RSC Advances
This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.
Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available
to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.
You can find more information about Accepted Manuscripts in the
Information for Authors.
Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal’s
standard Terms & Conditions and the Ethical guidelines still
apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/advances

Page 1 of 38

RSC Advances

Formation and oxygen diffusion barrier properties of fish gelatin/natural
sodium montmorilonite clay self-assembled multilayers onto the biopolyester

Daniela Enescu,a ⃰ Alberto Frache,b and Francesco Geobaldob

ABSTRACT
In order to expand the application of bio-derivated polymers it is imperative that the issues related
to their poor gas barrier properties be addressed. Here we explore the sequential layer by layer
electrostatic self-assembly approach (abbrev. LbL) for modifying the oxygen transmission rate
(OTR) of biopolyester with the trademark-FF 1482® (abbrev. BP) by deposition of fish
gelatin/natural montmorilointe clay (trademark - Cloisite Na+, abbrev. CloNa+). We will show that
the deposition of Fish gelatin/CloNa+ onto the BP surface is influenced by different process
parameters such as dipping time, drying step, polyelectrolyte concentration and surface activation of
the BP film via partial alkaline hydrolysis as well as via low pressure plasma. Micro-attenuated total
reflectance fourier-transform infrared spectroscopy (mATR-FTIR) and scanning electron
microscopy/energy dispersive spectroscopy (SEM/EDS) showed that the traditional dipping LbL
technique, which consist in keeping the film wet throughout all deposition cycle, led to a
heterogeneous multilayers structure. The addition of the drying step has resulted to be a crucial
parameter to obtain a quite homogenous Fish gelatin/CloNa+ multi-layered structure. Further, the
homogeneity of multi-layered structure was considerable improved when both CloNa+
concentration was increased and the BP film surface was activated.
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By exploiting these processing parameters we were able to achieve successful homogenous Fish
gelatin/CloNa+ multi-layered structure as shown by SEM/EDS analysis. Further, the optimised
samples showed a drastically decrease of OTR. For example, the OTR value for the sample, in
which the BP surface was activated via plasma treatment prior to deposition of Fish gelatin/CloNa+,
be attributed to a greater dispersion of the impermeable inorganic CloNa+ platelets which forces the
oxygen molecules to diffuse around them rather than taking a straight line pathway that lies
perpendicular to the film surface. Thus, the results is a long and tortuous pathway for oxygen
molecules diffusion through the multilayered structure formed.

Keywords: biopolyester, fish gelatin, montmorillonite, layer by layer assembly, oxygen diffusion
barrier

1. INTRODUCTION
Bio-derived polymers due to their biodegradable nature have received considerable attention in the
last two decades as a solution to minimize the environmental impact (i.e. it could at least to some
extent solve the waste problem) of petroleum-derived polymers which are practically undegradable. These bio-derived polymers have found applications in the field of packaging

1-12

automotive 13-15 and biomedical.16-21
Referring to the biopolymer-based packaging, although they have advantages over their
petroleum –based plastic competitors, nevertheless, their use is strongly limited because of the poor
gas and water vapor barrier properties. To overcome these limitations, recently research studies 22-25
shown an interesting way to create high-performance materials for food and pharmaceutical
packaging by applying layer by layer self-assembly concept. This concept, first proposed by Iler 26
in 1966, and then rediscovered by Decher and co-workers 27-30 20 years ago, consists in the build-up
of polyelectrolyte multilayer thin films onto solid substrate; the build-up is achieved through
sequential and repetitive dipping of the substrate into aqueous solution of positively and negativelycharged polyelectrolytes. The main driving force for multilayer build-up is the electrostatic
attraction, nevertheless, other interaction such as hydrophobic
acceptor

31,32

and hydrogen bond donor and

33-37

, may also play a significant role under certain conditions. This LbL assembly

technique is very simple in operating process and can be easily scaled up
applicable for almost any type of charged species, such as nanoplates,

40

28,38,39

. In addition, it is

nanoparticles,41 nanotubes,
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was reduced by 97% of the corresponding value of untreated BP film. This remarkable barrier may
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42

organic dyes,43 dendrimers,44 porphyrins,45 biological polysaccharides,
48

49

DNA, viruses, proteins,

50-53

and polypeptides.

46,47

nucleic acids and

54, 55

In this context, the purpose of this investigation was to take the advantage of LbL concept in
order to produce high oxygen barrier nano-multilayer films, based on fish gelatin/natural
montmorillonite clay, onto the biopolyester film surface (biopolyester with the trademark-FF

drying step, polyelectrolyte concentration and surface activation of the BP film via alkaline
hydrolysis as well as via low pressure plasma, was carried out.
Fish gelatin is a mixture of water-soluble polypeptides derived from collagen by partially
hydrolysis, with a range of both hydrophobic and hydrophilic side chains and over a wide range of
pH it behaves as a polyampholyte (acting either as an acid or as a base). It was used as oppositely
charged polyelectrolyte for CloNa+. In addition, it revealed lower oxygen permeability properties
than those of mammalian gelatin films.56
Unmodified montmorillonite is a hydrated magnesium aluminum silicate layered clay, which
belongs to the general family of 2:1 layered silicates. Its crystal structure consist of an edge-shared
octahedral sheet of either magnesium or aluminum hydroxide between two silica tetrahedral layers.
57,58

The imbalance of the surface negative charges is compensated by exchangeable cations (Na+).

The parallel layers are linked together by weak electrostatic forces.59 Hence, its impermeable
inorganic crystal structure is expected to cause a decrease in permeability of gases, in other words
the gas molecules are forced to diffuse around this impermeable inorganic crystals rather than
taking a straight line path that lies perpendicular to the film surface. Thus, the results is a long,
tortuous pathway for gas diffusion through the film in the presence of it as illustrated in Fig. 1.

Fig. 1

2. EXPERIMENTAL SECTION
2.2. Materials
Biopolyester (trademark - FF 1482®, abbrev. BP) supplied by Novamont® (Italy) in film form and
used as substrate for layer by layer deposition. Fish gelatin (Nr. G7765) from cold water fish skin,
concentration ~45% in water was purchased from Sigma-Aldrich®. Unmodified montmorillonite
clay (trademark - Cloisite Na+, abbrev. CloNa+) was purchased from Southern Clay Products®
(Texas, USA), whose specific gravity is 2.86 g/cm3, diameter of 10-100 nm, thickness of 1 nm 61,62
and a cationic exchange capacity of 92 mequiv/100 g of CloNa+;63 in deionized water is negatively-
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1482®). To achieve this goal the optimization of LbL process parameters, such as dipping time,
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charged. Sodium hydroxide (NaOH) was purchased from Sigma-Aldrich®. The water used for all
preparation procedures was obtained from Milipore purification system (Milli Q).

2.1. LbL deposition
Different process parameters such as dipping time, drying step, polyelectrolyte (abbrev. PE)

pressure cold plasma were investigated and optimized in order to achieved a uniform deposition of
PEs onto the BP film surface. Therefore, below are reported different LbL deposition procedures:

Procedure 1
Solutions Preparation and LbL assembly of Fish gelatin/CloNa+ films
2 g CloNa+ were dispersed into 1 L deionized water to prepare a 0.2 wt.% nanoclay suspension. The
suspension was vigorously stirred in a flask equipped with a magnetic stir bar for 14 hours at room
temperature; the pH of nanoclay suspension was 9.26 at 30 oC. Fish gelatin solution (0.3 wt.%) was
stirred for 14 hours at room temperature; the pH of the solution was 5.17 at 29 °C, no pH
adjustment of both solutions was performed.
BP film was dipped into fish gelatin aqueous solution and held for 5 minutes to deposit a layer of
fish gelatin followed by rinsing with deionized water with aimed to remove the excess of fish
gelatin. In addition, rinsing plays the key role in LbL assemblies because it results in precise
nanoscale thickness control. The fish gelatin-covered substrate was subsequently dipped into
nanoclay aqueous suspension and held for 5 minutes to deposit a layer of nanoclay on top of fish
gelatin layer followed by rinsing with deionized water. The deposition process of fish
gelatin/nanoclay layers in a cyclic fashion was repeated until the desired number of bilayers was
reached, with the difference that the immersion time in solutions of the steps subsequent towards to
the first one was only 1 minute. With this procedure were build-up 5, 10 and 20, respectively
bilayers (each positive and negative pair deposited of a cycle is referred as a bilayer; abbrev. BL )
and reported as BP_1_5BL, BP_1_10BL and BP_1_5BL, respectively.

Procedure 2
Fish gelatin/CloNa+ multilayers deposition was carried out applying Procedure 1, with the
exception that the dipping time in the PEs aqueous solutions was increased to 15 minutes for each
step. With this procedure 12 BL were build-up and reported as BP_2_12BL.

Procedure 3
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concentration and BP film surface activation via partial alkaline hydrolysis as well as via low
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This procedure differ of Procedure 2 through that before each rinsing with deionized water, the
specimen was dried with hot air (hair dryer) for 1 minute and 30 seconds. With this procedure 5BL

Procedure 4
Fish gelatin/CloNa+ multilayers deposition was carried out applying Procedure 3, with the
exception that prior to the deposition process, an alkaline pre-treatment on the BP film surface was
performed by immersing it into NaOH aqueous solution for 5 minutes at room temperature (0.4
wt.%; pH of the solution:12.81). In addition, the drying step was made in an oven at 40 oC for 5
minutes. With this procedure 5 BL were build-up and reported as BP_4_5BL.

Procedure 5
Concerning this procedure as compared with the others, the concentration of CloNa+ was increased
from 0.2 wt.% to 0.5 wt.%. The nanoclay suspension was vigorously stirred in a flask equipped
with a magnetic stir bar for one week at room temperature; the pH of nanoclay suspension was
10.07 at 24oC, no pH adjustment of the nanoclay suspension was performed. Prior to start the
deposition process, the nanoclay suspension was ultrasonicated for 30 minutes in order to improve
the dispersion; in other words, we expect that the power of the ultrasonic waves to enhance breakup
of layered silicate bundle.
BP film was dipped into fish gelatin aqueous solution and held for 10 minutes to deposit a layer
of fish gelatin followed by drying with hot air for 1 minute and 30 seconds and then rinsing with
deionized water. The fish gelatin-covered substrate was subsequently dipped into nanoclay aqueous
suspension and held for 1 minute to deposit a layer of nanoclay on top of fish gelatin layer followed
by drying with hot air for 1 minute and 30 seconds and rinsing with deionized water. These steps
were repeated until the desired number of bilayers was reached. With this procedure 5 BL were
build-up and reported as BP_5_5BL.

Procedure 6
This procedure differ of Procedure 5 through that before the deposition process, the surface of BP
film was activated via low pressure plasma treatment (Fig 2). With this procedure 5 bilayers were
build-up and reported as BP_6_5BL_Plasma 1 and BP_6_5BL_Plasma 2, respectively. Plasma 1
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and 8BL, respectively were build-up and reported as BP_3_5BL and BP_3_8BL, respectively.
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and 2 respectively refers to the plasma exposure time (treatment time) which was 1 and 2 min,
respectively.

2.4. Characterization
Scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDS)
The microstructural and elemental analyses of untreated BP film and multilayer films were carried
out with a scanning electron microscope (LEO 1450 VP, Oberkochen, Germay) with an energydispersive X-ray probe (INCA Energy Oxford, UK) attachment. The surface as well as the crosssection of the samples where sputter-coated with gold for 27 s at a working pressure of 0.1 mbar
before the SEM/EDS measurements to prevent the build-up of an electric negative charge in the
specimen, which would induce “imaging artefacts” and to enhance resolution.

Micro-attenuated total reflection-fourier transform infrared (mATR-FTIR) spectroscopy
mATR-FTIR spectra were recorded on a FrontierTM FT-IR spectrometer (Perkin Elmer, Germany).
Each spectrum was recorded in a spectral range 4000-450 cm-1, 16 scans at 4 cm-1 spectral
resolution.

BP film surface pre-treatment via low pressure oxygen plasma
Oxygen plasma treatment was performed in order to generate active site onto the BP film surface
for the initial adsorption of polyelectrolyte chain. According to the literature,

64-67

the polar groups

formed on the polymer surface via both energetic ion bombardment and surface oxidation by the
reactive species present in the plasma contribute fundamentally in improving surface wettability,
which in turn represent an important criterion for ensuring a good adhesivity in particular for
immobilization of biological macromolecules (proteins, polysaccharide, etc.) onto different types of
substrate surfaces.68,69 Plasma treatment was conducted in a Diener Electronic GmbH, Series Pico
(Germany) with a cylindrical chamber with capacity of 5 liters, semi-automatic control and plasma
generator operating at 40 kHz with a maximum power of 200 W. The parameters were set as
follow: oxygen plasma flow rate, pressure, and discharge plasma power were kept constant at: 20
cm3/min, 50 Pa, and 50 W respectively, whereas the plasma exposure time (treatment time) was 1
and 2 min, respectively.

RSC Advances Accepted Manuscript

Fig. 2

Page 7 of 38

RSC Advances

Water Contact angle measurements
Change in the BP film surface polarity due to the pre-treatment via partial alkaline hydrolysis as
well as via low pressure plasma was measured according to the sessile-drop method using CAM
200 contact angle goniometer (KSV Instruments Ltd., Finland). The volume of the water drop used
enhance the spreading of drop when the volume of it is between 30-50 µL70). The water contact
angle values are calculated by using the software of the instrument; all reported values herein are
the average of three measurements taken at three different locations on each sample surface.

Oxygen transmission rate (OTR) was performed by MultiPerm-ExtraSolution® (Italy). OTR
testing was done at 23 oC and 40% RH. The exposure area of the film was 50 cm2.

3. RESULTS AND DISCUSSION

Effect of different processing variables, such as dipping time, drying step, polyelectrolyte
concentration and surface activation of the BP film via partial alkaline hydrolysis as well low
pressure plasma, on the formation of Fish gelatin/CloNa+ multilayer films onto the BP film surface
have been investigated. Further, the oxygen barrier properties were performed on the optimized
samples.

3.1. Effect of dipping time
Taking into account that by changing the dipping time, it changes the time available for the
polyelectrolyte molecules to arrange themselves on the substrate and ionically bond to the substrate
surface, we examined first its effect on the formation of Fish gelatin/CloNa+ multilayer films onto
the BP film surface by means of micro-attenuated total reflectance fourier-transform infrared
spectroscopy and scanning electron microscopy/energy dispersive spectroscopy.
As Fig 3. shows, the characteristic infrared absorption bands of CloNa+ appear at 3626 cm-1 due
to O-H stretching vibration for Si-Si-OH, a broad band centered at 3387 cm-1 due to interlayer and
H-bonded -OH stretching vibration, at 1634 cm-1 is attributed to the water of crystallization bending
vibration, at 1118 cm-1 due to Si-O bending vibration, at 1007 cm-1 due to Si-O stretching vibration,
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at 915 cm-1 and 796 cm-1 due to Al-Al-OH and Al-Mg-OH bending vibrations and at 519 cm-1 due
to the Si-O-Al bending vibrations. The infrared spectrum profile is in agreement with those reported
in the literature.71-73
Fish gelatin revealed absorption bands at 3275 cm-1 due to NH stretching vibration, at 1631cm-1
attributed to amide I, CO and CN stretching vibration, at 1546 cm-1 ascribed to amide II and at 1246

Fig. 3

Taking into account the above information about the vibrational assignments of the infrared
active bands of PEs and comparing with BP_1_5BL, 10BL, and 20BL obtained by applying
Procedure 1, the spectra (data not shown) revealed that the deposition of PEs did not occurred.
mATR-FTIR support SEM/EDS analyses (data not shown) in which the parameters used in
Procedure 1 did not favor the deposition of PEs. This situation changes, but not in significant
manner, when the dipping time in aqueous polyelectrolytes solutions is increased to 15 minutes,
with all others parameters kept constant (see Experimental Section, Procedure 2). The mATR-FTIR
spectrum of BP_2_12BL, although is very similar in shape to that of untreated BP film (Fig. 4)
showed an increasing in the intensity of the absorption bands in the 1120-500 cm-1 region, which
indicates the presence of CloNa+ in BP_2_12BL. The amount of nanoclay present is extremely
limited. In addition, the morphologies observed in Fig. 5b and 5c correlate well with mATR-FTIR
analysis, in which the increase of dipping time has resulted in the formation of a heterogeneous
layered structure.

Figure 4
Figure 5a,b,c

3.2. Effect of drying step
To increase the deposition of polyelectrolytes onto the BP surface, a partial drying step was applied
(see Experimental Section, Procedure 3). The results on Fish gelatin/CloNa+ multilayers deposition
onto the BP film surface in the presence of drying step are shown in Fig. 6; mATR-FTIR spectra of
BP_3_5BL and 8BL, respectively revealed the presence of CloNa+ by the appearance of absorption
bands at 3626 cm-1 and in the 1120-500 cm-1. The presence of PE was confirmed also by the
decrease in the absorption intensities of the bands characteristic of untreated film and, furthermore,

RSC Advances Accepted Manuscript

cm-1 due to amide III (Fig.3).74
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the decrease was higher for coating with 8 cycles of Fish gelatin/CloNa+ multilayer films than for
coating with 5 cycles, pointing out that the coating thickness is greater. Additionally, it was
revealed a broad band between 3550 and 3150 cm-1 assigned to the H-O-H stretching vibration of
free H2O adsorbed onto the structure and/or inter-laminar water.

The SEM/EDS data verified the successful deposition of Fish gelatin/CloNa+ multilayer films.
The SEM micrographs of BP_3_5BL (Fig. 7a) showed a uniform distribution of CloNa+, but in
terms of dispersion revealed the presence of aggregates, the bright spots on the backscattered
images, distributed all over the matrix, with some of them having diameters up to 5.8 µm. The
micrographs of the cross-sectional morphology (Fig. 7b, c) revealed a uniform layered structure.
The thickness of this layered structure perceivable at 20.00kx magnification was estimated to be
about several hundred nanometers.

Fig. 7a, b, c

When the number of deposition cycles increased from five to eight, SEM micrographs (Fig. 8a)
revealed the presence of CloNa+ in large quantity onto the BP film surface and this is confirmed
also by EDS mapping (the quantity of silicon and aluminum onto the BP film surface is greater with
increasing of bilayers number). Furthermore, as Fig. 8a shows there are areas where the deposition
takes place more than others and besides this, Fig. 8b (secondary electrons) evidence that in some
areas of film there is a crushing layer and detachment of the material deposited. This detachment of
the material, in specific areas, it was confirmed also by cross-sectional micrographs (Fig. 8c,d).
Based on

these results it can be supposed that, after approximately 8 cycle application, the

polyelectrolyte layer reaches its final saturated state.
Fig. 8 a,b,c,d
According to the literature,75-79 numerous variables can affect the adsorbed gelatin amount and
the structure gelatin layer onto a solid surface, such as pH, ionic strength, concentration of the
solution, gelatin molecular weight and distribution, surface chemistry and temperature.
Consequently, gelatin adsorption is a very complex process, which is driven by different forces such
as hydrogen bonding 80, hydrophobic81 and electrostatic forces.82
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Here, we show that the deposition of Fish gelatin/CloNa+ onto the BP film surface can be
drastically improved by adding drying step. This results suggest that fish gelatin adsorption at the
first step is also caused by the hydrophobic interactions. The hydrophobic interactions takes place
when hydrophobic domains or moieties are present on both the substrate surface and biomolecules
of interest.83 Hence, taking into account that the surface of biopolyester film used in this work is

polyampholytes with a nonuniform distribution of amino acids, containing both positively charged
polar amino acids (arginine, lysine) and negatively charged amino acids (glutamate, aspartate) in
addition to hydrophobic neutral amino acids (comprising leucine, isoleucine, methionine and
valine); the positive: negative: hydrophobic moieties are present in the approximate ratio:1:1:1,83-86
one can speculate that the drying process can promote hydrophobic interactions due the following
reason:
in water, hydrophobic moieties of gelatin are most frequently buried to the interior of it because
they are incapable of forming hydrogen bonds with water (the water molecules cannot “wet” them),
instead the water molecules form a highly ordered shell (or “cage”) around the hydrophobic
moieties due to their inability to form hydrogen bonds in all the directions. Taking into account that,
in general, the driving force for protein adsorption is the increase in entropy of the water molecules
upon adsorption,87 hence, in order to gain the entropy, hydrophobic moieties are forced to merge to
minimize the extent of the water molecules shell (in other words hydrophobic moieties are forced to
join leading in this way to a decrease in the number of ordered water molecules). Thus, hydrophobic
interaction depends on the behavior of the water molecules rather than on direct attraction between
the hydrophobic moieties.
Hot air drying can induce a loss of structural water from gelatin and thus a structural re-arrangement
of the gelatin molecules. Consequently, heat drying can be responsible for a closer position of
hydrophobic moieties to the surface from which a better interaction results. This behavior is in
agreement with the finding reported by Serizawa and co-workers on fabricated ultrathin polymer
films via the repetition of the adsorption/drying processes, who also confirmed that drying after the
deposition step of collagen onto a quartz crystal microbalance can promote the adsorption driven by
hydrophobic effect due to the following reasons: “the adsorption amount increased with an increase
in adsorption temperature, indicating the presence of the hydrophobic effect of collagen adsorption;
during a drying process, relatively hydrophobic amino acid residues in collagen should rearranged
near the surface to minimize the interfacial free energy between a collagen film and air; collagen is
constructed mainly by hydrophobic amino acids such glycine, proline, and hydroxiprolyine”.31
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extremely hydrophobic (the water contact angle value is 104°) and gelatin is a week
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3.3. Effect of alkaline pre-treatment
With the aim to reduce the inhomogeneity of the Fish gelatin/CloNa+ deposition, prior to apply LbL
self-assembly procedure, the surface of BP film was activated via a partial alkaline hydrolysis
treatment (see Experimental Section, Procedure 4). As it is known, the ester linkages are cleaved
via chemical hydrolysis, which results in the generation of new terminal (hydroxyl and carboxyl)

enhance binding with fish gelatin. Alkaline pre-treatment conditions were set up so that complete
hydrolysis did not occurred within 5 min. After pre-treatment, water contact angle measurements
was applied to characterize the hydrophilicity of the BP film surface. A surface can be considered
as hydrophilic if the value of the contact angle is less than 90°, whereas the surface is hydrophobic
if the value of the contact angle is greater than 90°. The water contact angle value of the BP film
surface after alkaline pre-treatment decreased from 104° to 95°; the slight decrease can be attributed
to the very short treatment time (5 minutes). Further, mATR-FTIR spectrum had shown that the
alkaline pre-treatment induce an increase in the intensity of the absorption bands as compare with
untreated BP film, which it could suggest the involvement of ester groups in the chemical attack.
Based on water contact angle value as well as mATR-FTIR analysis, it can be confirmed that
alkaline pre-treatment induced changes only in the thin surface layer of BP film without altering the
bulk properties.
Fig. 9
3.4. Deposition of Gelatin/CloNa+ multilayer films onto the pre-treated BP film surface
We focused our attention in two spectral ranges, i) 3630-3150 cm-1 and ii)1120-500 cm-1. Which
both are substantially modified by the presence of Clo Na+.
Upon inspection of Fig.10, is clear that the characteristic absorption bands of CloNa+ are present in
BP_4_5BL as follow: at 3626 cm-1 due to the stretching vibration of the hydroxyl groups for Si-SiOH; abroad band between 3550 and 3150 cm-1 assigned to the H-O-H stretching vibration of free
H2O adsorbed onto the structure and/or inter-laminar water, but the intensity is lower as compare to
previous procedures. This reflects that the water is readily removable through drying in oven at 40
°C. A strong increase in the intensity of absorption bands in the 1120-500 cm-1 region, due to the
presence of CloNa+ , was also revealed.

Fig. 10
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Further evidence for the formation of Fish gelatin/CloNa+ multilayer films onto BP film surface
was obtained by SEM analysis. It shows a quite uniform distribution of nanoclay, but in terms of
dispersion revealed the presence of aggregates distributed all over the matrix, with some of them
having diameters up to 10.3 µm (Fig. 11a). By analyzing the cross-sectional SEMs in greater detail
revealed the presence of a continuous, homogeneous multilayer film with the thickness above

Fig. 11a,b,c

3.5. Effect of polyelectrolyte concentration
In comparison with the previous procedures, the concentration of CloNa+ was increased from 0.2
wt.% to 0.5 wt.% while the concentration of fish gelatin was kept constant. Further, taking into
account that the dipping time is concentration dependent, the total adsorption time of CloNa+ was
reduced from 15 min to 1 min and for fish gelatin from 15 min to 10 min (see Experimental Section,
Procedure 5); in addition, a reduction of the dipping time to the minimum possible value increase
high speed fabrication.
As shown in Fig.12, Fish gelatin/CloNa+ adsorption onto the BP film surface is clearly identified
by the characteristic absorption band of CloNa+ at 3626 cm-1attributed to ʋSi-Si-OH vibration.
Moreover a general and strong increase in the intensity of all the absorption bands characteristic of
CloNa+ and a notable decrease in the absorption intensity of the bands characteristic of untreated BP
film were observed. Also in this case the broad band between 3550 and 3150 cm-1 assigned to the
H-O-H stretching vibration of free H2O was clearly visible.
Fig. 12
Further proof of the Fish gelatin/CloNa+ absorption onto the BP film surface was obtained by
SEM/EDS analysis. The surface morphology of BP_5_5BL as observed by SEM micrographs and
EDS mapping (Fig. 13a) is very similar to previous cases (Procedure 3 and 4), but the presence of
CloNa+ onto the BP film surface is distributed more evenly than in previous ones. The result also
confirms that the level of CloNa+ microdispersion obtained with this procedure is reduced
significantly as compared to previous ones. The size of aggregates became much smaller when both
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long-term stirring and ultrasonication were introduced. The size of clay aggregates greatly
decreased to below 2.6 µm which is much smaller size compared to previous procedures with short
stirring time and without ultrasonication. During sonication the power of ultrasonic wave broke
down the nanoclay aggregates to smaller sizes. In addition, a well-defined layered structure was
revealed from the cross-sectional micrographs (Fig. 13b and c).

Fig. 13a,b,c
3.6. Effect of low pressure plasma pre-treatment
In order to enhance fish gelatin binding onto the BP film surface, prior to apply LbL self-assembly
procedure, the BP film surface was activated by low pressure plasma treatment. The plasma is an
ionized gas consisting of electrons, atomic ions, molecular ions and neutral atoms and/or molecules
which upon collision with the surfaces of polymers placed in the plasma environment break down
the covalent chemical bonds, thus creating free radicals on the polymers surface. Further, these free
radicals will then undergo additional reactions, depending on the gases present in the plasma or
subsequent exposure to gases in the atmosphere.88

3.7. Effect of oxygen plasma pre-treatment on hydrophilicity
It is very clear from Fig.14a that water contact angle decreases after plasma treatment, which
imparts hydrophilic character to film surface due to formation of hydrophilic groups and which in
turn it may be explained as follow: the oxygen plasma creates radical species in the molecular
chains on the surfaces, mainly through molecular chain scission or hydrogen abstraction by
bombardment of plasma particles (electronics, ions, and radicals: O2 + e→O2- →O+ O-, e + O→O+
+ 2e; e + O2→O2+ + 2e; e + 2O2→O2- + O2, O2- + O→O3 + e). The radical species that are created
onto the polymer surface can then react with the various molecular and active species present in the
plasma environment, thus the following oxidation reaction scheme it can be suggested:
RH+O˙→R˙+˙OH, R˙+O2→RO2˙, RO2˙ + R’H→RO2H + R’˙, where: RO2H indicate the formation
of acids, but the formation of alcohols, ethers, peroxide, hydroperoxides (not shown in this reaction
scheme) are also possible. Therefore, these polar groups make the plasma treated BP surface
become more hydrophilic compared to the untreated BP surface. We found that an extending of
plasma processing time beyond 2 minutes leads only to a slight decrease of water contact value,
thus suggesting that the BP surface has reached a limiting level of oxidation. Further, mATR-FTIR
spectra (Fig. 14b) has shown a notable increase in the intensity of the absorption bands after oxygen
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plasma treatment. Hence, we can expect that plasma pre-treatment to enhance fish gelatin binding
onto the BP film surface.

3.8. Deposition of Fish gelatin/CloNa+ multilayer films onto the pre-treated BP film surface
BP_6_5BL_Plasma1 and BP_6_5BL_Plasma2 as compared with untreated BP film (Fig.15)
revealed an absorption band at 3626 cm-1 due to ʋ(Si-Si-OH) as well as a strong increase in
intensity of the absorption bands in the 1120-500 cm-1 region, together with the broad band
between 3550 and 3150 cm-1 assigned to H2O.
Fig. 15

SEM micrographs of the multilayer films` cross-sections showed a well-defined layered structures
(Fig. 16a, b). On the basis of these SEM data, it can be concluded that, indeed, the CloNa+ platelets
were successfully incorporated into the LbL structure.

Fig. 16
Oxygen barrier of BP film coating with Fish gelatin/CloNa+ multilayers thin films
Oxygen barrier performance were examined only on BP_4_5BL, BP_5_5BL, BP_6_5BL_Plasma 1
and BP_6_5BL_Plasma 1 as these samples revealed an uniform deposition of PEs onto the BP film
surface as shown earlier. As Fig. 17 shows, the oxygen transmission rate (OTR) of BP film is
drastically reduced upon coating with Fish gelatin/CloNa+. This remarkable barrier can be due to
the CloNa+ platelets which create a highly tortuous diffusion pathway for the oxygen molecules, in
other words the oxygen molecules are forced to diffuse around these impermeable inorganic
crystals rather than taking a straight line path that lies perpendicular to the film surface (see Fig. 1).
Looking in further detail at the data of Fig.17 while keeping the deposition conditions of each
coating in mind, makes it possible to make further observations. Comparing BP_4_5BL and
BP_5_5BL thus shows the influence of CloNa+ concentration; increasing CloNa+ content from 0.2
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wt.% to 0. 5 wt.% appear to leads to a better barrier performance (OTR decreased up to 85% while
for BP_4_5BL reached just 70%). This improvement indicates that a higher concentration of
CloNa+ platelets is necessary to increase the tortuosity of the diffusion pathway for the oxygen
molecules.

89

Further, comparing the barrier performance of BP_5_5BL with BP_6_5BL_Plasma1

(OTR: 92%) and P_6_5BL_Plasma2 (OTR: 97%), it can be seen that a remarkable barrier

addition, it can be observed that increasing plasma treatment time leads to further enhancement of
OTR value. Therefore, it can be assumed that oxygen plasma treatment has greatly enhanced the
adhesion between polyelectrolyte and the BP film surface.
Fig. 17

4. CONCLUSIONS
The results of this study show that, the Fish gelatin/CloNa+ nanocoating onto the BP film surface
using layer by layer deposition technique is sensitive to a number of processing conditions such as
dipping time, drying step, polyelectrolyte concentration and surface activation of the BP film via
alkaline hydrolysis as well as low pressure plasma. The deposition of Fish gelatin/CloNa+ onto the
BP film surface varied significantly when the above processing conditions were changed. The
draying step, as revealed by SEM/EDS and mATR-FTIR analyses, has a great influences on the
multilayer film formation, in other words it led to a quite uniform deposition of the PEs towards the
procedure without drying step where a heterogeneous layered structure was formed. It was further
found that the increase of polyelectrolyte concentration as well as surface activation of the BP film
prior to be subjected to LbL process have a strong influence on the deposited ‘film uniformity. By
plasma surface activation a more uniform multilayered structure was formed, with a thickness of
several hundreds of nanometers.
The samples which revealed an uniform deposition of Fish gelatin/CloNa+ onto the BP film surface
were further used to investigate the oxygen barrier properties. A remarkable decrease of oxygen
transmission rate is achieved for all the sample (OTR decrease as follow: BP_5_5BL_Plasma 2 <
BP_5_5BL_Plasma 1< BP_5_5BL< BP_4_5BL; the level of decrease in OTR is 97%, 92%, 85%
and 70%, respectively). This high barrier behavior may be attributed to the impermeable inorganic
CloNa+ platelets which forces the oxygen molecules to diffuse around them rather than taking a
straight line pathway that lies perpendicular to the film surface (see Fig.1). Thus, the results is a
long, tortuous pathway for oxygen molecules diffusion through the multilayerd structure formed.
As mentioned above, BP_4_5BL displayed the highest OTR value (679 cc/(m2· 24h)) towards
other samples, which might be attributed to the low loading of nanoclay (0.2 wt.%), but by
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increasing the nanoclay concentration (0.5 wt.%) a further decrease of OTR value is revealed
(339cc/(m2· 24h)). This improvement of the oxygen barrier indicates that a higher concentration of
CloNa+ platelets is necessary to increase the tortuosity of the diffusion pathway for the oxygen
molecules.
Finally,

the

working

conditions

employed

to

prepare

BP_5_5BL_Plasma

1

and

thus a high resistance to the oxygen molecules diffusion (184 and 71 cc/(m2· 24h), respectively).
In the light of the aforementioned findings and, also, taking into account the advantages of this
method (easy to carry out, fast, versatile and ecofriendly), we concluded that Fish gelatin/CloNa+
could be taken into consideration as nanocoating for BP film in order to improve the oxygen barrier.
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Fig. 1 Schematic illustration, adapted from Ducan,60 of gas molecules diffusion through (a) a film
composed only of polymer (gas molecules migrate via a pathway that is perpendicular to the
film orientation) and (b) a nanocomposite film (gas molecules are forced to go around the
impenetrable platelets and through interfacial zones which have different permeability
characteristics than those of the neat polymer).

involving activation of the BP film surface via low pressure plasma followed by immersion
of it into the polyelectrolytes aqueous solutions.
Fig. 3 mATR-FTIR spectra of Fish gelatin and CloNa+.
Fig.4 mATR-FTIR spectra of the untreated BP film and BP_2_12BL.
Fig. 5 Cross-sectional SEM micrographs of (a) untreated BP film and (b, c) BP_2_12BL.
Fig. 6 mATR -FTIR spectra of CloNa+, untreated BP film, BP_3_5BL and BP_3_8BL.
Fig. 7 (a) Surface and (b,c) cross-sectional SEM micrographs of BP_3_5BL.
Fig. 8 (a, b) Surface and (c,d) cross-sectional SEM micrographs of P_3_8BL.
Fig. 9 mATR-FTIR of the untreated BP film and the BP film pre-treated via alkaline treatment.
Fig. 10 mATR-FTIR of the untreated BP film, CloNa+ and BP_4_5BL.
Fig. 11 (a) Surface and (b,c) cross-sectional SEM micrographs of BP_4_5BL.
Fig. 12 mATR-FTIR of the untreated BP film, CloNa+ and BP_5_5BL.
Fig. 13 (a) Surface and (b,c) cross-sectional SEM micrographs of BP_4_5BL.
Fig. 14 (a) Sessile-drop water contact angle onto the untreated BP film surface and plasma pretreated BP film surface. (b) mATR-FTIR spectra of the untreated BP film and the plasma
pre-treated BP film.
Fig. 15 mATR-FTIR of the untreated BP film, CloNa+ and BP_6_5BL_Plasma1 and
BP_6_5BL_Plasma2.
Fig.16 Cross-sectional SEM micrographs of (a) BP_6_5BL_Plasma1 and (b) BP_6_5BL_Plasma2.
Fig. 17 Oxygen transmission rate for the untreated and nanocoated BP film.
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Fig. 2 Schematic presentation of preparation of LbL - Fish gelatin/CloNa+ nanocoating of PB film
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