBS) and disassociated with 0.05%
Trypsin-EDTA (Gibco) to provide adequate cell numbers for all studies undertaken, or for further
subculture or cryopreservation. Cells were counted using a haemocytometer (Agar Scientific),
and seeded in a 96 well plate (Sarstedt) at a density of 5 × 103 cells per well and maintained in the same
culture conditions as previously mentioned. Early cell attachment was assessed at the following
times: 6, 24 and 48 h using direct immunofluorescent staining, the procedure for which is as follows.
Cells were quickly washed with cold PBS, fixed with 4% paraformaldehyde (PFA) for 15 min
and permeabilised with 0.1% Triton X-100 in PBS for 5 min. Cells were then blocked with 5%
donkey serum in PBS for 30 min. The cells were stained with α smooth muscle actin (SMA)-Cy3
conjugated mouse antibody (1:200) in 5% donkey serum in PBS for 45 minutes at 37 ◦C. Cells were then
counterstained with 4’,6-diamidino-2’-phenylindole dihydrochloride DAPI (1:1000) in PBS for 5 min.
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Each step was performed at room temperature unless otherwise stated. Cells were washed with PBS
in between every step except after blocking. The last step involved a final wash with distilled
water. Samples were transferred to a new well plate for imaging using the Leica DMi8 inverted
fluorescence microscope (Leica, Wetzler, Hesse, Germany). Three images were captured per sample
at magnification ×100, giving a total of nine images per group at each time point.

2.6.2. Proliferation

Cell proliferation capacity was assessed using the CyQUANT NF Cell Proliferation Assay Kit
(Thermo Scientific) at 3, 7 and 14 days. The dye solution was prepared by adding 1× dye binding
solution to 1× Hank’s balanced salt solution (HBSS). The cell culture medium was aspirated and 200 μl
of the dye solution was added to each well and incubated at 37 ◦C for 30 min. The fluorescence intensity
was measured using a microplate reader (Varioskan LUX) at 485 nm excitation and 530 nm emission.

2.6.3. Differentiation

Cells were stained using indirect immunofluorescent assay staining at 7, 14 and 21 days. All steps
were the same as previously mentioned, see Section 2.6.1, except after blocking, where cells were
instead incubated with anti-osteocalcin (10 μg/ml) (R&D Systems) in 5% donkey serum in PBS for 1 h.
Cells were then stained with Alexa Fluor 488 donkey anti-mouse (1:500) (Thermo Scientific) in PBS
for 45 min. This was followed by DAPI staining, PBS wash and distilled water wash. Samples were
transferred to a new well plate for imaging using the Leica DMi8 inverted fluorescence microscope
(Leica, Wetzler, Hesse, Germany). Three images were captured per sample at magnification ×100,
giving a total of nine images per group at each time point.

2.7. Bacterial Attachment

The TNZT plate was washed three times with sterile PBS. S. aureus (ATC 44023) was cultured
in Müller Hinton broth (MHB) for 18 h at 37 ◦C on a gyrotatory incubator with shaking
at 100 rpm. After incubation, sterile MHB was used to adjust the culture to an optical density
of 0.3 at 550 nm, and it was diluted (1:50) with fresh sterile MHB. This provided a bacterial inoculum
of approximately 1 × 106 colony forming units (CFU)/mL. 1 mL of culture was applied to the plate
carefully suspended over a petri dish base at an inoculum not exceeding 2.4 × 106 CFU/mL, as verified
by viable count. The plate was incubated for 24 h at 37 ◦C on a gyrotatory incubator with shaking
at 100 rpm. Four samples of each group, for both untreated and laser treated, were tested to ensure
the consistency of the results. After 24 h of incubation, the plate was washed three times with sterile
PBS to remove any non-adherent bacteria. The adherent bacteria were stained with fluorescent
Live/Dead®BacLight™ solution (Molecular Probes) for 30 min at 37 ◦C in the dark. The fluorescent
viability kit contains two components: SYTO 9 dye and propidium iodide. The SYTO 9 labels all
bacteria, whereas propidium iodide enters only bacteria with damaged membranes. Green fluorescence
indicates viable bacteria with intact cell membranes, while red fluorescence indicates dead bacteria
with damaged membranes. The stained bacteria were observed using a fluorescence microscope
(GXM-L3201 LED, GX Optical, Stansfield, Suffolk, UK). Twenty four random fields of view (FOV)
were captured per group. The surface areas covered by the adherent bacteria were calculated using
ImageJ software. The areas corresponding to the viable bacteria (coloured green) and the dead bacteria
(coloured red) were individually calculated. The total biofilm area was the sum of the green and red
areas, and the live/dead cell ratio was the ratio between the green and red areas. The results are
expressed as the means of the twenty four measurements taken per group.

2.8. Statistical Analysis

Data were expressed as mean ± standard error (SE). The significance of the observed difference
between untreated and laser treated samples was tested by one-way and two-way ANOVA using
Prism software (GraphPad Prism Software Version 7, San Diego, CA, USA). Statistically significant
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differences were calculated, with a p-value of ≤0.05 considered significant; (*) p < 0.05; (**) p < 0.01;
(***) p < 0.001.

3. Results

3.1. Surface Roughness by WLI

The 3D and 2D profiles of the untreated and laser treated surfaces can be seen in Figure 1A,B.
The laser treated surfaces appear to have very smooth tracks (as indicated by each individual
colour scale), showing a higher degree of surface polishing effect with increased laser scanning
speed, as shown by the shift in the colour scale of the 2D profiles. It is also evident that the base
metal areas in between the laser tracks have significant variation in surface roughness, as is expected of
the metallographic preparation process (i.e., polished by SiC paper). The roughest regions are prominent
at the very edge of the laser tracks for each surface (as indicated by the arrows in Figure 1A,B).

Figure 1. Laser surface treatment has a polishing effect, which increases with laser scanning speed
while creating a rough and spiky laser track edge. White light interferometry (A) 3D and (B) 2D profiles
for the untreated and laser treated samples. Scan area of 1.208 mm2 and 1.2 mm2 for 3D and 2D images
respectively; colour coding of each image seen by individual colour scale in figure. Arrows show
the spiky areas at the laser track edges. (C) Summary of surface roughness parameters. (D) Diagrams
illustrating visual difference between surface skewness and kurtosis profiles.
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The surface roughness values extracted from the 2D profiles can be seen in Figure 1C. The Ra
values ranged from a low of 199.3 nm on BM to a highest value of 256.1 nm on the LT100 surface,
while LT200 had a Ra of 232.5 nm. The Rz values followed a similar trend to the Ra, with BM
having the lowest maximum profile height (1900.3 nm) while LT100 and LT200 had similar values,
2879.7 and 2845.3 nm, respectively. Overall, the laser surface treatment increased the Ra and Rz
in comparison to the untreated surface, due to the rough edges created on the edges of the laser
created tracks.

The untreated and laser treated samples were also quantified using the surface skewness
and kurtosis values. The skewness defines whether a surface consists of spikes (Rsk > 0) or valleys
(Rsk < 0), while the kurtosis defines whether a surface has peaks (Rku > 3) or is flat (Rku < 3);
see Figure 1D for diagram illustrating the visual differences between varying Rsk and Rku values.
There was a slight increasing trend in Rsk and a more notable difference in Rku as the laser scan
speed increased, as seen in Figure 1C. The LT100 surface had the lowest Rsk (0.346), while the BM
had a value of 1.229. The LT200 had the highest Rsk with 1.676, showing that the highest
scanning speed creates the spikiest surface. All Rku values were >3, with BM being the lowest
at 5.749 and increasing with scanning speed. There was a sharp increase in Rku at the highest scanning
speed, reinforcing the laser surface polishing effect. All the surfaces have a Rsk > 0 and Rku > 3.
The LT200 group had the highest skewness and kurtosis, suggesting it had more peaks and spikes
present on the edges of the laser created tracks, but the smoothest laser treated area.

3.2. Surface Topography and Composition by SEM-EDX

The SEM images of the untreated and laser treated surfaces can be seen in Figure 2A(a–d).
The typical surface morphology after mechanical grinding can be seen above and below each laser
track in Figure 2A(a,b), with the surface exhibiting random scratches, pits and grooves. The tracks
created using laser treatment had a distinctive ripple effect, which was more prominent at the lower
scan speeds, with small ripples present along the entire track and the periodic appearance of distinctive
larger ripples. The magnified SEM images show that the ripples were much smaller and uniform
on the LT200 surface than on LT100, which had more distinct arches, as shown in Figure 2A(c,d).
The tracks created by laser surface treatment became smoother as the scanning speed increased,
verifying the laser surface polishing effect observed in the WLI images.

The ripple effect was quantified by calculating the peak-to-peak distance between ripples,
using Image J, as seen in Figure 2B,C. The distance became smaller with increasing laser scanning
speeds. The peak-to-peak distance between ripples halved when comparing LT100 and LT200,
dropping from 0.63 to 0.315 μm. The surfaces were significantly different from one another (p < 0.001).

The SEM-EDX analyses were performed to determine if there were any notable differences in
elemental distribution post laser treatment, and can be seen in Figure 2D. The base metal polished
areas were quite distinctive from the smooth laser treated tracks; the boundary between these areas
is defined by a dashed yellow line. The carbon and oxygen were quite densely concentrated on
the base metal polished area of the samples, while homogeneously distributed in the laser tracks on
each surface, irrespective of scanning speed. It is apparent that for each element, except Ta, the laser
treatment created a homogenous elemental distribution within the tracks with no measureable spatial
variation. Enriched particles of Ti, Nb and Zr can be seen in Figure 2D(i–vi) for each surface, as indicted
by the black arrows, which can be attributed to the base metal polished surface features. There was
a more uniform and homogeneous oxide film present post laser treatment.
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Figure 2. Distinctive microscale ripples and homogenous elemental distribution achieved through
laser surface treatment. (A) SEM images of the multi-scale ripples created within the laser tracks.
Scale bar = 10 μm. (B) Peak-to-peak distance between ripples, calculated using ImageJ. Error bars are
the SE of n = 10. (C) Tabulated peak-to-peak distance between ripples. (D) SEM-EDX images showing
the laser treated surfaces, with a boundary defining the base metal polished and laser treated areas.
Scale bar = 100 μm. EDX elemental maps show the spatial distribution of carbon, oxygen, titanium,
niobium, zirconium and tantalum. Black arrows indicate particle enrichment in the base metal polished
zones for all elements except tantalum.

3.3. Phase Identification by XRD

The phase and structure of the samples were identified using XRD, as seen in Figure 3. There was
a notable preferential crystallographic phase shift post laser treatment. The blue dot indicates
the presence of a specific peak in all samples. The untreated base metal surface had a prominent
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peak at ~56◦ β (200), with additional smaller peaks present (~38.5◦ β (110) and ~69◦ β (211)).
The crystallographic plane shifted to ~38.5◦ β (110) after laser treatment for LT100. All samples
had a peak present at ~38.5◦ β (110), ~56◦ β (200) and ~69◦ β (211), although LT100 had an additional
weak peak present at ~83◦ (β 220). All peaks were associated with beta phases, no alpha phases
were detected. This is due to the presence of beta stabilising elements (niobium and zirconium)
in the material, which suppresses the formation of alpha phase.

Figure 3. Shifting crystallographic plane with laser surface treatment. XRD profiles of the untreated
and laser treated samples. The scanning diffraction angles are between 10◦ and 90◦. Y-axis shows
intensity (a.u.).

3.4. Surface Chemistry by XPS

The XPS spectra and narrow scans for the untreated and laser treated groups can be seen in
Figure 4. A summary of the % concentrations by XPS on untreated and laser treated surfaces can be
found in Table 1, and a summary of the species detected are noted in Table 2. All surfaces showed
the expected Ti, Nb, Zr, C and O, with the additional presence of N, Zn and Cu. The presence of
organic nitrogen is probably due to sample exposure to air [32]. The Cu and Zn on the BM surface were
attributed to surface contamination during manufacture of the alloy, and showed levels which reduced
as a consequence of laser treatment. Each element and assignment, as seen in Table 2, was found in all
of the laser treated samples.

Table 1. Summary of % concentrations by XPS on untreated and laser treated surfaces.

XPS (% Concentration)

Name BM LT100 LT200

C 1s 54.1 56.4 52.2
N 1s 7.7 4.4 3.2
O 1s 27.4 30.8 32.9
Si 2p 1.8 0.5 0.6
Ti 2p 3.4 6.1 8.6

Cu 2p3/2 2.7 0.2 0.8
Zn 2p3/2 0.8 0.6 0.4

Zr 3d 0.4 0.5 0.7

The untreated sample had no Ti 2p3/2 in the form of Ti metal present in the surface layer, and a very
weak presence of Ti3+ in Ti2O3/TiN at 456.2 eV. The majority of Ti at the outermost untreated surface
was found in the Ti4+ state in TiO2 at 458.4 eV. The case was similar for the two other metal elements,
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niobium and zirconium. Nb was only found in the Nb5+ state in Nb2O5 at 207 eV, while the majority
of Zr was found in the Zr4+ assignment in ZrO2 at 182.3 eV. There was very little to no nitride present
on the untreated sample, whereas there was some evidence from the laser treated samples to suggest
that the laser treatment creates a nitride layer at a BE range of 395.8–397 eV.

 
Figure 4. XPS spectra of untreated and laser treated samples. (A) XPS spectra: Zn 2p3, Cu2p3, O 1s,
Ti 2p, N 1s, C 1s, Nb 3d and Zr 3d. (B) XPS narrow scan spectra: Ti 2p, Nb 3d, Zr 3d and O 1s
for untreated and laser treated surfaces. X-axes show binding energy (eV).

The oxygen spectra for the untreated and laser treated samples typically showed a relatively
sharp lower binding energy metal-bonded component, and a broader but relatively featureless
higher binding energy component typical of organic oxygen, e.g., bonded within the hydrocarbon
contamination layer. The metal-bonded component (i.e., Ti–O, Nb–O and Zr–O) was typically found
at 529.8 eV. The carbon–oxygen region was typically fitted with two components at 530.9–531.5 eV
and 532.3–532.9 eV, representative of O=C and O–C bonding respectively, typically associated
with residual organic contamination.
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Table 2. Summary of the chemical species detected by XPS.

Element Line Assignment BE Range (eV)
Present in Sample

BM LT100 LT200

Ti 2p3/2

Ti metal 454.3 No Yes Yes
Ti3+ in Ti2O3/TiN 456.2 V. weak Yes Yes

Ti4+ in TiO2 458.4 Yes Yes Yes

O 1s
Ti–O, Nb–O, Zr–O 529.8 Yes Yes Yes

O=C 530.9–531.5 Yes Yes Yes
O–C 532.3–532.9 Yes Yes Yes

C 1s

C–C 285 Yes Yes Yes
C–O 286–286.4 Yes Yes Yes
C=O 287.2–288.1 Yes Yes Yes

COO- 288.6–289.3 Yes Yes Yes

Nb 3d5/2
Nb metal 202–202.5 No Yes Yes

Nb5+ in Nb2O5 207 Yes Yes Yes

Zr 3d5/2
Zr metal 178.4 Weak Yes Yes

Zr4+ in ZrO2 182.3 Yes Yes Yes

N 1s
Nitride 395.8–397.0 V.

weak/No Yes Yes

Organic 399.7–400.3 Yes Yes Yes

3.5. Cell Responses

3.5.1. Attachment

It is evident at the early attachment time points that the cells behaved distinctively differently
on the laser treated surfaces in comparison with the untreated surfaces between the 24 and 48 h time
points, as seen in Figure 5. Alpha SMA was specifically used to clearly visualise cell morphology.
The MSCs were visually similar in shape at 6 h on all surfaces, displaying the typical polygonal
structure with uniform spreading regardless of underlying surface topography. At 24 and 48 h,
the cells on the laser treated surfaces began to show evidence of interacting with the surface. At 24 h,
the LT100 cells remained fairly rounded and polygonal in shape, while the LT200 surfaces encouraged
cell stretching, seen across and along the laser created tracks. At 48 h, the cell shapes had vastly
changed again, with LT100 causing the cells to become slightly smaller in size in comparison with their
untreated BM counterparts. LT200 appears to have the most influence on cell shape, as it is clear that
at 48 h the cells displayed a spindle shaped appearance. Meanwhile, the BM surface encourages cells to
stretch. This is probably an effect of the scratch marks remaining after the SiC paper polishing process.
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Figure 5. Laser surface treatment at high scanning speeds can be used to encourage cell spreading.
Merged fluorescence images of mesenchymal stem cells (MSCs) stained at 6, 24 and 48 h at 100× (top)
and 200× (bottom) magnification on untreated and laser treated surfaces. Red = αSMA actin fibres;
blue = DAPI nuclei stain. Scale bar = 100 μm (top) and 50 μm (bottom). Images are representative of
cell coverage on the entire surface.

3.5.2. Proliferation

The fluorescence intensity of MSCs on the untreated and laser treated surfaces at Day 3, 7
and 14 can be seen in Figure 6. A higher intensity is associated with more cells being present on
the surface. There were no significant differences between surfaces within time points until Day 7
and 14. At Day 7, there was a significant difference between BM and LT100 (p < 0.05). At Day 14,
the untreated BM had the highest fluorescence intensity, followed by LT200 then LT100. BM was
significantly different from the two laser treated groups, LT100 (p < 0.001) and LT200 (p < 0.05).
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Figure 6. Fluorescence intensity of MSCs at Day 3, 7 and 14 proliferation time points on untreated
and laser treated surfaces. The error bars indicate the SE of n = 3.

3.5.3. Differentiation

MSC morphology was qualitatively assessed using fluorescence staining of osteocalcin at Day 7, 14
and 21. There was a very distinct difference in MSC morphology on the untreated and laser treated
surfaces, as seen in Figure 7. Those on BM were spindle shaped, while TCP had good coverage,
as expected. More distinct cell shapes can be seen on LT200 than on LT100. The distinctly different cell
morphology can be seen at the later differentiation time points. The number of cells increased on all
surfaces between Day 7 and Day 14, with TCP having nearly full coverage and monolayer. The cells
on BM had the same spindle shape, while the cells on both laser treated surfaces had begun to form
clusters, the larger seen on LT200, with small rounded cells present alongside the clusters.

At Day 21, the TCP had formed a monolayer of MSCs, while the cell clusters could be seen on
the BM surface. There were multiple cell cluster formations on the laser treated surfaces, which could
be indicative of bone-like nodule formation, suggesting that the parameters chosen for the laser surface
treatment encourage bone to grow more quickly than on the BM surface, suggesting that laser surface
treatment is a potential modification technique to encourage faster bone growth.

Figure 7. Laser surface treatment encourages formation of bone-like nodules, indicating potential
faster osseointegration. Merged fluorescence images of MSCs stained at Day 7, 14 and 21 at 100×
magnification on untreated and laser treated surfaces. Green = osteocalcin protein; blue = DAPI nuclei
stain. Scale bar = 100 μm. Images are representative of cell coverage on the entire surface.
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3.6. Bacterial Attachment

The bacterial attachment results on the untreated and laser treated surfaces can be seen in
Figure 8. Attachment was quantitatively analysed using S. aureus coverage and live-to-dead ratio to
determine which surface(s) elicited a bactericidal response. The fluorescence images show that live
cells were green stained with SYTO 9, while dead cells were red stained with propidium iodide.
Green fluorescence indicates viable bacteria with intact cell membranes, while red fluorescence
indicates dead bacteria with damaged membranes. As seen in Figure 8A, there was a visibly
higher number of green stained cells present on the untreated surface. After only 24 h, the lower
number of bacteria on the laser treated surface in comparison with the untreated suggests that laser
treatment created an inhospitable environment for the bacteria, causing them to become non-viable.
The bacterial attachment results were quantified using bacteria coverage and the ratio of live-to-dead
cells. The bacterial coverage on each laser treated surface was significantly different (p < 0.001)
from the untreated BM surface, see Figure 8B. There was a four-fold increase in the bacterial coverage
between the laser treated and untreated group. Likewise, the live/dead ratio of bacteria present on
the laser treated surfaces was also drastically reduced, see Figure 8C.

Figure 8. Bacterial adherence significantly reduced with laser surface treatment. (A) Merged fluorescence
images of bacteria at 24 h using live/dead staining. Scale bar = 50 μm. Images are representative of
bacteria coverage on the entire surface. (B) Total bacteria coverage measured from fluorescence microscopy.
Error bars are the SE of n = 24. The total bacteria coverage refers to the total sum of red and green areas
present after cell staining. (C) Live-to-dead ratio of bacteria cells measured from fluorescence microscopy on
the surfaces post staining, based on average red and green areas per group. Data calculated in both graphs
using twenty four images per surface at each time point using ImageJ software.

4. Discussion

Bimodal texturing is an important consideration for improvement in surface feature design.
Micro and nanotopography must be used in tandem to create a surface that is sufficient for long-term
stability [19,33]. Micro scale features such as grooves, ridges and pits can increase surface area
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and provide more opportunities for attachment, and these features can cause cells to align and organise
within them. Features at the nano scale directly affect protein interactions, filaments and tubules,
which control cell signalling and regulates cell adhesion, proliferation and differentiation [34].

The roughest regions were prominent at the very edge of the laser tracks for each surface
(as indicated by the arrows in Figure 1A,B). This can be attributed to the consequence of melt
pool dynamics at the liquid/solid boundary (or melt pool/heat affected zone (HAF) boundary)
during the laser re-melting process [35]. It is known that the micro-ripple surface (as seen in Figure 2A)
results from oscillation of the liquid metal due to the Marangoni convection and hydrodynamic
processes driven by thermocapillary motion acting on the melt pools [36,37]. The black marks seen in
Figure 2A(a–d) could be due to contamination from the material handling process, although further
in-depth analysis is required.

There was a more uniform and homogeneous oxide film present post laser treatment (Figure 2D).
The elements on the LT100 and LT200 surfaces were uniformly distributed with no measureable
spatial variation over the surface area imaged, suggesting the elongated and thin brush-like
marks (extended from the interior areas of laser tracks to the boundary, as seen in Figure 2A)
were laser-induced surface features as a consequence of the convection field in the complex melt
pool dynamics and solidification processes during laser treatment [38]. Tantalum is the only element
that did not show any evidence of particle enrichment, perhaps due to it being the least abundant
element present in the quaternary alloy.

There was a notable preferential crystallographic phase shift post laser treatment (Figure 3).
This could be due to the preferential orientation of a specific phase (i.e., peak angle of ~38.5◦)
caused by higher laser energy input at lower scanning speed. However, further in-depth analysis is
still required to investigate how the difference of laser energy input between the two scanning speeds
(i.e., lower at 100 mm/s and higher at 200 mm/s) makes the change. Sharp dominant phase peaks
present in XRD analysis indicated the treated material had a high degree of crystallinity.

The significant reduction of bacterial attachment and/or biofilm formation on the laser treated
surfaces can be attributed to the following: (i) Firstly, the SEM-EDX results indicated “homogenisation”
or “finer dispersion” of metal compositions in the laser-melted surfaces (i.e., absence of metal-enriched
particles, as indicated in Figure 2D). In addition, the laser treated surfaces look smoother in the SEM
images (Figure 2A), and the original fine-scale texture and roughness of the untreated areas was
not present after laser treatment. Both of these can be linked to the formation of a more uniform
and homogeneous oxide film after laser treatment. (ii) Secondly, the XPS data and also the SEM-EDX
results indicate that overall the oxide film was thinner after laser treatment, but it was likely to be more
uniform in thickness, as described in point (i) above. Therefore, possibly, there was a better coverage of
a more well-defined though thinner oxide layer over the treated areas. (iii) Thirdly, removal of
residual organic contaminants, as indicated by the reduced proportion of both oxygen-bonded
and carbon-bonded species in the oxide film, which could be acting as potential sources to attract
bacteria to attach on surfaces via non-covalent interactions [39]. The phenomenon of laser treatment
helps reduce overall levels of organic surface contaminants, as reported elsewhere [16,36]. This can be
due to rapid vaporisation of more volatile species under the sudden input of energy from the laser, or,
possibly, more adherent contaminants are buried as the locally-melted metal re-solidifies after laser
treatment. (iv) Finally, the presence of titanium nitride (TiN) in the oxide film after laser treatment
could contribute to the antibacterial activities. It has been reported that a surface with TiN can
deactivate biofilm formation [14,40]. Likewise, zirconium nitride (ZrN) is known to be an antibacterial
material [41]. However, the possibility of an antibacterial effect attributed to ZrN can be eliminated
in this study, because there is no evidence for the existence of ZrN in the oxide film, as shown in
the XPS narrow scan profile in Figure 4B (i.e., the binding energy for ZrN would be expected to be
around 180.9 eV [42]). In contrast, the evidence for TiN present in the oxide film after laser treatment is
clear (i.e., the curve fitted at the binding energy around 456.2 eV in Figure 4B).
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It is important to note that, although the evidence for the appearance of metallic species in
the oxide film, namely Ti and Nb metals, after laser treatment is also very clear, the results in this study
indicated that they are not necessarily encouraging the bacterial attachment and/or biofilm formation.
The presence of the oxide layer improves the corrosion resistance of the material’s passive surface [43].
The organic contamination found in the form of O–C and O=C bonds could be due to the material
handling process or a carbon-containing cleaning agent; further in-depth analysis is required.

The ultrastructure of the bone–titanium interface demonstrates simultaneous direct bone contact,
osteogenesis and bone resorption [44]. Upon implantation, a material surface initially interacts
with water, followed by protein adsorption then cell interaction, among which is included MSCs.
The surface macro scale is responsible for the interlock between bone and implant [45]. The micro
scale can influence cell orientation [46] and potentially proliferation capacity and differentiation
ability. The nano scale can influence cell-to-cell signalling [34], and can override biochemical
cues [47]. Independent of the surface chemistry, the surface scale, namely micro and nano topography,
has a significant effect on cell behaviour [48]. The cell cytoskeleton organisation is strongly affected by
the orientation of the surface structures (i.e., physical roughness and topography), which stimulates
cell contact guidance [49]. Contact guidance refers to the phenomenon where cells will adjust
their orientation and align along nano-micro-groove-like patterns to grow. It was first observed
by Harrison [50] in 1912, and the terminology first described by Weiss and Taylor [46] in 1945.
Curtis and Wilkinson reviewed the materials (one being titanium surface oxides) and topographical
structures which can effect cell behaviour, such as grooves, ridges, spikes and pits [51]. Research has
evolved since, and now emphasis is placed on how cell geometric cues can direct cell differentiation,
and in the process manipulate cells into square, rectangular and pentagon shapes [52].

The cell coverage was similar across the early attachment time points (Figure 5) which correlates
with the proliferation data at Day 3 (Figure 6). Although the coverage was similar, the morphology
was distinctive on the laser treated surfaces. At Day 14, proliferation results show that BM surface
had the highest fluorescence intensity (significantly different from both laser treated surfaces),
although at Day 14 the differentiation results show that BM had spindle shaped cells and approximately
60% coverage, while the laser treated groups first began to show morphological evidence of cluster
formation, perhaps indicative of bone-like nodules, although additional in-depth analysis is required
to further characterise the cell behaviour. It is clear that cell shape is a relevant parameter in
the biomaterial design process, as a fundamental physiological feature of functional tissue [53].
Faster bone formation by laser surface treatment could be explained by the hypothesis that osteoblast
precursors migrating into the pores of a rough surface reach confluence earlier within the enclosed
space, cease proliferation and then differentiate [54]. Improvement of overall in vitro performance
links to the surface roughness and topographical features, with these being the main indicators
of osseointegration success [19,55,56]. The introduction of laser technology for titanium surface
modification is feasible, and evidently beneficial for accelerating bone formation [57].

The antibacterial effect arising from the changes in surface chemistry of TNZT after laser treatment
could apply to the attachment of MSCs, i.e., negatively impacting the MSCs attachment on laser
treated surfaces. However, positive results of attachment and coverage of MSCs on the laser treated
surfaces, at least comparable with that of the untreated (polished) surfaces, can still be observed in
this study. It can be attributable to the size difference between bacteria and MSCs, namely 0.5–1 μm
and 20–30 μm, respectively.

In the authors’ recent study [16,36], bacteria were found to be insensitive to the micro-sized
surface features, namely micro-ripples in the laser tracks [36], while the response of bacteria was very
much dictated by the nano-sized features, i.e., nano-spiky features are effective to inhibit bacterial
attachment and to kill the bacteria that attached [16]. Similarly, Puckett et al. found that certain
nanometre sized titanium topographies may be useful for reducing bacteria adhesion while promoting
bone tissue formation [58]. In contrast, the relatively large-sized MSCs, compared with the bacteria,
are more sensitive to surface features in both the micro- and nano-sized range. It has been reported
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by Chan et al. [59] that laser-induced surface ripples or patterns in micro size can encourage higher
cell attachment of MSCs, leading to a higher cell coverage on the surfaces after laser treatment.
Surface modification is emerging as a promising strategy for preventing biofilm formation on abiotic
surfaces [60]. Implant success relies upon the surface inhibiting bacterial adherence and concomitantly
promoting tissue growth.

To summarise, there is a competing process between effects caused by the laser-induced
surface chemistry and micro-features, i.e., changes in surface chemistry after laser treatment could
make the surface less hospitable to MSCs, whereas the micro-sized ripples (or physical features)
can promote more cell attachment and coverage. However, at this stage it is still inconclusive as to how
the laser-induced chemical or physical effects individually act on the response of MSCs, or which one
is more dominant. A single surface feature effect cannot be studied in isolation from the others.

5. Conclusions

The beta titanium alloy Ti-35Nb-7Zr-6Ta coupled with fibre laser surface treatment in a high
speed regime (ranging 100 and 200 mm/s) is a promising choice for load bearing implant applications.
The surface roughness, topography and composition can be tailored by fibre laser treatment to improve
in vitro mesenchymal stem cell attachment, proliferation and differentiation, as well as reducing
bacterial attachment.

The major findings of this research are summarised below:
(1) Fibre laser treatment can be used to polish the TNZT surfaces in the high speed regime,

with the scanning speed of 200 mm/s (or 12 m/min) being the most effective in this study;
(2) The laser treated samples exhibited surface homogenisation (or homogenous elemental

distribution), and only showed beta phases after fibre laser treatment, namely β (110) and (200);
(3) Fibre laser treatment created a rougher (Ra value of BM was 199 nm, LT100 was 256 nm

and LT200 was 232 nm) and spiky surface (Rsk > 0 and Rku > 3) with a homogenous elemental
distribution and presence of TiN in the outmost oxide layer, which encouraged bone-like nodule
formation and a bactericidal effect.

To summarise, the cell (attachment, proliferation and differentiation of MSCs) and bacterial culture
(live/dead ratio of S. aureus) results indicate that LT200 is the optimal condition to treat the TNZT
surface, giving the most desirable MSC responses and a significant reduction in bacterial adhesion.
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Abstract: Two temperature and pH responsive submicron hydrogels based on poly(N-
methylenebisacrylamide), chitosan and β-cyclodextrines (PNCS/CD hydrogel) with varying
poly(N-isopropylacrylamide) to chitosan ratios were synthesized according to a simplified procedure,
reflecting improved stimuli responsive properties and excellent bio-barrier properties, granted
by incorporated chitosan. Hydrogels were applied to cotton-cellulose fabric as active coatings.
Subsequently, antimicrobially active savory essential oil (EO) was embedded into the hydrogels in
order to develop temperature- and pH-responsive cotton-cellulose fabric with double antimicrobial
activity, i.e., bio-barrier formation of chitosan along with the proactive release of savory EO at
predetermined conditions. The influence of the hydrogels chemical composition on stimuli responsive
and antibacterial properties were assessed. Both PNCS/CD hydrogels showed stimuli responsiveness
along with controlled release of savory EO. The chemical composition of the hydrogels strongly
influenced the size of the hydrogel particles, their temperature and pH responsiveness, and the
bio-barrier forming activity. The increased concentration of chitosan resulted in superior overall
stimuli responsiveness and excellent synergy between the antimicrobial activities of the hydrogel
and released savory EO.

Keywords: antimicrobial activity; chitosan; essential oils; smart textiles; stimuli-responsive hydrogel;
β-cyclodextrin

1. Introduction

Essential oils (EOs), as one of the important representatives of the natural antimicrobial
agents, play a vital role in the textile industry. Namely, they are used to produce biocompatible,
environmentally friendly and non-toxic high value-added products with antimicrobial, anticancer,
antioxidant and aromatherapeutic properties, intended for the use as cosmetotextiles or medical
textiles [1–4]. However, the application of EOs in textiles is limited due to their sensitivity to various
environmental conditions. Namely, some volatile compounds are lost if EOs are stored at high
temperatures, while other components become unstable due to variations in the pH or are likely
to undergo the oxidation process and generation of free radicals when the EOs are exposed to the
combination of oxygen and light [5].

One possible approach for the incorporation of EOs into textile materials is their embedment
into stimuli-responsive hydrogels. In this manner, the EOs are not only protected against the
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environment but are also proactively released from the hydrogel matrix only at predetermined
conditions. Such controlled release of entrapped substances is based on the ability of the hydrogel
particles to reversibly swell or de-swell due to the presence or absence of different external stimuli [6].
However, two important issues should be considered when embedding the EOs as an active
substance into a stimuli-responsive hydrogel matrix. The first is the hydrophobic nature of EOs
because it is known that water is a driving force of hydrogel responsiveness and the second is the
concentration-dependent antibacterial activity of the released EOs, and thus the lack of antimicrobial
efficiency when the hydrogel is in its swollen phase. In addition, the hydrogel matrix acts as a reservoir
of the EOs, meaning that there is limit amount of EOs that can be embedded, which lead to the
eventual depletion of the EOs during the product use. The first issue can be successfully resolved
by introducing β-cyclodextrines (β-CD) into the hydrogel structure. Specifically, because β-CD
consist of a hydrophobic cavity and a hydrophilic surface, they can form an inclusion complex
with appropriately sized molecules [7,8]. Accordingly, a successful incorporation of β-CD into
poly(N-vinylcaprolactam)-based hydrogel was demonstrated by Kettle et al. by using a two-step
synthesis procedure that included the formation of β-CD acrylates in the first step, followed by
a further copolymerization of the hydrogel in the second step [9,10]. However, the two-step synthesis
method of the incorporation of reactive β-CD functionalized by acrylic groups into the hydrogel
matrix is not only time-consuming but is also rather complex, thus the preparation of cyclodextrin
acrylates proceeds according to the sophisticated Schlenk technique where the utilization of a less
environmentally susceptible organic solvent is necessary. Yi and co-workers have recently reported on
the effective, ecologically more susceptible incorporation of β-CD into poly-(N-isopropylacrylamide)
(poly-NiPAAm) based hydrogel via a one-step method directly during the hydrogel synthesis process
in order to achieve temperature responsiveness [11]. In this study it was also shown that the presence
of β-CD was beneficial for the increased thermosensitivity of the poly-NiPAAm, which was ascribed
to the formation of β-CD-poly-NiPAAm conjugation.

The second issue regarding the concentration-dependent antibacterial activity of the released EOs
within the hydrogel matrix, remains a rather unexplored topic. Accordingly, one possible approach to
extend the life span of the antimicrobial activity, but preserve the other beneficial properties of the
EOs, is to combine EOs with bio-barrier forming agents, resulting in the formation of dual antibacterial
activity. Namely, the bio-barrier forming agents do not leach from the fibers, but create a biological
obstacle for the microorganisms that comes in direct with the fibers, meaning that their concentration
does not change with time. In this manner, antimicrobial activity of the functionalized fibers could be
obtained even in conditions when the beneficial effect of the EOs is minimized, i.e., the hydrophilic,
swollen phase of the hydrogel particles, or when the concentration of EOs on the surface of the fibers
would decrease below the limit of efficiency.

Among the stimuli-responsive hydrogels, the poly-NiPAAm/chitosan based hydrogel (PNCS
hydrogel) is particularly important owing to its response to both temperature and pH in physiological
range [12]. Accordingly, PNCS hydrogel swells at temperatures below 32 ◦C (i.e., below the lower
critical solution temperature (LCST) of poly-NiPAAm) and/or pH below 6.5 (i.e., below the pKa of
chitosan), while it undergoes the transition to the de-swollen, collapsed phase when the temperature
and/or pH rise above the aforementioned values. Bearing in mind that pH-responsive chitosan is
a well-known biocompatible bio-barrier forming antimicrobial agent [13–15], dual antibacterial activity
can be achieved without the use of additional bio-barrier forming agents, but rather by the simple
increase of the chitosan within the PNCS hydrogel. The proposed mechanism of the present study,
showing dual antimicrobial activity, is schematically presented in Figure 1. Moreover, it can be also
predicted that the increase in the chitosan concentration will not compromise dual temperature and
pH responsiveness of functionalized PNCS/CD hydrogel, as incorporation of β-CD increases the
thermosensitivity of poly-NiPAAm.
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Figure 1. Proposed dual antimicrobial activity of the poly-(N-isopropylacrylamide)
(poly-NiPAAm)/chitosan based hydrogel (PNCS/CD) hydrogel in correlation with the changes in
temperature of the environment.

To the best of our knowledge, there have been no studies about the mutual influence between
PNCS/CD hydrogel structure and EOs, thus based on the above consideration, a comprehensive study
was performed. Accordingly, this paper focuses on the synthesis PNCS/CD submicron hydrogels
with two different poly-NiPAAm to chitosan ratios of 7:1 and 4:1 using a modified in situ synthesis
procedure. Subsequently, the PNCS/CD hydrogels were applied to the cotton-cellulose fabric as
a thin layer surface modifying system and were functionalized with savory EO, which showed to
provide excellent antibacterial activity, without influencing the stimuli responsiveness of the PNCS
hydrogel [16]. In this manner, we aimed to study (i) the influence of the β-CD incorporation on the
temperature and/or pH responsiveness of the PNCS/CD hydrogel, (ii) the influence of the increased
chitosan concentration on the temperature responsiveness of the PNCS/CD hydrogel and (iii) the
possible achievement of synergistic dual antimicrobial activity derived by the proactive release of
savory EO and bio-barrier-forming chitosan.

2. Materials and Methods

2.1. Materials

In this study, alkaline-scoured, bleached, and mercerized 100% cotton-cellulose plain weave
fabric with a mass area of 125 g/m2 (warp density: 38 threads/cm; weft density: 28 threads/cm) was
purchased from Tekstina d.d., Ajdovščina, Slovenia. Savory (Satureja montana L.) essential oil (Florihana
Distillerie) was purchased from Magnolija, Nina Medved IC, Ljubljana, Slovenia. The chemical
composition of savory EO provided by Florihana Destillerie (Caussols, France.) is presented in
Supplementary 1 (Table S1). Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) was used as surfactant.
For the preparation of the PNCS/CD hydrogel, chitosan (Chitoclear, Primex, Siglufjordur, Iceland;
DD = 95%; η = 159 mPa), glacial acetic acid (Sigma-Aldrich), N-isopropylacrylamide (NiPAAm)
(Sigma-Aldrich), N,N-methylenebisacrylamide (MBA) (Sigma-Aldrich), ammonium persulfate (APS)
(Sigma-Aldrich), β-cyclodextrine (β-CD) (Sigma-Aldrich) and highly pure sodium dodecyl sulfate
(SDS, GE Healthcare Life Sciences, São Paulo, Brazil) were used.

2.2. Synthesis of the PNCS/CD Hydrogels

The PNCS/CD hydrogels were synthesized according to the combined and modified procedures
firstly reported by Lee [17] and Yi et al. [11]. Briefly, the appropriate concentration of chitosan was
dissolved in a mixture of 300 mL of distilled water and 3 mL of glacial acetic acid, placed in a flask
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and degassed with nitrogen for 30 min. Next, NiPAAm, β-CD, 10 wt.% SDS solution in water and
MBA were added while intensely stirring the mixture at 320 rpm and heating the reaction mixture
to 50 ◦C. After 40 min, APS was added to initiate the polymerization. The mixture turned turbid in
approximately 10 min, verifying that the polymerization was proceeding. The reaction proceeded
in a nitrogen atmosphere at 50 ◦C for 3 h. Subsequently, the PNCS/CD hydrogels reaction mixtures
were dialyzed against bidistilled water using a Spectra/Por 4 membrane (Fisher Scientific, Pittsburgh,
PA, USA) for 10 days to remove impurities and unreacted monomers and the water was changed
daily. The studied PNCS/CD hydrogels have different ratios of poly-NiPAAm and chitosan (PN:CS).
The hydrogel sample codes, and the used reagents and their concentrations are presented in Table 1.

Table 1. Synthesis reagents used for the preparation of the PNCS and PNCS/CD hydrogels.

Hydrogel Code PN:CS Ratio
Reagents (g)

NiPAAm Chitosan β-CD SDS Solution MBA APS

PNCS/CD M1 7:1 7.00 1.00 14.00 1.50 0.21 0.90
PNCS/CD M2 4:1 7.00 1.75 14.00 1.55 0.22 0.93

2.3. Hydrogel Dispersion Characterization

The morphology of the hydrogel particles in the dispersions was determined by scanning electron
microscopy at an accelerating voltage of 1 kV using an FE-SEM Zeiss SUPRA 35 VP instrument
(Oberkochen, Germany). The hydrogel dispersions were freeze-dried, mixed with water, applied on
the holder and dried. Prior to the observation, the samples were coated with Pt.

The particle sizes of the dispersed PNCS and PNCS/CD hydrogels as a function of the temperature
were determined by dynamic light scattering (DLS) using a Zetasizer NanoS (Malvern, UK) equipped
with 4 mW He-Ne laser operating at the wavelength of 633 nm and an avalanche photodiode detector.
Scattering light was detected at an angle of 173◦. Hydrogel was diluted 50 times so that 60 μL of
the sample was used for each measurement, and the results represent an average of three values.
The particle size was determined at pH 6.5 and temperatures in the 20–40 ◦C range at intervals of 5 ◦C.

Thermal analysis was performed by differential scanning calorimetry (DSC) carried out using
a DSC 1 calorimeter (Mettler Toledo, Columbus, OH, USA) that was calibrated with indium.
Approximately 8–10.5 mg of a hydrogel sample was accurately weighted into a 40 μL aluminum
pan that was then hermetically sealed with an aluminum lid. The thermal analyses were performed at
the temperatures varying from 5 to 50 ◦C at a heating rate of 1.5 K/min using a nitrogen atmosphere.
One cycle of heating and cooling was performed. Normalized thermograms were evaluated using the
STARe v9.30 software (Mettler Toledo, Columbus, OH, USA), where the point of the endothermic peak
was used to indicate the LCST of the hydrogels.

2.4. Application of the Hydrogels onto the Cotton-Cellulose Fabric

PNCS and PNCS/CD hydrogels were applied to a cotton-cellulose fabric using a pad-dry method,
which included: immersion of the fabric samples into a hydrogel dispersion, wringing by a two-roller
foulard (Mathis, Oberhasli, Switzerland) with a wet pick-up (WP) of 80% ± 5% and 5 min drying of
the samples at 80 ◦C, using laboratory dryer (Mathis, Oberhasli, Switzerland). The pressure on the
foulard varied based on the WP that was calculated for each sample according to [18]:

WP =

(
mw − md

md

)
× 100 [%] (1)

where md (g) is the weight of the dry, untreated sample and mw (g) represents the weight of the
immersed sample after wringing.
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2.5. Essential Oil Emulsion Preparation

The appropriate concentration of EO in emulsion was determined according to the disc diffusion
test, which provided the information regarding the antimicrobial activity of EO in concentrations from
1% to 5%. Results are presented in Supplementary (Figure S1). Based on the results, 5% savory EO
emulsion was prepared for the embedment into the studied PNCS/CD hydrogels. Firstly, 10 g of
Tween 20 was diluted in 85 g of distilled water and mixed for 20 min at room temperature with the
speed of 100 rpm. Then, the stirring speed was set to 1500 rpm, while 5 g of savory EO was added
dropwise into the mixture. The mixing proceeded for 4 h and was followed by ultra-sonication carried
out with a lab homogenizer (Hielscher Ultrasonics GmbH, Brandenburg, Germany) for 5 min using
0.5 ultrasonic impulses.

2.6. Embedment of the EO Emulsion

Immediately after drying the PNCS/CD coated fabric samples were immersed into a savory
EO emulsion, which was previously stored in a refrigerator at 8 ◦C in order to fasten the swelling of
the shrunken hydrogel particles. The wet samples were pressed with the foulard, to achieve WP of
80% ± 5%. Subsequently, the samples were immersed in a bath containing distilled water:ethanol
(60:40) mixture at a goods to liquid ratio of 1:50 in order to remove the excess of the savory EO emulsion.

To characterize the amount of the functional finishing present on the fabric samples, Add-on was
determined for each sample. The samples were placed in the moisture analyzer MLB-C (Kern & SOHN
GmbH, Balingen, Germany) and dried to their constant weight. The Add-on was calculated according
to following equation [18]:

Add − on =

(
mf − mUN

mUN

)
× 100 [%] (2)

where mf (g) is the average of the dry weights of the functionalized sample, and mUN (g) represents an
average of dry weights of the untreated sample. Each value represents an average of 10 measurements.

The sample codes and Add-on values of all of the studied samples are presented in Table 2.

Table 2. Sample codes according to the chemical modification of the functionalized cotton-cellulose
fabric and corresponding Add-on values.

Sample Code Description of Chemical Modification Add-on (%)

CO_UN /(a) /(a)

CO_M1 Cotton fabric treated with PNCS/CD hydrogel M1 (PN:CS = 7:1) 7.86
CO_M2 Cotton fabric treated with PNCS/CD hydrogel M2 (PN:CS = 4:1) 8.89

CO_M1+S Cotton fabric treated with PNCS/CD hydrogel M1 and savory EO emulsion 18.19
CO_M2+S Cotton fabric treated with PNCS/CD hydrogel M2 and savory EO emulsion 18.88

(a) No finishing.

2.7. Analysis and Measurements

2.7.1. Scanning Electron Microscopy (SEM)

The morphology of the samples was determined by scanning electron microscopy at
an accelerating voltage of 1 kV using an FE-SEM Zeiss SUPRA 35 VP instrument (Oberkochen,
Germany). Prior to the observation, the samples were coated with Pt.

2.7.2. Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier-transform infrared (FT-IR) spectra were obtained using a Spectrum GX I
spectrophotometer (Perkin Elmer, Waltham, MA, USA) equipped with an attenuated total reflection
(ATR) cell and a diamond crystal (n = 2.0). The spectra were recorded over the range 4000–600 cm−1,
with a resolution of 4 cm−1 and averaged over 32 spectra.
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2.7.3. Moisture Content (MC)

Temperature responsiveness of the samples was assessed by measuring moisture content
according to the AATCC D629—15 Standard Test Methods for Quantitative Analysis of Textiles [19].
For this purpose, a moisture analyzer MLB-C (Kern & SOHN GmbH, Balingen, Germany) was used.
Studied samples were pre-conditioned at 65% ± 2% relative humidity at 20 and 40 ◦C for 24 h, before
they were put in a moisture analyzer and dried at 60 ◦C until the constant mass. Moisture content
(MC) was determined by Equation (3) and each value represents an average of 10 measurements.

MC =

(
m0 − mf

m0

)
× 100 [%] (3)

where m0 denote the initial mass of the pre-conditioned sample and mf represents the final mass of the
sample after drying. MC was reported as mean values of 10 measurements.

Based on the results of the average MC value, the contribution (CMC) of both hydrogels on the
studied samples was calculated by the following equation:

CMC =

(
MCF − MCUN

MCUN

)
× 100 [%] (4)

where MCF is the average moisture content value of the studied functionalized sample, and MCUN is
the average moisture content value of the untreated sample, determined under the same conditions.

2.7.4. Water Uptake (WU)

In order to evaluate pH responsiveness of the functionalized samples, water uptake was
determined [20]. Firstly, the samples were dried to their constant weight using a moisture analyzer
MLB-C (Kern & SOHN GmbH, Balingen, Germany) and their dry weight was determined. Next,
they were immersed into the buffer solution with pH 3 for 1 h, followed by immersion for 1 h in
buffer solution with pH 8 and immersion for 1 h in buffer solution with pH 3. During the analysis,
the samples were taken out of the solutions and weighed every 15 min, thus water uptake (WU) was
determined for each measurement according to Equation (5). Each value represents an average of
10 measurements.

WU =

(
mw − m0

m0

)
× 100 [%] (5)

where mw is the weight of the sample taking up buffer solution (g) and m0 is the dry weight of the
sample (g).

All data were presented as the mean and standard deviation values. To determine the significance
of the differences between studied sets of data, a t-test was performed, and the significance limit was
set at p = 0.05.

2.7.5. Antimicrobial Activity

Antibacterial activity of studied cotton samples was estimated by determination of zone of
inhibition referring to the ISO 20645 Agar diffusion plate test [21], as well as by determination
of bacterial reduction according to the ISO 20743 Absorption method [22]. As test organisms,
Gram-negative bacteria Escherichia coli (ATCC 25922) and Gram-positive bacteria Staphylococcus aureus
(ATCC 6538) were selected.

According to the ISO 20645 Agar diffusion plate test, assessment of antibacterial activity was
based on the absence or presence of an inhibition zone, which was calculated from:

H =
D − d

2
(mm) (6)
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where H is the inhibition zone in mm, D is the total diameter of the cotton specimen and inhibition
zone in mm, and d is the diameter of specimen in mm. All tests were performed in duplicate. After the
test, the samples and the zone of inhibition were observed with a Leica EZ4 W optical microscope
(Leica, Wetzlar, Germany).

According to the ISO 20743 standard method, 1 g of sample was incubated with bacterial
suspension of 105 CFU/mL. The number of surviving colonies was determined by spreading 40 μL of
suspension on an agar plate immediately after the inoculation (time 0) and after 1 h (time 1) of bacteria
suspension exposure. The amount of inoculum was adapted to the size of the agar plate. Accordingly,
the chosen volume was taken into account in further calculations, adapting to a volume of 1 mL.

The antibacterial activity value was calculated as follows:

A = (lg C1 − lg C0)− (lg T1 − lg T0) (7)

where A is the antibacterial activity value, lgC1 is the average common logarithm for the number of
bacteria obtained from control sample after 1 h of incubation, lgC0 is the average common logarithm
for the number of bacteria obtained from the control sample immediately after inoculation, lgT1 is
the average common logarithm for the number of bacteria obtained from tested sample after 1 h of
incubation and lgT0 is the average common logarithm for the number of bacteria obtained from the
tested sample immediately after inoculation. For each sample, the values represent the average of
eight counts.

3. Results and Discussion

3.1. Characterization of the Hydrogels

The morphology and particle size of the studied PNCS/CD M1 and M2 hydrogels with different
PN:CS ratios were determined by SEM and DLS analysis. In addition, the temperature of the phase
change transition of the studied hydrogel particles was also determined. The representative SEM
images of these samples are shown in Figure 2. The PNCS/CD M1 hydrogel particles were spherically
shaped, but in some cases, the outline of the individual particles was blurred, implying that these
particles were coated. In contrast, the spherical shape of the hydrogel particles of PNCS/CD M2 was
more distinct with clearly formed individual segments. Since direct comparison between the particle
sizes of the two hydrogels was not possible, the DLS method was employed.

 

Figure 2. Scanning electron microscope images of the studied PNCS/CD hydrogels.

The results of the hydrodynamic particle size of the studied PNCS/CD hydrogels in correlation
with the fluctuation in the temperature of the intermediate surroundings are presented in Figure 3.
Regardless of the polymer ratio, both of the studied PNCS/CD hydrogels had submicron size
particles at 20 ◦C, responding to the temperature increase by decreasing their hydrodynamic size.
However, for the PNCS/CD M1 hydrogel, this decrease was only obtained until the temperature
reached 30 ◦C, whereas at higher temperatures, the hydrodynamic size of the particles increased
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dramatically. This behavior can be ascribed to the fast agglomeration of the PNCS/CD M1 hydrogel
particles at the temperatures above the LCST of poly-NiPAAm, as was confirmed by the drastic
increase in the polydispersity index (PDI) values. The rapid agglomeration of the PNCS/CD M1
hydrogel particles can be attributed to the formation of an inclusion complex between the β-CD and
poly-NiPAAm that enhanced the temperature responsiveness [11]. For the PNCS/CD M2 hydrogel,
the agglomeration process was not observed, thus confirming that the presence of higher concentration
of chitosan stabilizes the hydrogel particles during the synthesis procedure [23]. Namely, at 20 ◦C,
when poly-NiPAAm is in its hydrophilic state and the particles are swollen, the hydrodynamic
particle size of the PNCS/CD M2 hydrogel was 20% smaller than that obtained for the PNCS/CD
M1 hydrogel. The hydrodynamic size was slowly decreased by gradually raising the temperature
over the entire studied temperature range, showing the reduction of 66% in the particle size at the
end of the experiment. Furthermore, comparison of the hydrodynamic particle size of the pure PNCS
hydrogel that was determined in our previous research [24] to the hydrodynamic particle size of the
PNCS/CD M1 hydrogel shows that at the same PN:CS ratio, the inclusion of β-CD into the hydrogel
structure gave rise to an approximately 14% increase in the particle size. This finding unambiguously
demonstrates the beneficial effect of the higher chitosan concentration in the formation of smaller and
more stable particles for the PNCS/CD M2 hydrogel.

As observed from Figure 4, the LCST was found at 32.15 ◦C for the PNCS/CD M1 hydrogel and
at 32.16 ◦C for the PNCS/CD M2 hydrogel. Both temperatures are in agreement with the LCST of
the linear poly-NiPAAm homopolymer (LCST of approximately 32 ◦C), implying that neither the
incorporation of β-CD nor the increased chitosan concentration showed any effect on the LCST of the
studied hydrogels.

Figure 3. Hydrodynamic PNCS/CD hydrogels particle diameter in the dispersion with the
corresponding polydispersity index (PDI) values.
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Figure 4. Differential scanning calorimetry (DSC) thermograms of the studied PNCS/CD hydrogels.

3.2. Morphological and Chemical Properties of the Functionalized Cotton-Cellulose Samples

The deposition of the stimuli responsive hydrogel altered the morphology of the cotton-cellulose
fiber surface due to the presence of spherically shaped bulges (Figure 5). There is a distinct difference
in the size of the microgel bulges of both hydrogels applied on cotton fabric. Namely, the hydrogel
particles on CO_M1 and CO_M2 samples measured ~550 and ~350 nm in diameter, respectively.
The values were smaller compared to the ones gathered by DLS (Figure 3), due to the vacuum present
in SEM machine. Additionally, the water is the driving force of swelling and shrinking of the particles,
therefore the particles in dispersion were able to swell freely. Nevertheless, the difference in particle size
on the fiber surface correlates to their hydrodynamic size in aqueous media. After in situ embedment
of the savory EO emulsion into the PNCS/CD M1 and PNCS/CD M2 hydrogel particles applied on
cotton fabric (samples CO_M1+S and CO_M2+S), the volume of the hydrogel bulges visibly increased,
which indicates the successful incorporation of EO into the microgel particles.

 
Figure 5. Scanning electron microscopy images of the untreated sample (CO_UN) and the samples
finished with bare and functionalized PNCS/CD M1 and M2 hydrogels (CO_M1, CO_M2 and
CO_M1+S, CO_M2+S) obtained at the magnification of 25,000 times.

FT-IR ATR spectroscopy was used to obtain information about the characteristic molecular groups
and species of the studied surface modification system. To avoid the interference of the characteristic
absorption bands of the cotton-cellulose fibers to the characteristic absorption bands of both PNCS/CD
hydrogels and the savory EO, the FT-IR ATR analysis was first performed independently of the
cotton-cellulose fibers (Figure 6). For this purpose, only the PNCS/CD M1 hydrogel was used, because
it was expected that no additional information would be obtained by also analyzing the PNCS/CD
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M2 hydrogel. Accordingly, the PNCS/CD M1 hydrogel was first deposited on a Si wafer, and its
IR ATR spectrum was compared to that of the pure PNCS M1 hydrogel in order to confirm the
inclusion of β-CD. An examination of the IR ATR spectrum shows the presence of pure PNCS hydrogel
absorption bands belonging to both poly-NiPAAm and chitosan, i.e., the absorption bands at 1630 and
1530 cm−1 that are characteristic of the C=O stretching vibration of amide I and N–H deformation
vibration of amide II; the absorption band at 3077 cm−1 that is due to N–H stretching; the absorption
bands in the 3600–3200 cm−1 spectral region arising due to the N–H···OH and OH vibrations; the
absorption bands at 2970, 2932 and 2875 cm−1 that are ascribed to the stretching vibration of CH of
the N-isopropyl groups and the polymer backbone of poly-NiPAAm and chitosan; the absorption
bands in the 1480–1300 cm−1 spectral region that are due to the CH3 stretching and CH3 and CH2

deformation vibrations; and, finally, the absorption bands at 1170 and 1130 cm−1 ascribed to the
polysaccharide structure of chitosan (Figure 6a) [25–31]. These absorption bands are well observed in
the IR ATR spectra of the PNCS/CD M1 hydrogel (Figure 6b), where a conspicuous appearance of the
new absorption bands at 1077 and 1035 cm−1 that are ascribed to the C–O–C, C–O and C–H vibrations
indicates the successful introduction of β-CD in the PNCS hydrogel [32–34].

Second, the PNCS/CD M1 hydrogel deposited on the Si wafer was in situ functionalized by savory
EO in the same manner as for cotton-cellulose fibers in order to obtain information regarding the EO
entrapment into the β-CD host cavity inside the hydrogel matrix. As expected, in the corresponding
spectrum (Figure 6c), the characteristic absorption bands of hydrogel and savory EO (Figure 6d)
were observed, with the absorption bands of the PNCS/CD M1 hydrogel dominating. Nevertheless,
the presence of the savory EO can be inferred from the strong increase in the absorption band at
3385 cm−1 that is ascribed to a large amount of hydroxyl groups in the water emulsion of savory EO
and from the appearance of various absorption bands in the 1730–800 cm−1 spectral region that belong
to the various compounds of the savory EO such as carvacrol, thymol, p-cymene and γ-terpinene
that give rise to the absorption bands characteristic of phenols, monoterpene hydrocarbons, alcohols
and ketones, sesquiterpenic hydrocarbons and alcohols, aliphatic hydrocarbons, and esters [13,35,36].
In addition, the absorption band of the amide II characteristic of the hydrogel was redshifted from
1530 to 1578 cm−1, indicating a certain interaction between the hydrogel and savory EO emulsion.

Figure 6. Infrared attenuated total reflection (IR ATR) spectra of the pure PNCS M1 hydrogel (a),
PNCS/CD M1 hydrogel before (b) and after in situ functionalization by water emulsion of savory
essential oil (EO) (c) and of pure savory EO (d) deposit on a Si wafer.
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A comparison of the ATR IR spectra of the untreated sample with the ATR IR spectra of the
functionalized cotton samples CO_M1, CO_M2 and CO_M1+S, CO_M2+S presented in Figure 7
revealed the appearance of absorption bands of amide I and amide II in the ATR IR spectra of both
the CO_M1 and CO_M2 samples, thus proving the presence of the PNCS/CD M1 and PNCS/CD M2
hydrogels. The intensities of both absorption bands were slightly higher in the IR ATR spectrum of the
CO_M1 sample, indicating the greater concentration of the PNCS/CD M1 hydrogel on the fibers of the
CO_M1 sample. After embedding of savory EO, the IR ATR spectra of the CO_M1+S and CO_M2+S
samples revealed the presence of the 1728, 1465 and 810 cm−1 absorption bands only. The observed
absorption bands are in good agreement with those detected in the IR ATR spectrum of pure savory
EO, thus clearly proving the presence of savory EO on the functionalized CO_M1+S and CO_M2+S
cotton-cellulose samples.

Figure 7. IR ATR spectra of the studied cotton-cellulose samples: CO_UN (a), CO_M1 (b), CO_M2 (c),
CO_M1+S (d) and CO_M2+S (e).

3.3. Responsive Properties

Responsive properties of the functionalized samples were studied in terms of the temperature
and pH responsiveness. In these studies, only the results for the CO_M1 and CO_M2 samples coated
with bare PNCS/CD M1 and PNCS/CD M2 hydrogels are shown and discussed. Namely, due to
the presence of volatile compounds, the presence of savory EO strongly interferes with the results
obtained for the CO_M1+S and CO_M2+S samples, because a much higher mass difference between
the moisturized/wet and completely dry samples was gained. This gave the misleading impression of
a higher degree of responsiveness of the CO_M1+S and CO_M2+S samples compared to the CO_M1
and CO_M2 samples.

The results for the temperature responsiveness determined as the moisture content (MC) after the
preconditioning of the samples at 20 or 40 ◦C and 65% R.H. are presented in Figure 8a. As expected,
at 20 ◦C, both of the studied hydrogels increased the MC of the CO_M1 and CO_M2 samples compared
to the CO_UN sample. This effect was ascribed to their hydrophilic character at the given conditions,
resulting in comparable MC values of the functionalized samples that were approximately 13% higher
than that obtained for the CO_UN sample. By contrast, the rise in the temperature triggered the
transition of the PNCS/CD M1 and M2 hydrogels from the hydrophilic to the hydrophobic state,
resulting in the expulsion of water from their structures. Therefore, at 40 ◦C, a reduction in the MC
values was observed. In addition, at these conditions, both samples showed comparable MC values
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that were similar to that obtained for the untreated CO_UN sample. Therefore, no useful information
could be extracted from the direct comparison of the samples, and thus, the contribution of the surface
modifying system to the MC (CMC) was also determined (Figure 8b). The results demonstrate the
superior moisture management of the PNCS/CD M2 hydrogel, which is in agreement with the findings
of the DLS analysis (Figure 3), i.e., the beneficial effect of the higher chitosan concentration for the
stabilization and reduction in the size of the PNCS/CD M2 hydrogel particles. Specifically, smaller
particles have greater specific surface area [6] and therefore exhibit a greater degree of swelling. On the
other hand, regarding the influence of the β-CD inclusion on the temperature responsiveness of the
PNCS hydrogel, it must be mentioned that β-CD hindered the moisture management properties
compared to the pure PNCS hydrogel, which was well-studied and reported in our previous study [24].
At this point, it is important to note that the impaired moister management of the PNCS/CD hydrogel
was reflected in its strong decrease of MC at 40 ◦C, showing that the presence of β-CD strongly affected
moisture release. The most likely reason for this is the increased overall polymers’ concentration in
the PNCS/CD hydrogels due to the inclusion of the β-CD. Hence, it is known that the release of the
moisture from the hydrogel depends on its colloidal properties including high surface area, colloidal
stability and control over particle size, as well as their internal network structure characterized by the
interaction with embedded compounds, mesh size and polymer volume fraction [6]. In this manner,
the higher overall concentration of the polymer networks affects the porosity and tortuosity of the
PNCS/CD hydrogels compared to the pure PNCS hydrogel, thus limiting the moisture release at the
temperatures inducing the de-swelling of the particles.

Figure 8. (a) Moisture content (MC) of the studied samples, determined after preconditioning at 20
or 40 ◦C and 65% ± 2% relative humidity for 24 h; (b) contribution of the hydrogels (CMC) calculated
from the MC values.

To investigate the pH responsiveness of the functionalized CO_M1 and CO_M2 samples, the water
uptake (WU) after their sequential immersion in buffer solutions with pH 3 and 8 was determined.
In addition, p-values were calculated to ensure that the obtained results were statistically significant
(Figure 9).

The CO_UN sample showed no statistically significant difference when transferred from pH 3 to 8
and back, so the greatest increase in WU for this sample occurred within the first 15 min of immersion
in pH 8, which can be ascribed to the nature of the cotton-cellulose fibers and their swelling in alkaline
conditions [37]. Both the CO_M1 and CO_M2 samples respond to the pH variations in a similar manner.
Namely, the WU dropped when the pH of the environment rose from 3 to 8, as the amino groups of
chitosan deprotonated and the molecule shrank and expelled the aqueous media. However, when
both samples were returned to a buffer solution with acidic pH, the WU increased again, as chitosan
was protonated and its molecule extended due to water absorption. As expected, the CO_M2 sample
showed the highest WU values due to its highest concentration of the pH-responsive chitosan in the
PNCS/CD M2 hydrogel. The differences in WU may seem to be minor, but it should be pointed out
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that the experiment was conducted at room temperature, i.e., when poly-NiPAAm was hydrophilic, so
the values only represent the pH responsiveness caused by chitosan that was present in much lower
concentration as the temperature-responsive polymer. Nevertheless, the p-values confirm that the
differences in the WU values obtained for the CO_M1 and CO_M2 samples were smaller than 0.001
and therefore can be considered to be statistically significant.

Figure 9. Water uptake (WU) of the studied CO_UN (a), CO_M1 (b) and CO_M2 (c) samples determined
each 15 min during alternating 1 h immersion of the samples in buffer solutions of pH 3 and pH 8.

3.4. Antimicrobial Activity

Antibacterial activity was determined in order to verify the controlled release of the savory EO
emulsion from the PNCS/CD M1 or PNCS/CD M2 hydrogels deposited on the cotton-cellulose fibers.
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For this purpose, inhibition zone of the gram-negative bacteria E. coli and gram-positive bacteria
S. aureus was determined at temperatures below and above the LCST of poly-NiPAAm, i.e., at 23 and
37 ◦C (Figure 10). Expectedly, the inhibition zone was not observed for the untreated sample and the
CO_M1 and CO_M2 samples, as the bio-barrier formed by the chitosan in the CO_M1 and CO_M2
samples only eliminated the bacteria that came in direct contact with the protonated amino groups of
the polymer. By contrast, the CO_M1+S and CO_M2+S samples responded to the temperature changes
of the environment, as was indicated by the observed variations in the size of the inhibition zone and
the bacteria colonies as the temperature rose from 23 to 37 ◦C. Namely, when the samples were exposed
to temperatures above the LCST of poly-NiPAAm (i.e., 37 ◦C), the hydrogel particles shrunk and
squeezed the savory EO out of their structure. At increased concentration, certain compounds of the
savory EO invaded the cell membrane, causing either cell lysis or disruption of adenosine triphosphate
synthesis, leading to the cell death [38]. Accordingly, an obvious inhibition zone of approximately
1.5 mm was formed. As seen in Figure 10, there is no distinct difference in the inhibition zone between
the CO_M1+S and CO_M2+S samples for both types of bacteria, implying that the increase in the
chitosan concentration in the PNCS/CD hydrogels did not affect the proactive release of savory EO.

 

Figure 10. Zone of inhibition formed by the studied cotton-cellulose samples against gram-negative
bacteria Escherichia coli and gram-positive bacteria Staphylococcus aureus, after the incubation at 23 or
37 ◦C.

On the other hand, when the bacteria were allowed to grow at 23 ◦C, the CO_M1+S and CO_M2+S
samples did not form a distinctive inhibition zone, with bacterial colonies growing in the immediate
vicinity of the samples. Nevertheless, from a detailed examination of the results it can be observed
that in this case the bacterial colonies clearly changed their morphology and size, indicating that their
growth was obstructed. This indicates that the slow leaching of savory EO from the hydrogels in the
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swollen state must have occurred. Namely, as proposed by Klinger and Landfester [6], the release
of the entrapped active substances from the hydrogel matrix does not proceed only through the
squeeze-out mechanism, occurring when the hydrogel particles collapse (de-swell) due to the changes
in the environment and expel the entrapped active substances from its structure, but may also occur
according to the increased diffusivity mechanism when the hydrogel exists in its swollen phase. In this
case, the porosity increases due to the enlarged mesh size of the swollen hydrogel particles and the
entrapped substances begin to slowly leak from its structure. Therefore, it can be concluded that savory
EO was released from the CO_M1+S and CO_M2+S samples according to both of the mechanisms,
but the squeeze-out mechanism was clearly dominant.

In continuation of the research, the antimicrobial activity of the samples against E. coli and S. aureus
was analyzed. Based on the number of grown bacteria colonies, the log10CFU/mL was determined
(Figure 11). Notably, the higher the log10CFU/mL values, the greater the antibacterial activity of
the studied coating against tested bacteria. The results show that the chemical composition of the
hydrogels alone had a strong effect on the bacterial reduction, as higher concentration of chitosan in the
CO_M2 sample lead to excellent antibacterial activity against both tested bacteria, while the CO_M1
sample showed to be ineffective. In accordance with the results of the zone of inhibition determination,
the CO_M1+S and CO_M2+S samples showed increased antibacterial activity against both, E. coli and
S. aureus. In this manner, both CO_M1+S and CO_M2+S samples exhibited total bacterial reduction
after 1 h of exposure to the functionalized cotton samples. Comparison of antibacterial activity of these
sample shows a strong increase of log10CFU/mL value of the CO_M2+S sample, with antibacterial
activity against both tested bacteria greater than 7.0 log. These results prove the achievement of
the proposed synergistic antimicrobial action between the chitosan in the PNCS/CD M2 hydrogel
and embedded savory EO, as double bio-barrier and controlled release antimicrobial activity was
successfully obtained.

 
Figure 11. Antimicrobial activity of the studied samples based on the number of grown bacteria
colonies right after the exposure to the studied samples and after 1 h exposure with the samples,
determined for E. coli and S. aureus.

4. Conclusions

In this work, “smart,” temperature and pH responsive cotton-cellulose fabric with dual
antimicrobial activity was tailored. It was shown that chemical composition of the PNCS/CD hydrogels
influences the hydrodynamic particle size, with a higher concentration of chitosan reducing the particle
sizes and improving the hydrogel particle stability. Accordingly, when present on the surface of the
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cotton-cellulose fibers, PNCS/CD M2 showed superior temperature and pH responsiveness, the latter
derived also due to greater concentration of the protonated amino groups of chitosan. Compared to
PNCS hydrogel, the inclusion of β-CD in the PNCS/CD hydrogels structure hindered the temperature
related release of moisture, due to greater polymer concentration, which decreased the porosity and
increased tortuosity of hydrogel particles. Nevertheless, the presence of β-CD in the PNCS/CD M1
and PNCS/CD M2 hydrogels enabled the embedment of savory EO in its host cavity that was then
released from its structure in a controlled manner, i.e., at elevated temperatures. Successful release
of savory EO improved the antibacterial activity of the cotton-cellulose samples as a result of the
synergism between bio-barrier forming chitosan within the hydrogels and the embedded savory EO.
Accordingly, PNCS/CD hydrogel functionalized cotton fabric could easily be combined with various
EOs, thus providing pro-active moisture management and antimicrobial activity along with other
beneficial effects of EOs, customized according to the market demand. Such high-added value materials
are of great importance in the field of medical textiles and related healthcare and hygiene textiles.
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Abbreviations

APS Ammonium persulfate
ATR Attenuated total reflection
CFU Colony-forming units
CMC Contribution
CO_M1 Cotton fabric treated with PNCS/CD hydrogel M1 (PN:CS = 7:1)
CO_M1+S Cotton fabric treated with PNCS/CD hydrogel M1 and savory EO emulsion
CO_M2 Cotton fabric treated with PNCS/CD hydrogel M2 (PN:CS = 4:1)
CO_M2+S Cotton fabric treated with PNCS/CD hydrogel M2 and savory EO emulsion
CO_UN Untreated cotton fabric
DLS Dynamic light scattering
DSC Differential scanning calorimetry
E. coli Escherichia coli
EO Essential oil
FT-IR Fourier-transform infrared spectroscopy
LCST Lower critical solution temperature
MBA N,N-methylenebisacrylamide
MC Moisture content
NiPAAm N-isopropylacrylamide
PDI Polydispersity index
pKa Acid dissociation constant
PN:CS Poly-NiPAAm to chitosan ratio
PNCS hydrogel Poly-(N-isopropylacrylamide)/chitosan based hydrogel
PNCS/CD hydrogel Poly-(N-isopropylacrylamide)/chitosan/β-cyclodextrine based hydrogel

PNCS/CD M1
Poly-(N-isopropylacrylamide)/chitosan/β-cyclodextrine based hydrogel with
poly-(N-isopropylacrylamide) to chitosan ratio 7:1
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PNCS/CD M2
Poly-(N-isopropylacrylamide)/chitosan/β-cyclodextrine based hydrogel with
poly-(N-isopropylacrylamide) to chitosan ratio 4:1

poly-NiPAAm Poly-(N-isopropylacrylamide)
rpm Round per minute
S. aureus Staphylococcus aureus
SDS Sodium dodecyl sulfate
SEM Scanning electron microscopy
WP Wet pick-up
WU Water uptake
β-CD β-cyclodextrine
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Medicine, Cluj-Napoca, Calea Mănăştur 3-5, 400372 Cluj-Napoca, Romania

4 Department of Plant Culture, University of Agricultural Sciences and Veterinary Medicine, Cluj-Napoca,
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Abstract: Nowadays, probiotic bacteria are extensively used as health-related components in novel
foods with the aim of added-value for the food industry. Ingested probiotic bacteria must resist
gastrointestinal exposure, the food matrix, and storage conditions. The recommended methodology
for bacteria protection is microencapsulation technology. A key aspect in the advancement of
this technology is the encapsulation system. Chitosan compliments the real potential of coating
microencapsulation for applications in the food industry due to its physicochemical properties:
positive charges via its amino groups (which makes it the only commercially available water-soluble
cationic polymer), short-term biodegradability, non-toxicity and biocompatibility with the human
body, and antimicrobial and antifungal actions. Chitosan-coated microcapsules have been reported
to have a major positive influence on the survival rates of different probiotic bacteria under in vitro
gastrointestinal conditions and in the storage stability of different types of food products; therefore,
its utilization opens promising routes in the food industry.

Keywords: microencapsulation; probiotic bacteria; chitosan coating; viability; food applications

1. Introduction

Nowadays, there is an increase in functional probiotic food demand, as well as waste-derived
bioactive compounds re-utilization [1–8], based on the consciousness of consumers regarding their
health potential [9,10]. Considering the IndustryARC report [11] from 2018, the global probiotic market
is estimated to experience a compound annual growth rate of 5.6% through 2020.

According to the FAO/WHO, probiotics are characterized as living microorganisms which, when
ingested in certain amounts, provide health benefits to the host [12]. Some of these health benefits
include antagonistic effects against harmful bacteria in humans and immune effects [13]. Their usage
positively influences the growth of targeted microorganisms, eliminates harmful bacteria, and boosts
the host’s naturally occurring defense actions [14]. In 1993, Ziemer and Gibson [15] were amongst the
first researchers to sustain the presence of health-related bacteria in soured milk with an impact on
intestinal health. For the past two decades, these bioactive ingredients have been at the forefront of
many studies [16–18]. Two of the most common types of microbes extensively used as probiotics are
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the bacteria belonging to the genera Bifidobacterium and Lactobacillus [13,19–22]. Considering the above,
probiotic-enriched food products should reach the recommended level at the time of consumption,
which was agreed upon as being 106–107 CFU (colony forming units) of viable probiotic bacteria per
gram of food [23].

Administered probiotics must resist the harsh gastric conditions [24] and reach the colon in
sufficient amounts to be able to sustain colonization, and hence to bring positive benefits to the human
body [19,25]. Unfortunately, the free bacteria’s inability to survive in high numbers during exposure
to the host’s gastrointestinal (GI) tract’s conditions [26] and/or during exposure to oxygen while a
functional food product on a shelf represents the main issues with probiotics [27]. Therefore, their
efficiency is highly correlated with their quantity and their viability during storage and product
shelf-life [28,29].

Microencapsulation represents the main modern solution for preserving probiotic viability.
By definition, microencapsulation represents an incorporation process of probiotic bacteria into a
specific material or membrane that has the ability to reduce cell injury or cell loss, derived from
environmental factors, with a controlled-release rate under specific conditions [30,31]. Therefore, this
technique has been extensively studied during the last decade, since it can maintain the beneficial
properties even for sensitive bacteria during storage and absorption [25]. Many studies and reviews
have been conducted to investigate and summarize the protective role of this technique [32–35].

Based on the literature available so far, chitosan appears to be one of the most promising coating
materials among the most common polymers used for microencapsulation to improve the stability of
probiotics [31,36–39]. Moreover, chitosan has a significant protective role against external damages in
food products. The antimicrobial ability of chitosan has been observed in numerous studies, of which
some resulted in the creation of biodegradable labels, such as the one obtained with chitosan and green
tea extract which presents a decontamination effect on the surface of studied fruits and vegetables [40].
Another study even showed its ability to extend the validity of fruit products [41]. Since chitosan is a
biopolymer with no or very little sensory influence on food, and considering all the above-mentioned
findings, it presents applicability in the food industry [42,43].

The existing literature highlights the high interest in probiotic bacteria microencapsulation, and
the importance of coatings for efficient protection and an increased number of probiotics in the GI tract.
For the current review, we extracted, evaluated, interpreted, and summarized data related to future
trends and implications for applications of chitosan as coating material in probiotic microencapsulation,
its performance efficiency on maintaining probiotic viability, protection, and intestinal delivery, as well
as its food incorporation aspects.

2. Coatings for Probiotic Microencapsulation

The encapsulation matrix must be food grade and possess suitable physical and chemical
properties to deliver protection for the incorporated bacteria [44]. Selection of capsule materials
and suitable techniques for tailoring probiotic microcapsules is crucial because it confers the final
morphological and functional characteristics of the probiotics [39]. According to Krasaekoopt et al. [45],
polymer coatings can significantly increase the chemical and mechanical stability, therefore improving
the performance of the microencapsulation materials. Regarding the technologies applied for
microencapsulation, emulsion, spray-drying, layer-by-layer (LbL), and extrusion are extensively
used and applied at both the laboratory and industrial scales [46–49]. In coating-based encapsulation
technology, a major importance is to control the permeability of the coating. Therefore, the LbL
approach is a recommended technique since it sustains the permeation of small molecules, while it
traps larger molecules. Moreover, the semi-permeable nature of LbL-based coatings can be regulated
by the experimental parameters upon assembly [50]. It is important to keep in mind that a combination
of these technologies is applied frequently for a higher rate of success.

According to the literature, food-grade coatings like bio-polymers (i.e., alginate, chitosan, pectin,
starch, carrageenan, and milk proteins) are the most suitable materials for bacteria microencapsulation
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due to their high protective rate under certain stress conditions (e.g., gastric pH, bile salts, enzymes)
by creating effective physical barriers. Their availability, low-cost, and biocompatibility are major
advantages [51–53]. Other compounds, such as proteins and lipids with or without addition of plasticizers
and/or surfactants have been proposed and tested as coating materials [33]. The polysaccharide
coatings have the ability to prevent oxygen, odor, and oil from entering the capsule (possessing
important mechanical characteristics); but, due to their hydrophilic properties, polysaccharides have a
big disadvantage, namely moisture permeability [54]. The abovementioned coating materials have
been used in combination with alginate-based encapsulation matrices to improve the viability of
Lactobacillus and Bifidobacterium spp. during exposure to acidic conditions. In particular, the alginate–
chitosan combination provided efficient protection due to chitosan’s strong cationic nature in relation
to the anionic alginate [36]. In Table 1 below, a comparison is provided between several coatings for
microencapsulation of probiotic bacteria reporting the pros and the cons of each matrix.

Table 1. Type of coatings for microencapsulation of probiotic bacteria: pros and cons.

Coating Core Technique Pros Cons Ref.

Chitosan Alginate,
pectin

Extrusion,
layer-by-layer
(LbL),
Emulsion

unique cationic property and high resistance to
acidic environment; excellent film-forming abilities;
high biocompatibility with living cells and broad
antimicrobial activity; tolerance against the
deteriorative effects of calcium chelating and
anti-gelling agent; dens and strong beads

increases the excretion of sterols
and produces a reduction in the
digestibility of ileal fats; reported to
have inhibitory effects on lactic acid
bacteria (LAB) as core material

[31,37,45,55–57]

Alginate Pectin Extrusion simplicity, non-toxicity, biocompatibility
and low cost

sensitive in acidic environment; low
stability in the presence of
chelating agents

[37,45,54,56]

Resistant starch
(corn, potato,
cassava etc.)

Alginate Extrusion,
emulsion

inexpensive, abundant, biodegradable and easy to
use; transparent, odorless, tasteless and colorless;
low permeability to oxygen at low-to-intermediate
relative humidity; resistant to pancreatic enzymes
(amylases), therefore provides good enteric delivery
characteristic; is an ideal surface for the adherence of
the probiotic cells to the starch granules and this can
enhance probiotic delivery

too high viscosity in solution for
most of the encapsulation processes [58–60]

Gelatin Alginate,
pectin Extrusion able to form complexes with anionic polymers,

such as pectin and alginate very soluble in aqueous systems [31,37,61]

Whey protein Pectin,
alginate

Fluidized bed,
extrusion

great gelation properties; biocompatible with
probiotics; high nutritional value; improvement in
the survival of probiotic after exposure to
gastric conditions.

difficult to master, longer duration;
do not confer additional protection
to probiotics when exposed to
simulated intestinal conditions

[62–64]

Poly-l-lysine
(PLL) Alginate food-grade status, active properties and

charged behavior

high porosity; does not have a
strong capacity to be used as a
microcapsule coating for probiotics
protection against harsh media

[65–67]

Glucomannan Sodium
alginate

is abundant in nature; is not hydrolyzed by human
digestive enzymes

is a non-ionic polymer, so any
coating would have to be the result
of a non-ionic interaction, such as
hydrogen bonding; there is very
little work using glucomannan as a
coating material for beads

[68,69]

Shellac Sodium
alginate Fluid bed

natural origin, therefore acceptable as coating
material for food supplement products; good
resistance to gastric fluid

the low solubility of shellac in the
intestinal fluid, especially in the
case of enteric coating of
hydrophobic substances

[70,71]

Cellulose acetate
phthalate (CAP) Alginate Emulsion

insoluble in acid media (pH ≤ 5) but it is soluble
when the pH is ≥6 as a result of the presence of
phthalate groups resulting in an effective way of
delivering large numbers of viable bacterial
cells to the colon

[44]

k-carrageenan Milk, alginate Extrusion,
emulsion

low susceptibility to the organic acids, good
efficiency in lactic fermented products
(such as yogurt); natural products

dissolves only at high temperatures
(60–80 ◦C) for 2%–5% concentration;
irregular shapes and poor
mechanical characteristics; the
produced gels are not able to
withstand stresses

[33,37,72]

The type of coating material has a very significant role in microencapsulation, for example,
glucomannan was by far the less effective of all, whereas chitosan coating was reported to provide
better protection in simulated gastric conditions than poly-l-lysine (PLL) or alginate coating [73].
The double-layer coating was shown to be significantly better than the single-layer coating. Since each
individual coating material possesses some unique, but limited functions, a combination of different
encapsulation materials can be more effective.
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3. Chitosan-Based Coating Microencapsulation

The microcapsule should be stable and retain its integrity throughout the digestive tract passage
until it arrives at its target destination, where the capsule should disintegrate and release its contents [74].
Coating adds an extra protective layer on the microcapsule surface, therefore resulting in improved
mechanical strength and a strong barrier function. This process involves the immersion of the hydrogel
particles into a solution of coating polymer [35]. The main advantages of chitosan coating are unique
cationic character, high biocompatibility, non-toxicity, and biodegradability; therefore, it is quite suitable
for use in the food and pharmaceutical industries. Its origin lies in the shell waste of crab, shrimp, and
crawfish [25]. The origin source influences the molecular weight of chitosan, which is responsible for its
crystallinity, degradation, tensile strength, and moisture content, but can be decreased with processing
for increasing the deacetylation [75]. This type of coating is of a major interest in the field of targeted
release of probiotics due to its high compatibility with living cells [76]. Chemically speaking, chitosan
(Figure 1) is a polysaccharide composed of (1, 4)-linked 2-amino-deoxy-b-d-glucan, a deacetylated
derivative of chitin. Chitosan ranges second after cellulose in terms of its availability in nature [77].
The degree of deacetylation of chitin represents the major aspect in chitosan’s characterization [78].
For example, when the degree of deacetylation of chitin overcomes 50%, chitosan becomes soluble in
aqueous acidic conditions [79]. Moreover, the homogeneous or heterogeneous deacetylation conditions
have an important impact on chitosan’s microstructure [80], which mainly determines its solubility and
applications (i.e., drug or food carriers) [78]. Figure 1 below illustrates the differences between chitin
and chitosan, as chemical structures.

Figure 1. Comparison between the chemical structures of fully acetylated chitin and fully deacetylated chitosan.

It has been reported [73] that coating alginate beads with chitosan develops a complexation
of chitosan with alginate resulting in several important properties, such as alginate beads with
reduced porosity, reduced leakage of the encapsulated bacteria, and stability at various pH ranges.
The negatively charge property of alginate in contact with the positive charge of chitosan develops a
semi-permeable membrane, therefore the resulting capsules possess a smoother surface with a reduced
permeability to water soluble molecules [73]. However, since the survival of probiotic cells was shown
to not be satisfactory and it was reported to have an inhibitory effect against some bacteria (L. lactis) [55],
chitosan is mostly used as a coating/shell, and not as the capsule itself [81]. In fact, encapsulation of
probiotic bacteria with chitosan and alginate coating provides protection in simulated GI conditions,
and it is a good way of delivering viable bacterial cells to the colon [37]. Considering the above,
chitosan-coated alginate microspheres represents a good alternative for probiotic microorganism oral
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delivery [82]. The chitosan-specific chemical structure allows important changes at the C-2 position
with no difficulties [79]. Based on its aqueous acidic solubility, it allows for many applications in the
solution and hydrogel fields, due to its gel-forming abilities. The electrical properties such as the
surface potential (ζ-potential) of chitosan-coated alginate microgels or other types of chitosan-based
microgels can be evaluated by different methods, e.g., electrophoretic light scattering. For instance, a
study [83] published in 2016 evaluated the alginate and chitosan microgels for B. longum encapsulation.
The particle size of the microbeads was also evaluated using static light scattering, resulting in a higher
particle size of the chitosan-coated alginate beads due to the additional coating of alginate or because
of some aggregation of the microgels [83].

3.1. Effectiveness of Improving Cell Survival

In order to improve the effectiveness of bacteria survival, researchers have focused on several
microencapsulation technologies considering novel combinations of supporting matrices. Several
studies conducted on different bacterial strains [84–86] have shown that the use of chitosan-coated
microcapsules significantly contributes to the survival of probiotic bacteria during simulated GI
conditions. Therefore, experimental studies reported the chitosan-coated alginate microcapsules as
the best technology for probiotic bacteria protection (such as Lactobacillus and Bifidobacterium spp.)
against all conditions tested [73,84]. Another study demonstrated that L. bulgaricus immobilized by
chitosan-coated alginate microencapsulation proved increased storage stability in comparison to
free cells [85]. A similar effect was observed in a study conducted by Vodnar and Socaciu [86] on
L. casei and L. plantarum. Moreover, another study highlighted that chitosan coating provided the best
protection of probiotic bacteria under simulated GI conditions and their survival increased (p < 0.05).
A recent study [87] from 2017 showed that pectin–chitosan capsules can protect L. casei from the acidic
conditions of the stomach and resulted in higher number of viable cells in the intestine [87]. These
results are in line with other studies that reported that there was a correlation between the increased
concentration of microencapsulating material and the increase in the survival rate of probiotic bacteria
under simulated GI conditions [88].

Additionally, it is considered that the probiotic’s efficiency and efficacy can be improved by a
combination between probiotics and their growth substrate–prebiotics, by a significant colonization
of cells in the human gut, since these non-absorbable carbohydrates are a selective energy source
for probiotics [86]. This combination was termed as “synbiotics” [89]. Addition of a prebiotic matrix
is a promising approach for effective probiotic protection. Therefore, several studies proposing the
probiotic–prebiotic chitosan-coated encapsulation system are described below. A simple representation
of the concept is illustrated in Figure 2.

In the study by Varankovich et al. [90], the novel pea protein–alginate microcapsules with a
chitosan coating were produced by extrusion. These microcapsules were tested for immobilization
and survivability of L. rhamnosus R0011 and L. helveticus R0052 during storage and exposure to
in vitro GI conditions. The results indicated the chitosan coating was responsible for an increased cell
viability during nine weeks of storage at room temperature, significantly improving the microcapsule
performance when compared to non-chitosan coated microcapsules. Under GI conditions, the
microcapsule formulation provided high protection for cells, while refrigerated storage had no negative
effects on the microcapsule protection performance. In addition, the chitosan coating did not increase
the microcapsule size.

Different investigations have demonstrated that selenium-enriched green tea co-encapsulated
with probiotic bacteria in chitosan-coated alginate beads offer a compelling approach to expanding the
lifespan and viability of probiotic cells in simulated GI juices and refrigerated storage [84,86]. The study
by Vodnar and Socaciu [86] on the survival of probiotic bacteria belonging to L. casei and L. plantarum
strains tested during storage at 4 ◦C demonstrated significantly higher numbers (p < 0.05) of survival
bacteria encapsulated in chitosan-coated microspheres with selenium-enriched green tea (2 g/100 mL).
These results, together with previous findings [84], suggest that immobilization of bacterial strains in
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chitosan coating improve their viability during refrigeration storage. The chitosan exerts a protective
effect on these living microorganisms and the microencapsulation with selenium-enriched green tea
was complementary in maintaining the bacteria stability and increased their viability by storage at
refrigeration temperature for 30 days. The protective effect of green tea was further demonstrated by
sustaining the growth of Lactobacillus ssp. and Bifidobacterium ssp. during simulated conditions [91].

Figure 2. Schematic representation of synbiotics microencapsulation.

Chavarri et al. [82] microencapsulated L. gasseri and B. bifidum using quercetin as prebiotics and
chitosan as coating material in alginate microparticles and reported improved survival during in vitro
gastrointestinal conditions. Other studies reported resistant starch as prebiotics and chitosan as coating
material for encapsulation of different probiotic bacteria and found increased viability up to 6 months
at room temperature [65].

According to de Araújo Etchepare et al. [58], the use of the prebiotic Hi–maize (1%) and
chitosan (0.4%) in alginate beads by extrusion technique significantly improved the viability of
the microencapsulated bacteria L. acidophilus in both the GI and storage conditions of moist and
freeze-dried microcapsules.

In a study by Jantarathin et al. [92], L. acidophilus TISTR 1338 was separately co-encapsulated with
two types of prebiotics, inulin and Jerusalem artichoke, within a chitosan-coated sodium–alginate
matrix. After testing the capsules’ performance in freeze-drying and high-temperature conditions, the
results showed an increase in cells’ viability in chitosan double-coated microcapsules, and this increase
was maintained after the freeze-dry process. The high-temperature conditions involved the capsules’
exposure to 70 ◦C for 60 min and 90 ◦C for 5 min, and the findings indicated a 3% prebiotic with 3%
alginate and 0.8% chitosan as the most efficient combination for increased viability of microcapsules
during heat processing, whereas free cells were destroyed. This novel combination could represent an
efficient approach for probiotic bacteria protection during functional food processing that involves
heating and freeze-dry processes.

As inulin is one of the most used prebiotics, another study tested the influence of different
chain lengths, in co-encapsulation with L. casei in chitosan-coated alginate beads. The combination of
inulin and chitosan-coating proved to enhance cell viability against gastric and bile salt exposure with
2.7–2.9 log reduction for L. casei, where long-chain inulin showed the highest survival rate (2.7 log
reduction) [93].

Another efficient approach to improving the viability of probiotic bacteria under GI conditions
for targeted release proposes the use of chitosan and enteric polymers in the formulation of
microencapsulated beads [94]. For instance, B. animalis subsp. lactis was incorporated in alginate,
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alginate–chitosan, alginate–chitosan–sreteric, and alginate–chitosan–aryl–eze. The results indicated that
the use of chitosan and enteric polymers in the formulation of the beads, especially aryl–eze, improved
the survival rate of B. animalis, while promoting the controlled intestinal delivery of bifidobacteria.

3.2. Microcapsules Size and Protection Performance

The size of microcapsules is of major importance in probiotic protection. Many recent studies on
probiotic encapsulation dealth with particle size reduction due to the negative impact of large particle
size on the sensorial and textural characteristics of the product [37]. Heidebach et al. [35] showed that
a range of size particles between 0.2 mm and 3 mm can provide strong protection for probiotics during
GI exposure. A particle size smaller than 100 μm provided the best sensorial properties. Therefore,
considering all these, several solutions have been proposed to eliminate these limitations. For example,
a spray-drying technique, very accessible in the food industry, can provide small capsules with average
diameters below 100 μm at comparably low costs. Besides, there is a direct relationship between
adding a chitosan coating and the microcapsules’ diameter [95].

Application of a coating material on the microcapsules’ surface is among the proposed solutions
for increasing their probiotic performance. The coating materials belong to different type of class
compound, and, in some cases, can coincide with the capsules’ matrix [56]. By interacting with the
capsule surface, the coating will create an extra layer on the microcapsule [35], which can be translated
into increased probiotic protection. The coating has the ability to reduce the permeability of the capsule,
and implicitly the oxygen exposure of the probiotics, therefore increasing their stability under harsh
conditions, such as high temperatures and low pH [35,96]. Other authors have used the coatings for
establishing new adhesion properties for the microparticles or to optimize the targeted delivery of the
cells [97].

For an increased protection performance under different harsh conditions, multiple combinations
of different coating materials and techniques have been applied. For instance, the LbL assembly involves
the immersion of microcapsules in polymer solution resulting in the coating, while coacervation implies
the formation of a coacervate between the microcapsules’ surface and a coating. Regarding the coating
development, a major aspect for consideration is the control of the layer’s thickness, which, according to
previous studies, have no influence on the increase of the capsules’ size. Cook et al. [98] demonstrated
that the thickness of a chitosan-coated alginate microcapsule is directly correlated with the immersion
time, with a minimal value of 8 μm after 1 min, and a value of 24 μm after 2400 min, on microcapsules
with a diameter of 1 mm.

In a recent review article by Ramos et al. [54], an in-depth comparative analysis of protection
performance for different coatings was investigated. The conclusion suggested that the coatings
with better protection performance considering hard digestion conditions were chitosan, alginate,
poly-L-lysine (PLL), and whey protein; however, among all, chitosan showed the best efficiency due
to its ability to resist and protect the probiotic viable cell during in vitro digestion. In addition, the
authors’ conclusions underlined the idea that more coatings do not always imply better protection
when compared to mono-coated microcapsules.

Chitosan demonstrated to be the most satisfying material to protect microencapsulated probiotics,
having efficient results in a variety of alginate microcapsules (performed by different techniques and
with different types of alginate), probiotics strains, and exposure conditions. The improved capsule
stability and efficient protection was due to the strong ionic interactions between alginate (anionic
group) and chitosan (cationic group). Figure 3a illustrates more details regarding this process, where
initial microcapsules produced by an anionic encapsulation material (e.g., alginate) was consecutively
coated by a cationic material (e.g., chitosan) and after that by another anionic material. The electrostatic
forces involved, due to the polyelectrolyte properties of the biopolymers, will contribute to the layer
formation that will coat the probiotic-loaded microcapsule [97]. Their ionic interaction representation
is illustrated in Figure 3b.
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Figure 3. The layer-by-layer (LbL) technique scheme on probiotic microcapsules via coatings (a); ionic
interaction between alginate and chitosan (b).

3.3. Chitosan Application According to the Technology and Bio-Based Matrices Used for
the Microencapsulation

Different technologies and core materials can be used to develop probiotic encapsulation with
chitosan coatings resulting in microcapsules with different characteristics in terms of range in sizes of
particles and of types of capsule, as well as protection efficiency. Novel chitosan bio-based matrices
were developed with the aim of an increased bacteria protection making use of the most efficient
microencapsulation techniques. In most of the studies, chitosan coating proved to have a high efficiency
in different probiotic strain protection against harsh conditions, maintaining a proper concentration of
viable cells for intestinal delivery. Regarding technologies, spray-dried particles coated with chitosan
are recommended as significantly effective capsules in delivering viable bacterial cells to the colon
and stable particles during refrigerated storage [99]. Although, one of the most studied encapsulation
technologies regarding chitosan coating is extrusion LbL.

In a study by Singht et al. [100], novel bio-based matrices of carboxymethyl cellulose–chitosan
(CMC-Cht) were used for the encapsulation of the probiotic bacteria L. rhamnosus GG via a nozzle-spray
method. The hybrid micro- and macroparticles results confirmed their potential for encapsulation and
delivery, being the first successful encapsulation of L. rhamnosus GG in CMC-Cht particles with an
acceptable survival rate. Li et al. [101] encapsulated L. casei ATCC 393 with alginate, chitosan, and
carboxymethyl chitosan matrices by an extrusion method, and the system increased the cells’ viability
up to 108 cfu/g in a dry state after 4 weeks of storage at 4 ◦C. After exposure to GI conditions, the
encapsulated bacteria maintained its probiotic effect, indicating that alginate–chitosan–carboxymethyl
chitosan microcapsules could efficiently protect L. casei against harsh conditions and may represent a
novel route for delivery of probiotic cultures as a functional food.

In a study by Zou et al. [66], the encapsulation of B. bifidum F-35 in alginate microspheres
developed by emulsification/internal gelation technique was reinforced by addition of pectin/starch
or coating with chitosan/PLL to enhance protection for probiotic bacteria. By comparison, the
chitosan-coated alginate microspheres showed the highest protection for microencapsulated bacteria
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under in vitro GI conditions and during 1 month of storage at 4 ◦C, being an efficient approach for
bifidobacteria intestinal colonization.

Cook et al. [102] investigated the LbL coating of alginate matrices with chitosan–alginate for
encapsulation of B. breve with the aim of improving bacteria survival under low-pH conditions, and
implicitly, intestinal delivery. The experimental study proved that multilayer-coated alginate matrices
increased cells’ viability during exposure to in vitro gastric conditions, precisely from <3 log(CFU)/mL,
reported in free cells, up to a maximum of 8.84 ± 0.17 log(CFU)/mL in the 3-layer coated matrix, while
also providing a targeted gradual intestinal release over 240 min. There are also other studies reporting
that chitosan-coated alginate microparticles for probiotic encapsulations allowed better viability [65,103].
Chitosan and alginate have been tested many times for coating abilities in microencapsulation and
protection of different probiotics (such as B. bifidum, B. breve, and L. gasseri) [82,98,102,104]. Chitosan
and alginate possess high-charge densities, being able to increase the capsule’s residence in targeted
areas of release. Therefore, they provide probiotic intestinal delivery [98].

Fareez et al. [105] successfully implemented the microencapsulation of L. plantarum LAB12 in
chitosan–alginate–xanthan gum–β–cyclodextrin (Alg–XG–β–CD–Ch) beads considering a survival rate
of 95% at pH 1.8 with facilitated release at pH 6.8. Moreover, the microcapsules maintained the cells’
viability >7 log CFU/g during 4-week storage at 4 ◦C and had reduced viable cell loss at 75 ◦C and
90 ◦C. Considering this, the Alg–XG–β–CD–Ch approach may be suitable for application as heat- and
pH-stable polymeric beads that incorporate lactobacilli species as efficient transport vehicles crossing
gastric conditions for final intestinal colonization, as heat resistant coating up to 90 ◦C is a significant
property in product manufacturing. Therefore, the Alg–XG–β–CD–Ch applications for probiotics are
wide and target the health, food, and agro-industries. In 2015, the same author, Fareez et al. [106],
demonstrated that incorporation of the same probiotic bacteria into chitosan-coated alginate–xanthan
gum (Alg–XG) beads was a feasible physicochemical driven approach for delivering new functional
food ingredients [106].

Falco et al. [107], using the LbL technique, developed a chitosan and sulfated β-glucan encapsulation
matrix for L. acidophilus considering their prebiotic property for further novel applications, such as
carriers for probiotics and sensitive nutraceuticals. Compared to uncoated cells, the viability of cells
with four layers of chitosan and sulfated β-glucan decreased only by 2 log CFU/mL. Under in vitro
GI exposure, the protection of the coatings was partially degraded, but resisted under acidic gastric
conditions. The Hi–maize (1.0% w/v) prebiotic addition to microcapsules containing Lactobacillus spp.
coated with chitosan considerably improved (p < 0.05) the viability of cells after GI exposure, and in
stored yogurt, in comparison with alginate-based microcapsules [65].

According to Bepeyeva et al. [87], encapsulation of L. casei into calcium–pectinate–chitosan beads
provided protection of cells under GI exposure. The beads were prepared by extrusion of amidated
pectin into calcium chloride with additional chitosan coating, resulting in high levels of viable bacteria
with intestinal delivery application. According to Kanmani et al. [108], the encapsulation of LAB
Enterococcus faecium MC13 into chitosan-coated alginate microcapsules demonstrated an improved
delivery of viable cells and good resistance to harsh gastro-intestinal conditions. Trabelsi et al. [109]
reported that encapsulated L. plantarum TN8 on alginate coated with chitosan during 8 weeks of
storage at 4 ◦C was effective in maintaining the stability of the probiotic bacteria.

The experimental results of Zaeim et al. [110] proposed wet-electrospraying as a successful and
novel technique for encapsulation of probiotic bacteria (L. plantarum) inside Ca–alginate/chitosan
hydrogel microcapsules by single- and double-stage procedure with an encapsulation yield of almost
98%. The cells’ viability increased with 1 log cycle compared to the free cells under simulated GI
conditions, while the outer layer of chitosan, which was deposited on Ca–alginate microcapsules by
double-stage procedure, more efficiently protected bacteria at low pH environments.

Table 2 below illustrates the survival rate of different probiotic bacteria in chitosan-coated
microcapsules prepared by extrusion-LbL technology.
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3.4. Food Applications of Probiotic Microencapsulated in Chitosan-Based Coatings

The most important food applications of chitosan include the encapsulating material for probiotic
stability in the production of functional food products [44], formation of biodegradable films, enzymes
binding, conservation of foods from microbial deterioration, nutritional supplements, and other
applications (additives, emulsifier agents, etc.) [113]. Belonging mainly to lactic acid bacteria (LAB),
probiotics are widely used in the production of fermented dairy foods such as yoghurt, cheese, korut,
and kefir, being the richest sources of probiotic foods available on the market [39], but in recent
years, the focus of using probiotic microencapsulation techniques have moved to fruit juices [114],
cereal-based products, chocolate products [115], and cookies—this being a real challenge considering
the product matrix [19]. Furthermore, a screening of dairy products, beverages, and other products
developed with incorporation of probiotics microencapsulated in chitosan-based coating is presented.

3.4.1. Dairy Products

The microcapsules developed by distinctive technologies with an extra coating represent a
technological step recommended to increase protection of the bioactive compounds from external
damage factors such as acidity, oxygen, and gastric conditions [25] while incorporated in dairy
products. Since the incorporation of microcapsules in yogurt products do not alter the sensory
quality [116], chitosan is the perfect candidate for the role of coating material, due to its non-impairing
adverse sensory properties to food [117]. In the beginning of the 20th century, the challenge of using
chitosan to incorporate LAB was addressed [118], and since then, different bacterial strains were taken
under investigation.

One report concluded that L. delbrueckii subsp. bulgaricus immobilized by chitosan-coated alginate
maintained cell stability for 4 weeks of storage at 4 ◦C and 22 ◦C in skim milk [119]. Studies performed
on strains belonging to L. bulgaricus, L. gasseri, and B. bifidum [82,85] loaded in chitosan-coated alginate
microspheres showed higher storage stability than free cell cultures. Moreover, in a previous study [120],
a comparison was made between the survival rate of bifidobacteria encapsulated in alginate beads
containing chitosan and that of the bacteria immobilized only in alginate beads. The results obtained
showed that chitosan-based capsules provided higher protection for probiotic cells than alginate
matrix in yogurt products and under simulated GI exposure [120]. The study by Urbanska et al. [121]
demonstrated the effectiveness of chitosan-coated alginate microcapsules for delivery of probiotic L.
acidophilus live cells in yogurt. Moreover, the results reported a structural integrity of microcapsules
after 76 h of mechanical agitation in culture broth media and after 24 h in in vitro GI conditions.
Krasaekoopt et al. [45] microencapsulated L. acidophilus 547, B. bifidum ATCC 1994, and L. casei 01 in
chitosan-coated alginate beads with incorporation in yoghurt from UHT and conventionally treated
milk for investigating their survival during storage at 4 ◦C for 4 weeks. The survival of encapsulated
probiotic bacteria was higher than free cells, while the probiotic effect was maintained, the viable cells’
number being above the recommended therapeutic level during storage, except for B. bifidum.

In formulated yoghurt products, the viability of probiotics was improved by applying sodium
alginate beads, which were processed with chitosan as an effective microencapsulation to maintain
stability under storage at refrigeration temperature. A four times higher viability in yoghurt-applied
capsules compared to cells in a saline suspension was observed [122]. This reinforces the fact that
microencapsulation with chitosan coating represents an important alternative. Moreover, it is very
effective in providing the colon with higher numbers of viable bacterial cells and keeping their survival
in dairy products under refrigeration conditions.

Obradović et al. [123] investigated the protection of chitosan coating on cell viability of
microencapsulated probiotic starter culture (containing S. salivarius ssp. thermophilus, L. delbrueckii ssp.
bulgaricus, L. acidophilus, and B. bifidum) in fermented whey beverages against fermentation process
conditions and product storage. The chitosan coating’s influence on the mechanical stability of core
encapsulation material was also assessed. Sodium–alginate beads were made using the extrusion
technique. The results revealed an increased cell viability with chitosan coatings, as well as improved
elastic and strength properties of beads during food storage.
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The combination of two lactobacilli (L. acidophilus and/or L. reuteri) were successfully
microencapsulated in alginate and alginate–chitosan beads for addition to milk and blackberry jam
set-style yogurt [124]. After storage at 5 ◦C for 30 days, followed by simulated GI conditions exposure,
the results indicated that alginate–chitosan encapsulation provided better protection than alginate
alone, and increased bacteria survival during storage, with cell counts higher than ≥107 CFU/g,
while after GI simulation, the alginate–chitosan system prevented lactobacilli loss and had favorable
intestinal releases. The presence of capsules in blackberry jam set-style yogurt had no sensorial
influence, while it did in milk. These two types of dairy products can promote microcapsule stability
and lactobacilli viability.

The new encapsulation system xanthan–chitosan and xanthan–chitosan–xanthan, where chitosan
was applied as coating, improved storage stability of B. bifidum BB01 in yogurt during 21 days at both
4 and 25 ◦C, providing high probiotic survival during GI tract conditions [125].

3.4.2. Beverages

One study [126] looked at the effect of multi-layer coating of alginate beads on the viability of
immobilized L. plantarum under in vitro gastric conditions and during storage in pomegranate juice
(a highly acidic juice) at 4 ◦C. The examined beads were either uncoated, single, or double coated
in chitosan. The results obtained showed an improvement in the cells’ survival rate in the case
of chitosan-coated beads, under simulated gastric solution (pH 1.5) by 0.5–2 logs compared to the
control (uncoated beads). The strong protection of chitosan may be the result of electrostatic interactions
between chitosan and alginate beads. This was the first study that researched this double-coated process
for immobilization of probiotics with the aim of increasing their survival and resistance, proving to be
better than the single-coated process [126]. Moreover, in a later study, the same authors [68] confirmed
that the use of double-chitosan-coated alginate beads yielded a cell concentration of 107 CFU/mL and
105 CFU/mL for L. plantarum and B. longum, respectively, after 6 weeks of storage in pomegranate juice
and cranberry juice. Therefore, the chitosan coating offered a significant additional protection to that of
the encapsulation matrix on the bacteria during storage of microcapsules inside the juice products. This
supports the statement that more than one chitosan-layer coating is a promising approach to be used
for improving the survival of probiotic cells in strong acidic food matrices [68].

García-Ceja et al. [124] developed a probiotic peach nectar by addition of microencapsulated
L. acidophilus and L. reuteri in an alginate–chitosan system for efficient protection. The results revealed
that alginate–chitosan beads protected lactobacilli viability in acidic peach nectar, thus, representing a
strong alternative for functional beverage products considering the combination of two lactobacilli,
therefore providing more health benefits to consumers.

As described in all the abovementioned publications, the survival of probiotic bacteria in alginate
beads containing chitosan was better than in alginate beads alone; therefore, this indicates that this may
be used for enhancing the survival of strains. Moreover, consumer health issues and environmental
consciousness play important roles in the design of next generation encapsulation matrices and
technology, and since chitosan is biocompatible, non-toxic, and biodegradable, further research on the
usage of chitosan as a coating material for probiotics will benefit the development of novel functional
food products.

3.4.3. Other Food Products

Malmo et al. [116] developed a probiotic chocolate soufflé with L. reuteri DSM 17938
microencapsulation via a chitosan-coated alginate system, incorporating it into the dough matrix prior
to baking at 180 ◦C for 10 min (80 ◦C in the core of product). The authors reported a survival percentage
of 10% of the probiotic population after baking and only 1% for free cells. Moreover, the study showed
a significant resistance of microencapsulated bacteria when exposed to high temperatures in real food
testing compared to the in vitro conditions, indicating a possible extra-protective layer of the food
matrices on probiotic cells.
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Microencapsulated L. acidophilus LA-5 was successfully incorporated in probiotic jelly dessert by
Talebzadeh and Sharifan [127]. When compared to free bacteria and alginate beads, the chitosan-coated
alginate beads showed increased physical stability, spherical shape, and metabolic activity in GI testing.
Moreover, the number of viable coated bacteria maintained above 6 log (10) CFU/g after 42 days of
storage and the probiotic jelly provided high-sensory attributes.

The combination of chitosan coating with calcium–alginate and Hi–maize resistant starch
microcapsules via emulsion techniques delivered increased viable probiotics: L. acidophilus LA-5
and L. casei 431 in baked breads [128]. The authors developed synbiotic bread, namely, hamburger
buns and white pan breads by inulin addition. Results showed that this microencapsulation system
can be used to develop probiotic bakery products with enhanced cell viability against high-thermal
conditions with no negative impact on texture or taste, considering that hamburger buns had a higher
probiotic survival rate and L. casei 431 was more resistant to high temperature than L. acidophilus LA-5.

The most recent study byde Farias et al. [129] used a calcium alginate–chitosan microencapsulation
system via extrusion method to incorporate L. rhamnosus ASCC 290 and L. casei ATCC in yellow mombin
ice cream. The authors compared the behavior and viability of free and encapsulated cells inside the
food matrix against storage at low-temperature condition (−18 ◦C for 150 days) and GI exposure.
Results revealed that free L. casei (−1.64 log) had a higher resistance to freezing than free L. rhamnosus
(−1.92 log), while encapsulated L. rhamnosus and L. casei presented protection efficiencies of 73.8% and
79.5%, respectively. In the GI simulation, 86.2% L. rhamnosus (−0.83 log) and 84% L. casei (−1.3 log)
were protected by the alginate–chitosan capsules. Therefore, for preparing probiotic yellow mombin ice
cream, the encapsulation process is not advantageous for all probiotic bacteria, namely, L. rhamnosus,
whose survival rate was higher in free form than in microencapsulation, but advantageous for L. casei.

The hydrocolloids used in probiotic microencapsulation is a widely-used method for enhancing
survival in ice cream during frozen storage. The study by Zanjani et al. [130] indicates that the
microencapsulation of probiotics via calcium alginate, wheat, rice, and high-amylose corn (hylon VII)
starches coated by chitosan and PLL enhanced probiotic bacteria survival, namely, L. casei ATCC
39392 and B. adolescentis ATCC 15703, in ice cream after storage at −30 ◦C for 100 days. Chitosan
and PLL coatings significantly increased cell viability during the storage of ice cream, as well as the
size of microcapsules. This is due to the integrated microcapsule structure provided by hylon starch.
Moreover, sensory evaluation of probiotic ice cream indicated no significant effect on organoleptic
properties during the storage period at −30◦.

4. Conclusions and Future Perspectives

There is a constant concern that free bacteria might not survive in sufficient numbers during their
passage through the GI tract in order to exert its probiotic effect. The physical protection of probiotics
by microencapsulation with chitosan-coated alginate beads is an efficient approach to improve the
probiotics’ survival during GI passage and to achieve a controlled delivery in the intestine. Moreover,
multi-stage coating was shown to further increase bacterial survival in acidic food products.

Since the incorporation of probiotics into food matrices is among the challenging areas of research
in food technology, and probiotics are quite sensitive to environmental conditions, such as oxygen,
light or temperature, and food matrix interactions, the protection of cells is of major importance for the
next generation of probiotic foods. Another major challenge is to improve the viability of probiotics
during the manufacturing processes, particularly heat processing while considering the perspective
of producing thermoresistant probiotic microorganisms as new solutions needed in future research.
Therefore, discovering new strains of probiotic bacteria that are heat resistant, either naturally or which
have been genetically modified, and creating a microencapsulation system that acts just as “insulation
material” are among the most feasible routes. For developing novel encapsulation systems, there is a
need for understanding the thermal conductivity properties of most efficient food-grade biopolymers
and lipids that are used as encapsulating core materials and coatings, individually and in combination.
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Nevertheless, microencapsulation represents the best alternative since it offers a wide range of
food application. In a wider sense, encapsulation may be used for plenty of applications within the food
industry, such as: production of novel food products, extending the shelf life of functional products,
protecting compounds against nutritional loss, controlling the oxidative reaction during storage,
providing sustained or controlled release in the gastro-intestinal environment, maintaining the sensory
attributes of probiotic-based food products, formation of biodegradable films, and edible labels.

Due to the abundant amino groups, chitosan provides many positive charges in acidic
medium, and represents an efficient biopolymer for microencapsulation and delivery systems for the
food industry. Moreover, considering its specific physicochemical attributes, biodegradability, and
biocompatibility with human tissues, chitosan compliments the real potential of this technology for
applications in the food industry. This biopolymer has no negative effects in the amounts used in food
because it is natural, non-toxic, and non-allergenic. As the probiotic–prebiotic synergy is well perceived
among future trends, insoluble fibers, like β-glucan, are another bio-based natural polysaccharide
source less exploited until now, which is available in high quantities in cereal wastes, has biological
activities in the human body, and can be fermented by human gut microbiota. β-glucan and chitosan
can represent a future delivery system for bioactive molecules and probiotics being a responsive
material suitable for targeted release in the intestine.

Dairy products are the main carriers of probiotics and have led the market for many years, but
the continuous interest towards improving lifestyle through nutrition led towards the expansion of
functional foods variety (beverages, chocolate bars, etc.); therefore, the legislation frame regarding
probiotic foods should allow and sustain manufacturers a more effective probiotic food production.
New studies must be carried out in order to assess the impact of the chitosan-coated microencapsulated
bacteria into a vast range of non-dairy food products, for favoring the needs of particular groups of
consumers such as vegetarians, vegans, and lactose-intolerants. Moreover, a deep investigation into
the existing material properties for coated capsule production is of major importance for an efficient
protection of the probiotic bacteria.

Certainly, the need for in vivo studies evaluating the viability of the incorporated probiotics under
GI conditions for establishing the real level of delivered probiotics, and implicitly, the health effects,
is a future research direction. Nevertheless, another research trend in this area is to find industrial
encapsulation technologies that guarantee the survival of probiotics. In order to achieve these research
goals, an integrated approach that combines microencapsulation techniques suitable for the selected
food carriers is one of the solutions, as well as consumer behavior assessments toward novel foods
considering their future increased demand. Therefore, nowadays, many studies are focusing on
reducing the particle size for non-influence on sensorial and textural properties of the product.

Author Contributions: All authors contributed to the preparation of the manuscript, as follows: Conceptualization
and design of the work: L.F.C., D.C.V., and I.D.P.; Writing—Manuscript preparation: L.F.C. and B.E.S.;
Writing—review and editing: D.C.V., I.D.P., and L.M. All authors read and approved the final manuscript.

Funding: This work was supported by two grants from the Ministry of Research and Innovation, as follows:
CNCS–UEFISCDI, project number PN-III-P1-1.1-TE-2016-0661, within PNCDI III; and MCI-UEFISCDI, project
number 37 PFE-2018-2020 “Cresterea performantei institutionale prin mecanisme de consolidare si dezvoltare a
directiilor de cercetare din cadrul USAMVCN”.

Acknowledgments: We kindly thank Vasile Coman for image support and critical peer review; Bernadette E.
Teleky, and Martău Adrian for image support.

Conflicts of Interest: The authors declare that they have no competing interests.

References
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