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A B S T R A C T   

Biobased and biodegradable polymers represent a valid and sustainable alternative to oil-based plastics, as they 
are renewable and address the issue related to the end-of-life of non-compostable materials. However, the poor 
gas barrier of biopolymers limits their use in several applications, including food packaging. 

In this work, chitosan/graphene oxide (CS/GO) nanocomposite coatings were successfully deposited by ul-
trasonic spray on a compostable polybutylene succinate (PBS) film. The moisture resistance of the chitosan 
coatings was improved by crosslinking with polyethyleneglycol diglycidyl ether (PEGDE). The resulting coatings 
were transparent, with thickness in the 1–2.5 μm range, and exhibited good adhesion to the PBS film and me-
chanical and scratch resistance due to the presence of GO nanofiller. In detail, the PEGDE-crosslinked CS/GO 
(CS/PEGDE/GO) nanocomposite coating containing 1 wt% GO allowed to reduce O2 and CO2 transmission rates 
by 85 % and 93 %, respectively, compared to uncoated PBS film. The permeability reduction is ascribed to the 
formation of compact coatings with GO nanoplates oriented parallel to the PBS substrate. Furthermore, the 
improvement in CO2 barrier properties was up two-time more than that related to oxygen, suggesting the use of 
CS/PEGDE/GO coatings in applications where gas permselectivity is required. This research demonstrates the 
potential of the ultrasonic spray technique for producing bionanocomposite barrier coatings with improved gas 
barrier performance.   

1. Introduction 

The food packaging industry is increasingly turning to biobased and 
biodegradable polymers as substitutes for conventional and fossil-based 
plastics. This interest arises from growing environmental concerns 
related to the end-of-life management of non-compostable materials and 
evidence that only low percentages of plastic waste are currently recy-
cled [1,2]. In this scenario, polylactide (PLA), which is a biodegradable 
polymer, is widely used in the manufacture of rigid packaging due to its 
high thermal stability, good transparency and processability, while 

showing some limitations such as low mechanical properties and 
weldability when applied to flexible packaging [3]. An alternative and 
promising candidate for the production of biodegradable films for 
flexible packaging is poly (butylene succinate) (PBS) due to its excellent 
processability by conventional industrial techniques and its favorable 
mechanical and thermal properties. [4]. However, the use of PBS in 
packaging is limited because of its lower gas and moisture barrier 
properties than conventional plastics [5]. 

Coating technology has been proposed as a promising strategy to 
broaden the application range of mono-material films and, in turn, 
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reduce the need for multilayer packaging, which ensures high techno-
logical performance (i.e., weldability, low gases permeability, etc.) but 
exhibits poor sustainability [6,7]. The deposition of a functional thin 
layer based on a biodegradable and bio-based polymer matrix allows for 
maintaining the biodegradability characteristics of compostable pack-
ages, whereas the addition of two-dimensional (2D) nanofillers may 
significantly reduce the gas permeability thanks to the increment of 
diffusion paths [8,9]. Many works have proved that nanoplates appro-
priately dispersed in polymer matrices, such as graphene [10], graphene 
oxide (GO) [11], and nanoclays [12], force gas molecules to follow 
longer and tortuous paths to cross the material. Moreover, the gas bar-
rier performance of nanocomposite depends on the optimization of 
several parameters, such as nanofiller characteristics (aspect-ratio, sur-
face area, volume fraction) and filler-polymer interactions (such as filler 
dispersion, spatial distribution, and orientation) [13]. 

This study focuses on investigating bionanocomposite coatings made 
of chitosan (CS) and GO nanoplates that are dispersed in the CS matrix. 
Chitosan is a natural polymer obtained mainly by the deacetylation 
process from chitin, the second most abundant polysaccharide on earth 
[14]. In the last decades, CS has been widely employed to produce films 
and coatings for many applications, including food preservation, 
because of its intrinsic advantages, such as biodegradability, renew-
ability, biocompatibility, and antimicrobial/antioxidant ability [15]. In 
addition, chitosan contains abundant reactive functional groups on its 
backbone, such as amine and hydroxyl groups, which can react via 
intermolecular hydrogen bonds and electrostatic interactions with 
anionic compounds and nanoparticles [16]. In several papers, chitosan 
has been coupled with clay nanoplatelets to improve the barrier prop-
erties of the substrate [17]. For instance, Laufer et al. [18] prepared thin 
films of chitosan and montmorillonite clay nanoplatelets via a layer-by- 
layer assembly by exploiting the opposite charge that characterizes the 
two materials and thus improving the oxygen permeability of a poly-
lactic acid film by four orders of magnitude at 0 % RH. Nevertheless, the 
combination of GO, a high-aspect-ratio nanofiller characterized by 
various oxygen-containing groups, with chitosan has recently been re-
ported in many papers as a viable approach to improve the chitosan’s 
functional properties [19]. In this regard, Yan et al. [20] prepared 
chitosan-based films, containing 1.0 wt% boron as a crosslinker and 1.0 
wt% GO as filler, via solvent casting and subsequent thermal treatment: 
the obtained composites showed enhanced tensile strength and oxygen 
permeability by ~160 and ~90 % compared to pristine chitosan, 
respectively. Ahmed et al. [21] incorporated GO into chitosan films 
through the solution casting method, and they observed a significant 
improvement in tensile strength, barrier properties, and glass transition 
temperature. Furthermore, Han Lyn et al. [22] prepared CS/GO nano-
composite films crosslinked using sodium tripolyphosphate with 
enhanced mechanical properties and water and oxygen barrier 
properties. 

The low water resistance of natural biopolymers, such as chitosan, is 
a major obstacle to their industrial use due to their inherent hydrophi-
licity. However, research has shown that chemical crosslinking enhances 
the chemical stability of chitosan against water swelling effect. Among 
the possible crosslinking agent, poly(ethylene glycol) diglycidyl ether 
(PEGDE) has been largely proposed as a chitosan crosslinker for 
biomedical applications [23–25] and it is recognized as safe by the Food 
and Drug Administration [26]. As far as is currently evident from 
literature, there are currently no published articles on the use of PEGDE 
as a crosslinker for food packaging or CS/GO nanocomposite coatings. 

Various techniques have been employed to apply nanocomposite 
coatings, including bar coating [27], LbL assembly [28], and spray 
coating [29] deposition approaches. Currently, to the best of authors 
knowledge, there are no studies that have examined the use of ultrasonic 
spray technology to deposit polymer-based composite dispersions. 
However, ultrasonic spray (USS) coating is a promising automated 
technique that offers several advantages such as: rapid and precise 
deposition with low material consumption, good reproducibility, the 

possibility of covering large surfaces, and potential scalability from 
research to volume production [30–37]. This technique relies on the 
principle of ultrasonic atomization, whereby high-frequency sound vi-
brations are used to produce a fine mist of the sprayed mixture. The mist 
is composed of microdroplets with a very narrow size distribution [30]. 
In turn, the small dimensions and their uniform size distribution enable 
the manufacturing of homogenous and thin coating layers. Also, the 
ultrasound pulses break the agglomerates in the suspension, promoting a 
homogeneous dispersion of particles [31]. In recent years, this emerging 
technology has been exploited to deposit different nanoparticles or so-
lutions for various purposes. Bose et al. [32] performed a systematic 
study to analyze the influence of several factors related to the spaying 
materials and process on the formation of homogeneous polymer films. 
Using a mathematical model, they define two regimes, “dry” and “wet,” 
and a narrow intermediate region between these two where they ob-
tained high-quality films (i.e., uniform thicknesses and low roughness). 
USS coating has been exploited to improve the surface quality of addi-
tive manufactured items [33], to produce graphene-coated smart tex-
tiles [34], fuel cell electrodes [35], and electrochromic windows [36]. 
Recently, Abbas et al. [37] have produced ZnO nanoparticle (NP) 
coatings to improve the oxygen and UV barrier properties of poly 
(ethylene terephthalate) (PET) and poly(3-hydroxybutyrate-co-3-hy-
droxy hexanoate) (PHBHHx) substrates. Although the coating was 
ineffective in improving the oxygen barrier performance, the ZnO NPs 
layer created a good blocking layer against light in the UVA region. 

In this work, chitosan-based nanocomposite coatings containing GO 
and PEGDE as crosslinkers were successfully prepared by using the USS 
coating technique. The effect of GO volume fraction in chitosan matrix 
and coating thickness on gas barrier properties was investigated by 
depositing different CS/PEGDE/GO coatings on PBS films. Chemical, 
thermal, and physical characterizations were performed to optimize the 
crosslinking conditions and coating formulations. Gas barrier properties 
measurements highlighted a drastic reduction in oxygen and carbon 
dioxide transmission, which were significantly influenced by the thick-
ness and GO content, and a possible tuning of the two gas permeability 
ratios. Morphological characterization of nanocomposite coatings 
showed an effective GO nanoplates orientation parallel to the substrates, 
which is ensured by the USS deposition technique. Moreover, the 
coating adhesion and mechanical and scratch resistance result to be 
improved by the presence of GO. 

2. Materials and methods 

2.1. Materials 

Medium molecular weight chitosan (CS) in powder form (deacety-
lation degree >75 %), diepoxyPEG (diePEG, MW = 500, epoxy con-
version ~95÷98 %), and acetic acid were all supplied by Sigma-Aldrich 
(Italy). To prepare the graphene oxide nanosheets, graphite flakes 
(Qingdao Dahe Graphite Co. Ltd., China) was used according to the 
Hummers method, which has been described in previous studies [20]. 
Flexible PBS film of 100 μm thickness was provided by Corapack (Como, 
Italy). 

2.2. Preparation of coating dispersions 

GO was dispersed in water (1 mg/ml) using ultrasound tip sonication 
for 2 h. Chitosan solution (1 % w/v) was prepared by dispersing CS 
powder in 0.4 % v/v acetic acid solution (pH = 4.2) under stirring for 24 
h at room temperature. The resulting solution was then filtered to 
remove undissolved particles. The GO/CS dispersions were prepared by 
adding different amounts of GO dispersion to the CS solution under 
vigorous stirring (0.5, 1, and 2 % w/w). Then, PEGDE was added 
dropwise to the GO/CS mixture and stirred at 80 ◦C overnight. The 
crosslinker concentration and coating formulations were optimized by 
preparing and characterizing free-standing films. Three PEGDE 
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concentrations were compared by considering a -NH2:epoxy group ra-
tios equal to 5:1, 4:1, and 3:1 (23 wt%, 29 wt%, and 38 wt% based on 
chitosan weight, respectively), which were coded as CS/PEGDE 5:1, CS/ 
PEGDE 4:1, and CS/PEGDE 3:1. Films thick around 40 μm were prepared 
by solvent casting at room temperature and kept in a desiccator until 
their characterization. 

2.3. Coating realization by USS deposition 

Prior to coating, the PBS film was rinsed with distilled water and 
ethanol, and then plasma-treated using plasma surface technology in air 
(Diener Pico), for 20 min, at 90 μA and 0.4 mbar. The coating dispersion 
was deposited using a SimCoat Ultrasonic Spray Coater (SONO-TEK) 
(Fig. S1a) equipped with an Impact nozzle. The latter is connected to a 
programmable syringe pump, which feeds the dispersion with a constant 
flow rate. The generator creates ultrasound vibrations inside the nozzle, 
forcing the suspension to move as capillary waves. Upon reaching the tip 
of the nozzle, the waves acquire a large enough amplitude to break into a 
fine mist of droplets, shaped and directed towards the substrate by the 
pressure-controllable jet air deflector (positioned above the nozzle). An 
x-y stage controls the nozzle movement (the nozzle path is shown in 
Fig. S1). 

Different types of coatings have been deposited on the selected 
substrate to highlight the effect of both coating thickness and layered 
structure (i.e., 1-, 2-, and 3-layers were deposited to prepare a multi- 
layered coating) and GO content (i.e., 0, 0.5, 1, 2 wt% on chitosan 
weight). Drying of each deposited layer was carried out at room tem-
perature under a hood for 20 min before depositing the successive layer. 
Table 1 summarizes the prepared samples and their multi-layer 
structure. 

To compare USS coating technique with another deposition tech-
nique, the sample coded CS/PEGDE/1%GO_1L (Table 1) was also pre-
pared by traditional air spray coating because of the similarity between 
the two processes. The same coating mixture amount, spraying path, and 
nozzle speed were used and the mixture was deposited in a single 
deposition cycle. Following some preliminary tests, the air pressure was 
set at an overpressure of 0.68 bar, thus much higher than that for ul-
trasonic spray coating, where the pressure was 0.03 bar. 

2.4. Characterization of coatings and coated films 

Fourier-transform infrared (FTIR) spectra of films were recorded by 
attenuated total reflection (ATR) mode with an FTIR spectrometer 
(Nicolet iS 10, Thermo Fisher Scientific, Waltham, MA) at room tem-
perature. Infrared spectra were recorded from 500 to 4000 cm− 1, per-
forming 32 scans at 1 cm− 1 resolution. 

Thermo gravimetric analysis (TGA) was carried out using a TG-SDTA 
851 thermobalance (Mettler-Toledo, Milan, Italy). The measurements 
were performed on samples of approximately 3.5 mg, which were 

heated from 25 to 800 ◦C at a rate of 5 ◦C/min in nitrogen (30 ml/min). 
The water stability of PEGDE/CS films was evaluated by water 

swelling tests. The specimens were weighed and placed in Petri dishes 
filled with Phosphate Buffer Saline (PBS, NaCl 120 mM, KCl 2.7 mM, 
Na2HPO4 10 mM, pH 7.4) solution. At selected time points (1, 2, 7, 14, 
21, and 28 days), specimens were weighed after carefully removing the 
excess liquid. The percentage of water uptake (WU) was calculated using 
Eq. (1): 

WU (%) =
wt − w0

w0
x 100 (1)  

where wt and w0 are the wet weight at time t and the dry weight at time 
0, respectively. 

The morphological analysis was conducted on an FEI Quanta 200 
FEG Scanning Electron Microscope (SEM) (FEI, Eindhoven, 
Netherlands) at an acceleration voltage of 5–10 kV. Before the obser-
vation, the specimens were cryogenically fractured in liquid nitrogen, 
and their surface was sputter coated with Au–Pd alloy to make them 
conductive, using a BalTec MED020 unit. Surface and cross-sectional 
images were acquired: the latter were analyzed using ImageJ software 
to calculate the coating thickness. Transmission electron microscopy 
(TEM; Hillsboro, OH, USA) images were obtained on FEI TECNAI G12 
Spirit-Twin operating at 120 kV and LaB6 source. The microscope was 
equipped with an FEI Eagle 4 K CCD camera and NanoImaging Services 
Software (v4, San Diego, CA, USA). 

The surface morphology of the film and the distribution of GO were 
analyzed using atomic force microscopy (AFM, Dimension Icon® 
Bruker). Soft tapping mode stabilized by amplitude–modulation feed-
back was used to acquire topographies, and the Asyst-Air probe was 
employed. The obtained images were analyzed with Gwyddion 
software. 

Oxygen and carbon dioxide transmission rates of coated PBS films 
were measured in accordance with ASTM-3985 by using PermeO2 and 
Multiperm permeation devices, respectively (ExtraSolution, Lucca, 
Italy). The films, with an exposed surface area of 50 cm3, were tested at 
atmospheric pressure. Duplicate measurements were performed at 25 ◦C 
at 0 % and 50 % relative humidity (RH). 

Nanoindentation and nanoscratch tests were performed with a 
NanoTest Platform Two by Micro Materials Ltd., using a three-sided 
pyramidal (Berkovich) diamond indenter. For the nanoindentation 
test, the measurements were performed by setting the maximum load 
during the loading phase at 0.5 mN and holding it for 60 s before 
unloading. The load applied by the indenter was linearly increased with 
a rate of 0.5 nNs-1, recording the tip displacement in the normal direc-
tion to the coating surface. To evaluate the statistical distribution, 50 
indentations were performed with a distance of 15 μm between adjacent 
indentations. Nanoscratch tests were performed to assess the abrasion 
and scratch resistance of the developed coatings. In this case, the 
indenter was driven to move tangentially over the surface with a scan 
rate of 0.0250 mN/s for 1 mm, while the tip normal load was linearly 
increased up to 25 nN. 

The coating adhesion to the PBS substrate was evaluated through the 
cross-cut test described in ISO 2409. Using the Cross Hatch Cutter Model 
295, a series of several cuts at right angles to form a square pattern were 
made, with sufficient pressure to reach the substrate. Then, an adhesive 
tape was applied to the square pattern and quickly removed by pulling it 
away with an angle of 60◦. The coating-substrate adhesion was assessed 
by observing the coating appearance through optical microscopy. Ten-
sile tests were performed on films conditioned for 48 h at 25 ◦C and 50 % 
RH, using an Instron model 5564 dynamometer equipped with a 1 kN 
load cell, at 23 ± 2 ◦C, 45 ± 5 % RH, with a 5 mm min− 1 clamp sepa-
ration rate. Four dog bone-shaped specimens (50 mm overall length, 28 
mm distance between the wide parallel sections, 4 mm width) were 
tested for each formulation. 

Table 1 
Coatings formulations, structures, and measured thicknesses.  

Sample code GO content [wt 
%] 

Number of 
layers 

Coating thickness 
[μm] 

CS/PEGDE_1L  0 1  0.88 ± 0.09 
CS/PEGDE/1% 

GO_1L  
1 1  0.91 ± 0.16 

CS/PEGDE/1% 
GO_2L  1 2  1.46 ± 0.14 

CS/PEGDE_3L  0 3  2.62 ± 0.07 
CS/PEGDE/0.5% 

GO_3L  
0.5 3  2.46 ± 0.11 

CS/PEGDE/1% 
GO_3L  

1 3  2.47 ± 0.31 

CS/PEGDE/2% 
GO_3L  

2 3  3.43 ± 0.20  
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3. Results and discussion 

3.1. Physical and chemical characterization of free-standing films 

PEGDE-crosslinked CS and CS/GO films were successfully prepared 
by solvent casting following a modified protocol reported by Kiuchi 
et al. [38]. The expected crosslinking mechanism involves the opening 
of the epoxy rings of PEGDE and their reaction with amino groups of CS, 
promoted by the reaction temperature at 80 ◦C (the reaction scheme is 
shown in Fig. S2). The selected reaction time was defined by FTIR 
analysis obtained by taking aliquots of the solution under stirring at 
progressive time intervals. ATR–FTIR spectra reported in Fig. S3 show a 
progressive reduction of the peak at 912 cm− 1 corresponding to the 
bending vibration of the epoxy ring; the disappearance of the peak after 
4 h of reaction indicates the complete conversion of the PEGDE epoxy 
group and consequently the completion of the crosslinking reaction. 

ATR-FTIR spectra of CS and CS/PEGDE (Fig. 1a) show broadband in 
the 3600 to 3000 cm− 1 range, corresponding to –OH and –NH stretching 
vibrations. In this region, two peaks with similar intensity appear at 
3360 and 3266 cm− 1 in CS film. The peak at 3266 cm− 1, attributed to the 
NH stretching vibration of primary amines, decreases in intensity 
compared to that at 3360 cm− 1 in films containing PEGDE. This spectral 
feature confirms the occurrence of the reaction between chitosan amines 
and PEGDE epoxy groups. The main difference between the spectra of 
CS/PEGDE and pristine CS is observed in the spectral region between 
1700 and 1500 cm− 1. The CS spectrum shows the characteristic bands at 
1650 and 1565 cm− 1, which are associated with N-acetyl groups (C––O 
stretching of amide I) and -NH bending vibrations. However, the band at 
1565 cm− 1 can also be associated with amine groups as well as -NH3 +
-OOCCH3 interactions [39], whereas the –NH deformation vibration in 
primary amine can be found at 1410 cm− 1 [40]. Due to the cross-linking 
reaction with PEDGE, the intensity of the peak at 1565 cm− 1 and 1410 
cm− 1 progressively decreases as the CS:PEGDE ratio decreases, while a 
new peak originates at 1587 cm− 1, attributed to the NH bending of 
secondary amines [41] or alternatively to the shift of primary amines 
peak by H-bonding interactions. These spectral evidences together with 
the disappearance of the bending vibration at 912 cm− 1 of the epoxide 
ring (Fig. S4), confirms that the reaction between chitosan and PDGE is 
completed until the epoxide groups are depleted. 

The ATR-FTIR spectra of the CS/PEGDE/GO coatings (Fig. 1b) are 
slightly different from those observed for the PEGDE-crosslinked CS 
films. In fact, only the peak at 1565 cm− 1 appears in the spectral region 
of the amine groups, while the peak at 1590 cm− 1 does not appear, 
confirming that a new network of interactions is created in the presence 

of GO, with additional interactions between chitosan and GO. Therefore, 
spectroscopic analysis shows no evidence of specific covalent in-
teractions between PEGDE and GO, although this cannot be ruled out 
and this can be attributed to the greater reactivity of the epoxide ring 
with amines rather than hydroxyl groups [38,41]. 

Since the water uptake is strictly related to the physical structure of 
hydrophilic polymers, the swelling dynamic at neutral pH and room 
temperature was studied over two days for all prepared films (Fig. 2). A 
weight gains of about 6000 % is noted for CS after 1 h/soaking. After the 
second weight measurement, the CS specimens lost their structural 
integrity to prevent further weight measurements. Chitosan crosslinked 
with 23 % PEGDE showed a weight increase over 96 % lower than 
pristine chitosan (Fig. 2a), demonstrating improved resistance to water 
swelling. The observed water uptake reduction is in line with the liter-
ature concerning CS/PEGDE system [24,25], and it is attributed to the 
presence of crosslinks between epoxy and amino groups. This results in 
both a reduction of reactive hydrophilic groups and the formation of a 
more rigid structure, preventing network expansion. However, the in-
crease of the PEGDE concentration from 23 wt% up to 38 wt% reduced 
the swelling rate to a low extent (15 % reduction observed for CS/ 
PEGDE 3:1 compared to CS/PEGDE 5:1, Fig. 2b). This evidence can be 
justified considering that even for the higher concentration of PEGDE 
(38 wt%, -NH2:epoxy group ratio equal to 3:1), two-thirds of the amines 
are not involved in crosslinking and can still interact with water mole-
cules. Therefore, considering the relatively low stability increase to-
wards water swelling and the higher cost, a PEGDE concentration of 23 
wt% was selected for preparing crosslinked CS/GO nanocomposite 
coatings. It is worth noting that the films containing 0.5 and 1 wt% GO 
show a similar swelling rate of 23 wt% PEGDE, whereas samples con-
taining 2 wt% GO show a slight increase in water uptake. 

In order to further understand the role of crosslinking with different 
PEGDE concentrations on the water sensibility of CS and CS/GO sys-
tems, TGA was performed on CS, CS/PEGDE, and CS/PEGDE/GO films. 
The results of the analysis, discussed in detail in Section S1, pointed out 
a reduction in moisture content (corresponding to the weight loss in the 
first degradation stage) and an increase in the water evaporation tem-
perature for all the PEGDE-crosslinked samples (Table S1 and Fig. S5). 
However, as observed for water uptake tests, the increase of PEGDE 
concentrations brings about only a slight reduction of chitosan’s capa-
bility to absorb water molecules. Consequently, the choice to use the 
lowest concentration of PEGDE studied is further supported by the 
findings obtained from the TGA curves. 

Fig. 1. FTIR spectra of (a) CS, CS/PEGDE films, and (b) CS/PEGDE/GO films.  
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3.2. Wettability of the PBS substrate 

To enhance the wetting properties and promote water-based coating 
adhesion, a low-pressure air plasma treatment was employed on the PBS 
films before the coating deposition. The wettability of plasma-treated 
PBS films was assessed through water contact angle (WCA) measure-
ments performed immediately after the plasma (Fig. S6a). PBS films 
show a slight hydrophobic behavior with a WCA of 68.4◦. Instead, 
plasma-activated films become hydrophilic, showing a WCA value of 
22.3◦. The FTIR spectra of PBS films were acquired to determine any 
modifications of the surface chemical structure (ATR-FTIR spectra of 
PBS before and immediately after plasma treatment are reported in 
Fig. S6b). Concerning pristine PBS, the following characteristic peaks 
can be highlighted [3]: the band at 2945 and 1330 cm.1 are assigned to 
–CH– asymmetric and symmetric stretching vibrations, respectively, 
while the sharp band at about 1709 cm.1 is attributed to the C––O 
stretching vibrations of the ester linkage. The peaks at about 1210 and 
1150 cm.1 correspond to the –C–O–C– stretching in the ester bonds, 
while the band at 1044 cm.1 is related to the –O–C–C– stretching. 
Finally, the peak at 955 corresponds to the –C–OH bending in the car-
boxylic acid groups. It should be noted that the same characteristic 
peaks are also present in the activated films’ spectra. However, a slight 
increase in 1710 cm.1 intensity is observed by increasing plasma treat-
ment times due to the formation of oxidized species [42]. 

3.3. Morphological characterization of coatings 

Ultrasonic spray coating was used to coat PBS films that had been 
activated by plasma. The efficacy of deposition depends on several 
material and process parameters that strongly influence the homoge-
neity of the developed coatings. Thus, they were suitably studied (Sec-
tion S2) to identify the optimal parameters combination (Table S2) to 
achieve uniform material distribution. Using the optimized deposition 
conditions, homogenous coatings with varying thicknesses were pre-
pared by building up a multi-layered structure (mono-, bi-, tri-layer). 
Each layer was prepared by selecting the minimum number of spray-
ing cycles (defined as 4, Table S2) to achieve complete coalescence of 
the micro-droplets and formation of a continuous liquid layer. The 
choice was made to create thinner individual liquid layers and, thus, 
avoid the “ring-coffee” effect, which is common in the “wet” regime and 
that leads to the accumulation of nanocomposite in specific film areas 
upon solvent evaporation [32]. Macroscopic images reported in 
Fig. S8a–b show the deposition of a multilayer coating allows for a more 
homogeneous distribution of polymer and filler as compared to the 
monolayer coating with the same thickness. Furthermore, it is worth 

noticing that the coating layers affected the optical transmittance of PBS 
films to a low extent since a maximum transparency reduction of 5 % 
was noted for the tri-layer coatings in the entire visible range (Fig. 3). 

Representative cross-sectional SEM images of CS/PEGDE/GO coat-
ings and measured thicknesses of developed samples are reported in 
Fig. 4a–c and Table 1. The thickness of the CS/GO/PEGDE coatings in-
creases almost linearly with the number of deposited layers. In addition, 
the cross-section images demonstrate the formation of a dense and 
compact layer without any visible pores or cracks. This indicates a high 
level of compatibility and interaction between the various layers that 
were deposited [43]. It is worth noting that the thickness further in-
creases for the CS/PEGDE/GO coatings with the highest GO concen-
tration. In fact, 3-layer coatings containing 2 wt% GO display an average 
thickness of 3.34 μm, compared to about 2.5 μm for the other 3-layer 
systems. As observed in other studies, this significant increment of 
coating thickness with the GO content is ascribed to the GO nanoplates 
stacking and agglomeration [23,44]. SEM surface micrographs of CS/ 
PEGDE and CS/PEGDE/GO composites are illustrated in Fig. 4d–g. CS/ 
PEGDE coatings have the most uniform and homogeneous surface. On 
the other hand, the surface of the CS/PEGDE/GO composite coatings is 
rough and exhibits circular features, more evident with increasing GO 
loadings, attributed to GO sheets agglomerates entrapped in the CS 

Fig. 2. Swelling profiles of CS, CS/PEGDE films (a), and of CS/PEGDE/GO films containing the selected PEGDE content (b) in PBS.  

Fig. 3. UV–vis Spectrum of PBS pristine and coated with mono-, bi-, and tri- 
layer coatings, continuing 1 wt% of GO. 
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matrix. 
A similar change in the surface morphology of CS/GO nano-

composites with the increase of GO content was observed by Pan et al. 
[45] and Ahmed et al. [21]. This phenomenon is more evident from the 
topography images acquired by AFM, shown in Fig. 5a–d. Again, the 
surface of CS/PEGDE coatings is relatively smooth, with no important 
changes in roughness. Instead, in nanocomposite coatings, high rough-
ness variations characterized by the typical polygonal shape of GO 
nanoplate aggregates were observed, with larger clusters dimension of 
about 1 μm and 2 μm for 1 wt% and 2 wt% of GO in the CS matrix, 
respectively (Fig. 5c–d). Fig. 5e shows the cross-sectional TEM image of 
GO-containing samples, where the nanoplates appear oriented along the 

coating surface. This result demonstrated that the ultrasonic spray 
coating technique effectively promotes an oriented layered morphology 
of 2D nanofillers dispersed in the chitosan matrix, thanks also to the 
production of very thin coating layers (about 800 nm). 

3.4. Mechanical characterization of coatings 

The mechanical properties of the coatings were evaluated by con-
ducting nanoindentation and nanoscratch tests to determine the impact 
of both GO addition and formation of coating by layer deposition. 
Fig. 6a–b report representative loading-unloading nanoindentation 
curves and maximum penetration depth statistical distribution. The 

Fig. 4. SEM images of the cross-sections of 1-layer (a), 2-layer (b), and 3-layer (c) of CS/PEGDE/GO coatings (1 wt% GO). SEM images of the surface of 3-layer CS/ 
PEGDE (d), and CS/PEGDE/GO coatings prepared with varying GO concentrations: 0.5 wt% (e), 1 wt% (f), 2 wt% (g). 

Fig. 5. AFM height images of 3 L CS/PEGDE (a), and CS/PEGDE/GO coatings films prepared by varying GO content: 0.5 wt% (b), 1 wt% (c), 2 wt% (d). Repre-
sentative Transmission Electron Microscope image of 3-layer coatings with 1 wt% GO, where the substrate is represented by the PBS film (e). 
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presence of GO increases the resistance to the applied load of the CS/ 
PEGDE coatings since higher loads are needed to reach the same pene-
tration depth. Furthermore, comparing the nanocomposite coatings 
with different thicknesses, it is worth noticing that the tri-layer structure 
displayed a higher resistance and a narrower distribution of the 
maximum penetration depth. As observed in a previous work of some of 
the authors [46], this result indicated that the deposition of overlapping 
layers provides a more compact and homogeneous distribution of GO 
nanoplates along the coating surface. Furthermore, the hardness and 
reduced elastic modulus values of monolayer coatings (CS/PEGDE and 
CS/PEGDE/GO) are similar, while the properties are significantly 

improved for the tri-layer coatings. Also, the reduced modulus increases 
with the number of layers in the coatings containing GO. 

The coatings scratch resistance showed a similar response to the 
presence of GO. The results of the measurements are displayed in 
Fig. 7a–b, which depicts representative optical micrographs of the 
scratch paths, as well as the corresponding penetration depth vs 
displacement profile curves. The monolayer CS/PEGDE coatings display 
high penetration depth at low applied loads, and are characterized by a 
significant pile-up deformation mechanism, as demonstrated by the 
curve trend [46]. Despite the tri-layer CS/PEGDE coatings showing a 
lower plastic deformation during the nanoscratch experiments, the 
critical load (that corresponds to the load value at which the primary 
fracture phenomenon is observed [47]) is very similar to the monolayer 
samples (approximately equal to ̴ 5 mN). A significant improvement in 
scratch resistance for coatings containing GO is observed, as evidenced 
by the higher critical load compared to the samples without GO. 
Moreover, the tri-layer structure turns out to be more performing, with 
an increase of the critical load from around 8 mN for the monolayer to 
15 mN for the tri-layer samples. 

The coating adhesion was assessed through the cross-cut test, in 
accordance with the ISO 2409 standard. Fig. 7c shows the coating’s 
appearance after removing the tape. The tri-layer coatings containing 
GO showed only modest flaking along cut edges, which identifies a 
suitable adhesion (i.e. adhesion quality of 2 on a 0–5 scale determined 
by the standard). However, the monolayer coatings do not show any loss 
of material, suggesting that the overlapping of several layers slightly 
reduces the coating adhesion. Instead, the CS/PEGDE coatings display a 
loss of coating material along the cuts’ blades and squares, which may be 
ascribed to the intrinsic lower mechanical resistance of the pristine 
coatings, without the reinforcing effect of GO. 

The nanocomposite coatings do not significantly affect the me-
chanical properties of the PBS substrate. However, it is worth consid-
ering that the strain at break of the specimens with chitosan coatings is 
slightly reduced with respect to the pristine PBS, while the presence of 
GO coatings helps to keep the initial value of PBS unchanged (Table S3). 
This evidence is important since PBS is selected as a substrate for making 
effective flexible packaging precisely on the basis of deformation at 
break. 

3.5. Gas transmission rate of coated PBS films 

To evaluate the gas barrier properties of the CS/PEGDE and CS/ 
PEGDE/GO-coated PBS films, the oxygen and carbon dioxide trans-
mission rates (OTR and CO2TR) were measured. The results of the 
measurements are presented in Fig. 8. The test was performed at 5 % and 
50 % relative humidity (RH) at 25 ◦C: by increasing the number of 
deposited layers and the coating thickness, the OTR and CO2TR 
decreasing. Furthermore, the addition of GO up to 1 % w/w resulted in 
an improvement in the barrier properties. The decrease in gas trans-
mission observed with the addition of GO to the CS matrix, as well as 
with an increase in GO content, can be attributed to the reduced solu-
bility of gas molecules (since GO nanoplates are impermeable to gas 
molecules) and the formation of a highly oriented nanoplate 
morphology. This morphology creates a more tortuous pathway for the 
penetration of gas molecules [48]. It should be noted that further 
increasing the GO concentration to 2 % w/w actually results in an in-
crease in OTR and CO2TR, which indicates a deterioration of the gas 
barrier performance. This is ascribed to increased aggregate particles 
observed from the morphological characterization. The heterogeneous 
distribution of GO provides a less compact structure with the same 
number of layers deposited (Table S2), reducing the tortuous paths and 
facilitating gas molecule penetration. The reduction of both OTR and 
CO2TR is less significant at 50 % relative humidity. The best-performing 
2,5 μm thick tri-layer structure in dry conditions can reduce the OTR and 
CO2TR by 85 % and 93 %, respectively, compared with pristine PBS film. 
Instead, at 50 % RH, the same coating imparts an OTR and CO2TR 

Fig. 6. Representative loading-unloading curves (a), maximum depth distri-
bution (b), reduced modulus and hardness (c) from nanoindentation tests of 1- 
layer and 3-layer CS/PEGDE and CS/PEGDE/GO coatings. 
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reduction by about 45 % and 56 %, respectively. This loss in terms of 
barrier performance is ascribed to the hydrophilic nature of CS and GO. 
In fact, despite the crosslinked network drastically reducing the water 
uptake of the CS/GO composite, it still allows for incorporating a certain 
amount of water between the polymer chains. The adsorbed water 
molecules act as a plasticizer and affect the available diffusion volume 

for gas, leading to increased OTR and CO2TR values [49]. 
To further assess the potential of USS coating technology for pro-

ducing homogeneous gas barrier nanocomposite coatings, a comparison 
was made with the air-spray coating process. In Fig. S7c, the typical 
surface appearance of coatings deposited by air-spray coater is shown. 
The distribution of the coating material appears much less homogeneous 

Fig. 7. Representative optical micrographs of the scratches (a) and corresponding penetration deph vs displacement curves (b). The arrows refer to the critical load 
and correspond to the vertical blue lines drawn in the optical micrographs. The scratch direction is from right to left. Representative optical micrographs show the 
coating surface’s appearance after the cross-cut adhesion tests (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 8. Gas Barrier properties of coated films against the number of layers and GO content. CO2TR measured at 5 % (a) and 50 % (c) of RH. OTR measured at 5 % (b) 
and 50 % (d) of RH. 
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than that of the coatings obtained via USS coating (Fig. S7a), with some 
aggregate particles of the coating mixture distributed over the surface of 
the coated film. In turn, the oxygen permeability measured at 5 % RH of 
the coating prepared by air-spray, equal to 9.08 [cc⋅mm⋅m− 2⋅day− 1 

atm], turns out to be 3 times greater than that of the monolayer coating 
deposited by ultrasonic spray (Table S3). These results highlight the 
effectiveness of the ultrasonic spray technology to ensure a homoge-
neous distribution of the developed mixture and to improve the gas 
barrier properties of the deposited coating. 

In order to gain a better understanding of the potential of the ob-
tained coatings, the ratio between CO2TR and OTR is illustrated in 
Fig. 9. The pristine PBS films exhibit a CO2TR/OTR ratio of about 10, 
whereas, for the coated films, the value progressively decreases with the 
number of deposited layers, achieving a ratio of around 5 for the 3-layer 
coated films. This finding demonstrated that the CS/PEGDE/GO coat-
ings exhibit a greater barrier effect on carbon dioxide than on oxygen. 
Santosh Kumar et al. [50] and Nazrul Hsan et al. [51] also have previ-
ously shown the high CO2 absorption capacity of the CS/GO system. This 
effect was attributed to the high number of amine groups that interact 
with CO2 molecules, as well as the large surface area of GO plates. The 
observed variation in permselectivity allows for the tuning of the gas 
barrier properties ratio of the coatings. It also suggests the application of 
the developed coatings in fields where different permselectivity in-
tervals are required, such as packaging in a modified atmosphere (MAP) 
[52]. In this case, a high concentration of carbon dioxide in the internal 
atmosphere of food packaging (e.g. package of bakery products [53] is 
generally exploited to extend the food shelf-life. 

Oxygen permeability (OP) and oxygen permeability reduction 
(Table S4 and S5) of the obtained coatings were benchmarked to barrier 
properties of coatings selected from literature and market. Although gas 
barrier layers used within the food packaging industry (i.e., EVOH, 
metalized plastics) still provide a lower oxygen permeability, they are 
not bio-based and are difficult to be recycled. Therefore, developing 
environmentally friendly and water-based coatings from natural sources 
is highly desirable to promote the application of coated biodegradable 
packaging in a circular economy context [1]. 

4. Conclusions 

The present study successfully deposited chitosan-based nano-
composite gas barrier coatings onto a compostable PBS film using the 
USS coating deposition technique with a negligible loss the film trans-
parency. The water swelling resistance of the hydrophilic chitosan ma-
trix was improved by the crosslinking reaction between PEGDE and the 
amino groups of CS, which led to a water uptake reduction of 96 %. The 
CS/PEGDE/GO nanocomposite coating with 1 wt% of GO and 2.4 μm 
thick allowed to achieve OTR and CO2TR reductions of 85 % and 93 %, 

respectively, as compared with uncoated PBS films. Furthermore, the 
improvement in CO2 barrier properties was significantly higher than 
that related to oxygen (two times more for the tri-layer coatings), sug-
gesting the use of the developed coatings where different permeation 
rates of the two gases are required. The improvement in gas perme-
ability was correlated to the formation of highly oriented morphology of 
GO nanoplates and compact, densely packed coating layers. The me-
chanical characterization revealed an effective adhesion of the coatings 
to the PBS films and improved mechanical and scratch resistance thanks 
to the addition of GO nanofillers. 

This research provides a significant perspective on the USS coating 
technique’s potential for producing barrier bio-nanocomposite coatings 
on flexible plastic films, guaranteeing elevated process speed and scal-
ability, accurate control of coating morphology and nanofiller orienta-
tion, and coating thickness in the micrometer range. Furthermore, the 
use of a renewable and biodegradable natural polymer as a coating 
matrix and the incorporation of a minimal amount of nanofiller (̴ 1.2* 
10− 6 g/cm2) helps maintain the sustainable character of the coated film, 
while achieving improved oxygen and carbon dioxide barrier perfor-
mance. Thus, the proposed approach may be an effective strategy to 
improve the application range of compostable films and move towards 
mono-material packaging solution, that represents a more sustainable 
end-of-life option for plastic-based flexible packaging. 
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